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MANEUVERING OF HIGH SPEED DISPLACEMENT VESSELS IN
REGULAR WAVES

SUMMARY

This doctoral thesis presents a comprehensive exploration of maneuvering
performance in waves, aiming to gain insight into the interactive behavior of waves
and vessels and use this interaction to develop a mathematical model of maneuvering
in waves. The research focuses on the adaptation of experimental methods, practical
system-based methods, and computational analysis techniques to enhance the
integration of solution methods.

The central objective of this thesis is to systematically reveal the complicated
characteristics of mean wave drift loads. Additionally, the thesis aims to demonstrate
the influence of these loads on the assessment of maneuvering performance. The
research seeks to bridge the gap between traditional investigation of maneuvering in
calm water and growing demand for determining the minimum propulsion power
needed to maintain a ship's maneuverability in adverse conditions.

The study employs a systematic approach, combining various research techniques. It
utilizes a system-based mathematical method along with laboratory experiments and
simulation-based analyses to achieve its objectives. The methodology encompasses
theoretical modeling, computational simulations, and practical measurements.

The research reveals that integrating mean wave drift loads, namely surge wave drift
force, sway wave drift force, and yaw wave drift moment, obtained with a practical
experimental approach or computational methods, can significantly enhance the
capacity of system-based models. The data reduction procedure enables to reach of
zeroth-frequency values representing the mean wave drift loads.

This thesis contributes a novel approach to research endeavors, experimental
initiatives, and software development projects aimed at elucidating the concept of
"maintaining maneuverability" in challenging sea conditions. The findings underscore
the importance of adapting wave conditions to maneuvering applications developed
with new approaches.

The insights from this research hold wide-ranging implications for ocean engineering
practitioners and researchers. The presented framework offers a holistic perspective
that can guide maneuvering performance and navigational safety. The findings of this
thesis will be also presented in the activity named "Assessment of Experiments and
Prediction Methods for Naval Ships Maneuvering in Waves", the activity period of
which is 2021-2023 and still continues. The activity is carried out within the scope of
Applied Vehicle Technology (AVT) and is referred to by the code AVT-348.

In conclusion, this doctoral thesis presents a practical experimental and numerical
approach to achieve surge, sway, and yaw wave drift loads in regular waves which are
then used to demonstrate the effect of wave-related loads on the maneuvering
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performance of surface vessels. The measured wave drift forces and moments are
incorporated into the equations of motion for maneuvering to predict the effect of
waves on the maneuvering performance of a vessel. A simplified mathematical model
to show the behavior of the vessel in waves is represented by four nonlinear equations
of motion for surge, sway, yaw, and roll. The turning circle, which is one of the
standard maneuvering tests is simulated for ONR Tumblehome (ONRT) at different
wave conditions in order to demonstrate the effect of wave drift forces on the
trajectories and time histories of maneuvering parameters.
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YUKSEK HIZLI DEPLASMAN GEMILERININ DUZENLi DALGALARDA
MANEVRALARI

OZET

Gemilerin manevra performansimin degerlendirilmesi, analizi ve dogrulanmasi
genellikle sakin su kosullarinda yiiriitiilmektedir. Gergek ¢evre kosullarin1 tamamen
sakin su ile temsil etmek gergek¢i olmamakla birlikte, manevra problemlerinde dalga
etkilerini temsil etmek i¢in ampirik diizeltme faktorleri ¢oziim ortamina dahil
edilmektedir. Aslinda dalgalarda gemi performansinin degerlendirilmesi, geminin
farkli deniz kosullarinda seyrettigi ve diimen agisinin sifir oldugu varsayimiyla,
denizcilik baslig1 altinda incelenir. Bununla birlikte, geminin farkli deniz kosullarinda
manevra karakteristiklerinin ortaya ¢ikarilmasi i¢in, manevra parametreleri
gozetilerek, dalga kaynakli kuvvet ve momentler ile gemi arasindaki daha karmasik
olan iliski incelenmelidir.

Uluslararas1 Denizcilik Orgiitii (International Maritime Organization — IMO) standart
manevra testlerini zorunlu hale getirmis, ticari gemiler icin sakin su kosullarinda
donme dairesi, zig-zag ve durma performanslart i¢in ydnergeler olusturmustur.
IMO’nun Enerji Verimliligi Tasarim Indeksi (Energy Efficiency Design Index —
EEDI) ile gemilerde enerji verimliliginin arttirilmast ve gemi kaynakli emisyonunun
azaltilmas1 hedeflenmistir. S6z konusu indeksi saglamak i¢in gemi hizinin
diisiiriilmesi uygulamali bir ¢6ziim olsa bile, bu ¢6ziim manevra performansini ve seyir
emniyetini etkileyebilmektedir. Bu nedenle, IMO olumsuz seyir kosullarinda manevra
kabiliyetini kaybetmemek i¢in gerekli minimum sevk giiciinii hesaplayan bir yonerge
yaymlamistir. Benzer sekilde, giincel NATO manevra standartlar1 dalgali kosullarda
manevra performanst ile iligkin kriterleri kapsamaktadir. Bu yonerge ve standartlarin
yayinlanmasiyla, farkli deniz kosullarinda manevra kabiliyetini arastiran ¢alismalara
olan ilgi hizla artmistir.

Bu doktora tezi, dalgalarda manevra performansmin kapsamli bir incelemesini
sunarak, dalga ve gemi etkilesimi hakkinda fikir edinmeyi ve bu etkilesimi
matematiksel bir manevra modeli gelistirmek icin kullanmayr amacglamaktadir.
Arastirma, ¢0ziim yontemlerinin entegrasyonunu gelistirmek i¢in deneysel
yontemlerin ve hesaplamali analiz tekniklerinin pratik sistem tabanli yontemlere
uyarlanmasina odaklanmaktadir.

Bu tezin temel amaci, dalga yiiklerinin karmasik 6zelliklerini sistematik olarak ortaya
c¢ikarmak ve bu yiiklerin manevra performansinin degerlendirilmesi iizerindeki etkisini
gostermektir. Arastirma, sakin suda manevra performansma iligkin geleneksel
inceleme ile olumsuz kosullarda bir geminin manevra kabiliyetini siirdiirmek i¢in
gereken minimum itme giliciinli belirlemeye yonelik artan talep arasindaki boslugu
kapatmay1 amaglamaktadir.
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Calismada, ¢esitli arastirma tekniklerini birlestiren sistematik bir yaklasim
kullanilmistir. Amaca ulagmak icin sistem tabanli bir matematiksel yontemin yani sira
laboratuvar deneyleri ve simiilasyon tabanli analizler ile ¢alisilmistir. Metodoloji,
teorik modellemeyi, hesaplamali simiilasyonlar1 ve pratik matematiksel yontemleri
kapsamaktadir.

Literatiirde ortalama dalga yiiklerini hesaplayan pratik ampirik ifadeler yer almaktadir.
Arastirmada ilk olarak ampirik yontemlerin incelenmesine yer verilmistir. Daha sonra,
denesel ve sayisal veriler elde edildiginde, sonuglar ampirik yontem sonuglart ile
kiyaslanmistir.

Aragtirma, pratik bir deneysel yaklasim ve hesaplama yontemleriyle elde edilen
ortalama dalga yiiklerinin, yani boyuna teleme dalga kuvveti, yanal 6teleme dalga
kuvveti ve savrulma dalga momentinin, sistem tabanli matematiksel modele entegre
edilmesinin, sistem tabanli modellerin kapasitesini 6dnemli Ol¢iide artirabilecegini
ortaya koymaktadir. ONR Tumblehome (ONRT) modelinin manevra kabiliyeti, sifir
hiz kosulu altinda farkli dalga boyu/gemi boyu orani ve dalga dikligine sahip ti¢
diizenli dalga durumu altinda deneysel olarak incelenmistir. Diizenli dalgalar “H /A =
0.020, A/Ly,;, = 1.00”, “H/A = 0.020, A/Ly,;, = 0.50” ve “H/A = 0.025, A/Ly,;, =
1.00” ozelliklerine sahiptir. Modelin pruva agis1 0° ile 180° arasinda 15°’lik agilarla
yatay diizlemsel hareket mekanizmasi (Planar Motion Mechanism — PMM)
kullanilarak degistirilmis, iic boyutlu hareketi pantograf ile saglanmistir. Diizenli
dalgalar halinde modele etki eden kuvvet ve momentler 6l¢iilmiis, zamana bagli dalga
grafikleri olusturulmustur.

Hesaplamali akigkanlar dinamigi analizleri, deneysel kosullar1 temsil edecek
sekilde H/A = 0.020, A/Ly,;, = 1.00 dalga durumu i¢in yliriitilmiistiir. Burada esas
amag, sayisal analizlerin dalgalarda manevra karakteristiklerinin tahmininde deneysel
yontemler yerine kullanilabilirligini gostermektir. Bunun igin, sayisal analiz ¢iktilar
deneysel sonuglar ile dogrulanmistir. Ardindan sakin suda ONRT modelinin manevra
karakteristikleri dogrudan simiile edilerek, donme dairesi parametreleri sistem tabanli
modelden elde edilen sonuclartyla kiyaslanmistir.

Veri isleme asamasinda temel analiz prosediirleri tercih edilerek, frekans bolgesinde
sifirinc1 frekansa karsilik gelen ve ortalama dalga yiiklerini temsil eden degerlere
ulagilmistir. Tespit edilen dalga kuvvetleri ve momentleri, dalgalarin bir geminin
manevra performansi iizerindeki etkisini tahmin etmek i¢in hareket denklemlerine
dahil edilmistir. Geminin dalgalardaki davranisini géstermek icin basitlestirilmis bir
matematiksel model, boyuna 6teleme, yanal 6teleme, yalpa ve savrulma hareketlerini
kapsayan dogrusal olmayan dort hareket denklemi ile temsil edilmistir. Standart
manevra testlerinden biri olan donme dairesi, farkli dalga kosullarinda simiile
edilmistir. Dalga yiiklerinin ilerleme, taktik cap, transfer ve donme ¢ap1 gibi
parametrelere ve zamana baglh diger parametrelere olan etkileri literatiirde yer alan
mevcut sonuglarla karsilastirilarak incelenmistir.

Bu tez ile, zorlu deniz kosullarinda "manevra kabiliyetini koruma" kavramini
aydinlatmay1 amaglayan arastirmalara, deneysel girisimlere ve yazilim gelistirme
projelerine yeni bir yaklagim katilmasi hedeflenmistir. Bulgular, yeni yaklasimlarla
gelistirilen manevra uygulamalarina dalga kosullarinin uyarlanmasinin 6nemini
vurgulamaktadir.
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Bu arastirmadan elde edilen bilgilerin, gemi miihendisligi alaninda faaliyet gosteren
arastirmacilar i¢in genis kapsamli ¢ikarimlara sahip oldugu diisiiniilmektedir. Sunulan
¢ergeve, manevra performansina ve seyir giivenligine rehberlik edebilecek biitiinciil
bir bakis agis1 saglayabilir. Bu tezin bulgulari faaliyet donemi 2021-2023 yillar1 olan
ve hala devam eden Dalgalarda Manevra Yapan Askeri Gemilere Yonelik Deneylerin
ve Tahmin Yontemlerinin Degerlendirilmesi (Assessment of Experiments and
Prediction Methods for Naval Ships Maneuvering in Waves) isimli faaliyette
sunulacaktir. Faaliyet, Uygulamali Ara¢ Teknolojisi (Applied Vehicle Technolgy-
AVT) kapsaminda yiiriitilmekte ve AVT-348 kodu ile anilmaktadir.

Sonug olarak, bu doktora tezi, daha sonra dalga yiiklerinin geminin manevra
performans: tizerindeki etkisini gosteren sistem tabanli modelde kullanmak {izere,
diizenli dalgalarda boyuna o6teleme ve yanal Oteleme dalga kuvvetleri ile savrulma
dalga momentini elde etmek i¢in pratik bir deneysel ve sayisal yaklagim sunmaktadir.
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1. INTRODUCTION

1.1 Background and Context

Traditionally, the assessment, analysis, and validation of the maneuvering capabilities
of vessels have been confined to calm water conditions. However, attaining perfectly
calm water conditions in the real environment is a near-impossibility, and it leads to
the use of empirical correction factors to represent wave conditions. The evaluation of
ship performance in waves is the area of interest in seakeeping, and it is assumed that
the ship is directly navigating at zero rudder angle. Notwithstanding, the actual
maneuvering of a ship in such conditions intricately relies on the interplay between

wave-induced forces, moments, and the vessel's response.

The International Maritime Organization (IMO) mandates standard maneuvering trials
and provides guidelines for turning, zig-zag and stopping performances for
commercial vessels (International Maritime Organization, 2002). These trials are
recommended to be directed in calm waters. Similar to this, early naval maneuvering
guidelines like NATO ANEP-70 (2003) were developed based on results obtained in

calm waters.

It is a method to reduce power and ship speed to reduce ship emissions by complying
with the regulations specified in the IMO Energy Efficiency Design Index (EEDI)
standard (International Maritime Organization, 2011). Due to possible losses in
maneuvering performance and navigational safety, this method has aroused questions.
Therefore, the IMO published guidelines for calculating the minimum propulsion
power required to keep a ship maneuverable in adverse conditions (International
Maritime Organization, 2013). These guidelines caused a large number of studies
aimed at examining maintaining maneuverability in a sea environment. Similarly, the
most recent NATO maneuvering standards now encompass criteria related to

maneuvering performance in wave-influenced circumstances.

Maneuvering a vessel in waves requires understanding the effects of waves on the

vessel's performance and how to use the vessel's controls to navigate safely. The



vessel's speed, direction, and heading should be adjusted to account for the type and
direction of the waves. Current methodologies to estimate the wave drift forces can be

classified as follows (Tello Ruiz et al., 2012):
- Experimental methods (soft mooring, captive model tests, etc.)
- Methods based on two-time scale models,
- Methods based on a hybrid approach (or unified theory),
- Methods using computational fluid dynamics

Before the definition of methods based on a hybrid approach, ITTC proposed the
definition of methods based on unified theory (ITTC, 2011). However, since there are
studies (Skejic & Faltinsen, 2008) based on a unified method based on a two-time

scale, the definition given above has been used.

Experimental methods for maneuvering in waves involve the systematic investigation
of how vessels navigate through the water under the influence of wave-induced
motions. These studies often employ scaled models to replicate real-world conditions.
Two-time scale models separate the equations of motion into two groups as high-
frequency wave-induced motion and low-frequency maneuvering motion. The hybrid
approach combines both the high-frequency wave-induced motions and the low-
frequency maneuvering motion to represent the maneuvering in waves. CFD methods
discretize and solve the mathematical equations that govern fluid flow and wave
propagation. Virtual environments are created to simulate the behavior of vessels

navigating through varying wave scenarios.

1.1.1 Experimental methods

The physical tank model test in waves is an important method used to measure the
forces acting on a floating structure due to wave action. Tests to detect wave loads
involve allowing a hull to partially drift in a wave field and measuring the forces acting
on it. The results of tests are also important for verifying the accuracy of numerical

models used to predict the behavior of structures in given wave conditions.

Trajectories for ONRT maneuvering in calm water and waves are investigated by
Sanada et al. (2013). In this study, besides the introduction of the lowa Institute of
Hydraulic Research wave basin facility established in those years, the maneuvering

characteristics are presented. The focus is on the development of instrumentation of



the model and measurement systems. In 2014, Elshiekh presented the outcomes of a
comprehensive series of turning and zig-zag tests involving a freely moving model of
the ONR Tumblehome (Elshiekh, 2014). These tests were conducted in regular waves
characterized by diverse combinations of wavelength, wave height, and heading,
across a spectrum of forward speeds. The study also encompassed uncertainty
analyses, and it provided detailed time records of wave-induced motions and the paths
followed by the vessel. In this study, the experimental results of this thesis were used
in comparative graphs and tables. A part of the results of the thesis are also published
in 2019: To assess the maneuvering capabilities of the ONRT model under various
conditions, maneuvering tests were conducted in both calm water and regular waves
at the IIHR wave basin (Sanada et al., 2019). Standard maneuvering tests, including
turning angles of § = =+ 35° and zigzag patterns of 10°/10° and 20°/20°, were carried
out. Parameters such as advance, tactical diameter, and overshoot angles (1% and 2"%)
were evaluated following IMO criteria. Additionally, turning, zigzag, and course-
keeping tests were performed in waves with three different wavelengths (1/L = 0.5,
1.0, and 1.2). The variation of ONRT's advance, tactical diameter, and drift distance
with respect to wavelength was smaller compared to other ship hulls like S-175 and
VLCC, suggesting ONRT's enhanced maneuverability due to its slenderness and twin-
rudder twin-screw configuration. The outcomes of these tests provided insights into

drifting distances and directions.

Sprenger et al. (2016, 2017) conducted an experimental work, highlighting the effect
of adverse weather conditions. The study exemplifies the scope of the SHOPERA
model test program (Energy Efficient Safe SHip OPERAtion (SHOPERA), 2016) with
two models namely the KVLCC2 and the DTC. The added resistance tests, propulsion
and rudder force tests to obtain the effect of waves on appendages, and free-running
tests are performed. The authors noted that progress on maneuvering in waves has been
slow. At the same conference, EI Moctar et al. (2016) submit a paper that investigates
ship maneuvering in waves numerically and experimentally. The focus is on the DTC
model only and some of the experimental data presented above research is used. As a
result, the drag forces and yaw moments, and added resistance in the waves from

numerical and experimental studies are compatible.

Wave drift forces and moments in regular head and beam waves are measured by
Yasukawa (2006, 2008). Container ship model SR108 is used in the tests. The turning



trajectories, zig-zag, and stopping maneuvers in the conditions of y = 0°and y = 90°
are compared for different wavelengths. The second report includes the wave loads
results for different heading angles. The wave-induced coefficients were obtained by
theoretical methods and the authors stated that they would carry out the studies for the
development of wave loads estimation approaches in future work. The paper by
Yasukawa et al. (2019) begins by presenting novel experimental data regarding wave-
induced steady forces (added resistance, wave-induced steady lateral force, and yaw
moment) acting on a full hull ship within regular waves. The study then proceeds to
validate existing prediction methods for these wave-induced forces through
experimental comparisons. Two methods are considered for prediction: the zero-speed
3D panel method and a formula-based approach utilizing the Kochin function denoted
as the strip theory-based Kochin-function method. While both methods demonstrated
acceptable calculation accuracy for added resistance and steady lateral force, they
exhibited insufficiencies in predicting steady yaw moment. Also, The findings
revealed the utility of both methods in predicting turning motions accurately within

irregular wave conditions.

Milanov et al. (2020) explored the impact of regular waves on the initial parameters of
turning maneuvers, along with their implications for a ship's course-keeping
capabilities. This investigation was carried out through free-running model tests
utilizing the KCS as a benchmark model. Using the data obtained from these tests, a
straightforward maneuvering performance criterion was proposed. This criterion
involved defining the initial turning time in wave conditions for two different
rudder/course ratios. It served as a means to assess adequate maneuverability under

challenging sea conditions.

Seo et al. (2021) analyzed the wave drift forces, namely surge wave drift force, sway
wave drift force, and yaw drift moment, in oblique waves for ship model KVLCC?2.
To examine ship motion responses and wave drift forces, several regular wave
experiments are carried out under several heading angles. A captive model test is
carried out employing a soft spring-type mooring system. A potential-based method is
preferred to show the computation capability. The authors stated that friction of the
pulley in the soft spring system leads to loss of measurements. Although the measured
wave drift loads are not used to reveal the maneuvering characteristics, it can be said

that the study forms the basis of maneuvering in waves.



The doctoral thesis by Rablias (2022) includes both experimental and numerical
studies on maneuvering in regular and irregular waves of the DTC container ship. The
experimental study is conducted via a free-running model. The two-time scale model
is applied and some inconsistencies are observed in the following and oblique waves.
That is because of the miscalculation of the slowly varying second-order wave loads.
Due to the effect of lateral forces on the DTC hull, turning circles toward the starboard
and port side differ from each other. Various publications have been made as outputs
of the thesis (Rablias et al., 2022; Rablids & Kristiansen, 2022).

1.1.2 Two-time scale models

To solve high-frequency seakeeping problems and low-frequency maneuvering
motion two-time scale models are preferred by some researchers. The low-frequency
maneuvering motions are related to the wave drift loads. The two-time scale method
divides the total ship motion into ship maneuvering and wave-induced motions, which

are described by two different sets of motion equations.

Zhang et al. (2017) present a two-time scale method to predict ship maneuvering in
regular waves. Maneuvering motion is calculated using an MMG model, while
seakeeping is solved using a Rankine panel method. The study validates the method
through simulations of turning tests and zig-zag tests of a ship model, comparing
numerical results with experimental data. The influence of incident waves on
maneuvering is highlighted, particularly with shorter wavelengths. The study suggests
the need for further experimental validation and a more complex numerical model to

better predict ship behavior, including wave effects on rudder forces.

Xie et al. (2020) introduce the theoretical derivations and the framework of combining
seakeeping and maneuvering. The framework focuses on predicting second-order
wave loads accurately and employs an innovative perturbation approach to calculate
these loads both with and without a vessel's forward speed. The framework utilizes a
two-time scale method and Neumann-Kelvin linearization for numerical simulations
of maneuvering vessels (KVLCC and KCS models) in waves, yielding turning
trajectories and zig-zag test results. The simulations reveal that wave drift loads, along
with wave drift damping, cause vessels to deviate from their calm water trajectories,

particularly as wavelengths decrease.



Chen et al. (2022) suggest that a two-time scale model based on the Taylor expansion
boundary element method can forecast ship turning trajectories in regular waves. 3-
DoF MMG model is used to calculate the equation of motion for the subject model
KVLCC2. For the comparison, CFD results are used. Numerical simulation conditions
are varied under rudder angle & = +35° incident wave angle y =
90°,120°,180°,210°, wave height H/L,,, = 0.01 to 0.02 and wavelength 1/L,,, =

0.5 to 1.2. The main conclusion is that incident wave angle is highly affected the

turning motion.

Ma, et al. (2022a) compared the two-time scale method and the unified method in
regular waves. The newly developed in-house codes are validated by experimental
data, displaying acceptable accuracy and calculation efficiency for maneuverability
research in regular waves. While some differences between simulated and
experimental results exist in short wavelength conditions, accuracy remains mostly
adequate, capturing the drift of the turning circle. Notably, roll motions predicted by
the two methods occasionally diverge. This is attributed to the unified method's
simplified calculation approach for the first-order wave force, which might lead to the

underestimation of roll motions.

1.1.3 Hybrid approach

Skejic & Faltinsen (2008) introduced a two-time-scale model that segregated the low-
frequency and high-frequency movements for predicting a ship's behavior in regular
waves. The analysis of maneuvering utilized a nonlinear slender-body theory, which
was adapted to incorporate heel effects. The forces and moments arising from the
rudder, propeller, and viscous cross-flow were sourced from state-of-the-art
procedures. Linear motions and wave-induced loads were established through a 6-DoF
strip theory. To estimate mean second-order wave loads when dealing with oblique
sea conditions and incident regular waves, four distinct methods based on potential
flow theory were employed. Simulations of turning and zig-zag trials for vessels
Mariner and Esso Osaka were conducted and compared against measurements from
full-scale trials. Afterward, the study by Skejic & Faltinsen (2013) presents a unified
model for predicting the maneuvering behavior of displacement-type ships in a
seaway. The model incorporates two distinct time scales for maneuvering and

seakeeping, using a modular concept developed by Skejic & Faltinsen (2008). The



unified model is applied to two types of displacement ships: the S-175 container ship
and the MARINER ship engaged in turn maneuvers in regular and irregular wave
fields. The study emphasizes the need for stochastic approaches in addressing the

complex ship maneuvering problem in a seaway.

In 2011, Seo and Kim worked on a unified model for predicting ship maneuvering in
wave conditions (Seo & Kim, 2011). Within this framework, second-order wave drift
forces were computed using a time-domain 3D Rankine panel method. These force
components were then integrated into a 4-DoF modular mathematical model for
maneuvering performance prediction. This model facilitated the determination of the
vessel's position and velocity, which subsequently aided in calculating average wave
drift forces. This iterative procedure was employed to replicate turning and zigzag
trials for Series 60 and the S-175 containership models, both in calm waters and wave
environments. Various scenarios were considered, including head seas and beam seas,
with A/L ratios of 0.7 and 1.0, and wave H/L ratio of 0.02. The simulation results
displayed reasonable agreement with the experimental trajectory data. Seo and
colleagues employed a modular 3-DoF maneuvering model to assess ship
maneuverability in wave conditions (Seo et al., 2018, 2020). The model utilized a
higher-order Rankine panel method to compute wave drift forces across various
combinations of wave frequency, wave heading, forward speed, and lateral speed.
These computed forces were then stored within a database for utilization in time
domain simulations. By conducting turning maneuvers in regular waves, the simulated
results were compared with experimental trajectories. Furthermore, the study explored
the sensitivity of time signals of wave elevation in irregular wave scenarios,

investigating their impact on drifting distance and drifting angle.

Schoop-Zipfel & Abdel-Maksoud (2014) demonstrates the feasibility of simulating
ship maneuvers using potential theory. Subsequent free maneuvers are simulated, and
the results exhibit good agreement with experimental data. To incorporate wave
effects, wave excitation forces are introduced as additional forces acting on the vessel's
rigid body, showing good agreement with measured values for restrained ships.
However, discrepancies arise in free heave and pitch motion due to omitted frequency
dependence in the added mass and damping terms, particularly for high-frequency
motion in a seaway. Afterward, the thesis by Schoop-Zipfel (2016) focuses on

separately the zero-frequency maneuvering motion and the high-frequency wave-



induced motion. The solution of these motions separately leads to a unified theory.
The turning circles of the S-175 container ship and the KVLCC2 tanker in regular
waves are simulated. The author states that the determination of the second-wave loads

is difficult, so a calculation method is utilized for second-order wave drift forces.

Chillcce & el Moctar (2018) introduced a numerical approach for simulating ship
maneuvering within wave conditions, employing the nonlinear 6-DoF equations of
motion. The approach operated under the assumption that there's no interaction
between calm water maneuvering and wave-induced forces. Hydrodynamic
coefficients for calm water forces were determined through PMM tests, utilizing
RANS equations. The simulation only accounted for second-order wave-induced
forces, which were computed using a 3D Rankine source-based boundary element
method. This simulation methodology was applied to the DTC for which both
experimental data for maneuvering motions in calm water and wave conditions were

available.

Subramanian & Beck (2019) introduces a computational model for analyzing ship
maneuvering in a challenging seaway environment. The model addresses interactions
between the hull, propeller, and rudder, accounting for different time scales and
complex fluid dynamics. A nonlinear time-domain strip theory is employed to solve
the wave-body interaction problem efficiently. The model uses a systems-based
approach to simulate forces from the hull, rudder, and propeller during maneuvers.
Simulations of a containership’s turning circle in calm water and waves show good
agreement with experiments, though there are some quantitative discrepancies. The
role of the propeller in influencing rudder inflow is highlighted, along with potential

inadequacies in certain models used.

Lee & Kim (2020) investigated the influence of steady flow coupling on a ship's
seakeeping and maneuvering behaviors during steering in waves. Seakeeping analysis
was conducted considering forward and oblique ship movements. Numerical
simulations were performed for turning tests in regular waves. The study compared
maneuvering indices and drifting distances in a turning test. In the portside turning
test, the negative yaw moment caused by operational velocity counteracted turning.
However, numerical computations using the Rankine panel method showed less

rotation delay due to underestimated yaw moments. Consequently, advance and



tactical diameter were underestimated, especially for initial beam waves when the

initial speed was relatively fast due to minimal added resistance and speed loss.

Yao et al. (2020) proposed time-averaged equations to address the problem of ship
maneuvering in waves, providing a novel approach for predicting such maneuvers.
Application and analysis of the method indicate its effectiveness and reasonable
accuracy, comparable to existing system-based methods. The potential extension of
the method to irregular waves is noted, with a need for an appropriate formulation of
wave drift forces, moments, and high-frequency motions. When modeling wave drift
forces, moments, and high-frequency motions, a coupling of parameters like rudder
angle and maneuvering motions is recommended, rather than relying solely on the

wave encounter angle.

Yu et al. (2021) introduced a comprehensive simulation model designed to predict the
turning maneuvering of a ship (specifically the S175) in both regular and long-crest
irregular waves. The model involves a 6-DoF framework and combines two distinct
components: a modular mathematical maneuvering model encompassing 3-DoF
(surge, sway, and yaw), and a seakeeping model with 5-DoF (sway, heave, roll, pitch,
and yaw). These components are weakly coupled through the unified theory. Notably,
the calculation of mean 2" order wave drift forces employed Maruo's far-field theory,
with a focus solely on the vessel's motion-induced component. The researchers
performed numerical simulations of the S175's turning behavior within regular and
irregular wave conditions, illustrating the model's effectiveness in capturing these

dynamic scenarios.

White et al. (2022) evolve an algorithm for coupling maneuvering and seakeeping
problems through CFD and boundary element methods. A hybrid method is applied to
figure out turning circle trajectories in waves of the DTC model. As a conclusion, the

hybrid method is shown to be more computationally efficient.

A comparative study is performed by Zhang et al. (2022) by using a quasi-steady
method and a time domain approach. The wave drift loads are calculated via potential
flow theory and integrated into MMG equations. The quasi-steady method represents
the frequency domain computation assuming the relation of the wave and ship is time-
harmonic. In the time domain approach, maneuvering simulation and seakeeping

computations are parallel to each other. The authors stated that lateral wave drift force



and yaw moment have less effect on maneuvering in comparison with added

resistance.

Gong et al. (2022) present a hybrid approach that combines a 6DOF maneuvering
motion model with wave propulsive factors to simulate turn and zigzag maneuvers of
a single-screw ship within wave conditions. This approach incorporates the ship's free
motion and the influence of waves on the propeller while excluding discrete
simulations of the rudder and propeller to enhance computational efficiency. In the
context of the turning maneuver, it's observed that compared to beam waves, the ship
experiences greater trajectory drift during maneuvers in head and stern waves. Short
wavelengths have a notable impact on the ship's turning trajectory, especially when
the wavelength is shorter than the ship's length. This effect results in a pronounced
increase in trajectory drift during the turn maneuver. Additionally, the initial forward
speed's influence on the turn maneuver is as significant as the wavelength. Lower
speeds are more susceptible to wave influence, resulting in substantial drift distances

during the maneuver.

1.1.4 Computational methods

One area where CFD methods have particularly gained prominence is in seakeeping
and maneuvering studies. The preference for CFD can be attributed to several factors.

CFD allows for detailed analysis of fluid flow around a ship, providing accurate
predictions of hydrodynamic forces and moments. CFD methods offer flexibility in
modeling various complex scenarios, such as regular/irregular wave conditions,
different hull forms, appendages, and operating conditions. This allows for a wide
range of simulations to be performed, providing insights into different seakeeping and
maneuvering scenarios. Conducting physical model tests for seakeeping and
maneuvering studies can be expensive and time-consuming. CFD simulations offer a
cost-effective alternative, as they require fewer physical resources and can be
performed in a shorter time frame. This allows for multiple design iterations and

parametric studies to be conducted efficiently.

It's worth noting that while CFD methods have many advantages, the CFD method is
less common than numerical simulation based on the two-time scale model and hybrid
approach in this field. The two-time scale model and the unified theory are similar in

scope and focus but differ in practice.
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A stand-alone CFD study is not very common, it has often been seen to be studied in
conjunction with experimental or other approaches. Therefore, CFD studies can be
found in the studies given in the above sections. Wang & Wan (2018) use an open-
source platform to solve the maneuvering in waves for the ONRT model. The time
histories of maneuvering characteristics, such as ship speed, heave motion, roll motion,
and pitch motion are compared with available experimental data. The authors noted
that the computational cost for the turning circle maneuver is too high. Maet al., (2022)
carried out a study involving experimental (Ma et al., 2022) and numerical
investigations of PMM tests conducted on the standard ship model K\VLCC2 in regular
head waves. Wave forces during maneuvering motions are influenced by both high-
frequency encounter wave frequency and low-frequency maneuvering motions. Peaks
occur around the encounter wave frequency and its multiples, challenging studies
using precalculated second-order wave forces and real-time encounter wave

frequency.

1.1.5 Wave drift loads

In this chapter, the literature on the investigation of loads is included since the
determination of wave drift forces and moments was examined in the first stage of this
thesis. Wave drift forces and moments can be calculated using various methods, each
with its level of complexity and accuracy. There are two options for approximating the
mean wave-drift forces: one involves directly integrating the pressure over the body
surface (Chen et al., 2022; Liu & Papanikolaou, 2020), while the other relies on the
principle of momentum conservation (Dobrochinski et al., 2023; Maruo, 1960).

There are empirical and analytical approaches that provide simplified methods to
calculate mean wave drift forces. Even though they might not fully account for the
complexity of the wave-body interaction, they can be helpful for quick calculations or
the early phases of design. References to empirical and analytical approaches are
included in chapter 2, with details of the methods.

Also, conducting physical model tests in a controlled wave tank environment can
provide accurate measurements of the wave drift forces on a scaled-down model of the
ship. These tests require a special wave tank; on the other hand, towing tank tests can
be extended to include wave-generating mechanisms to measure the forces and

moments. For example, the wave drift loads are examined with a serial of towing tests
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of a bulk cargo ship model by Xu et al. (2011). The most stable data with a length of
approximately 5-8 wave periods were selected from the time records. The Fourier
analysis is used to analyze the test data collected from the planar motion mechanism.
The steady force at zero frequency gives the added resistance. Seo et al. (2021)
performed a set of experiments to estimate the wave drift forces. Captive model tests
of the KVVLCC2 model with a soft spring-type mooring system were carried out under
various ship speeds and wave conditions, providing validation data for wave drift
forces. The force sensors and tensiometers are used for data collection. A direct
method using force sensors was identified as more accurate than an indirect method

using tensiometers due to reduced measurement losses.

1.2 Research Gap

While significant advancements have been made in ship maneuvering, there exists a
notable research gap in understanding ship maneuvering in waves. Although numerous
studies have explored the external forces and moments, a comprehensive investigation
into the influence of waves on maneuvering remains largely unexplored. This
knowledge gap is particularly significant in the context of system-based methods,
where a deeper understanding of wave effects could lead to enhanced approaches.
Furthermore, existing research tends to focus on 3-DoF motion, often overlooking the
intricate interaction between other motions. The limited studies that do address wave
loads frequently lack a holistic approach that integrates both theoretical analyses and

experimental approaches.

As stated in (Kinaci & Ozturk, 2022) conventional single-propeller, single rudder ships
typically rely on system-based maneuvering mathematical models for maneuvering
predictions. These models, in their typical configurations, do not account for the flow
imbalance caused by the propeller. To enhance the capacity of the system-based
mathematical models, both this previous study and present study focus on ships with

two propellers, and two rudders.

The study by Kinaci & Ozturk (2023) focuses on the on the controlled motion of ships
at sea, particularly addressing the impact of waves on ship maneuverability. The
researchers examined the Japan Bulk Carrier (JBC) in calm water and in the presence
of waves, conducting turning circle tests using system-based analysis and direct CFD

methods in calm water conditions. In this study, which is described as a preliminary
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study of the thesis, wave loads are empirically included in the system-based
mathematical model. Although the representation of the waves was done successfully,
improvements were needed to reflect the real situation. Therefore, in this thesis study,

wave-induced forces and moments were examined experimentally.

Addressing this research gap is critical for advancing ship maneuvering and unlocking
its potential for system-based approaches. By comprehensively investigating the
impact of waves on ship maneuvering, this doctoral thesis aims to contribute to the
broader understanding of ship maneuvering, providing valuable insights for

experimental, numerical, and theoretical approaches.

1.3 Research Questions and Problem Statement

In line with the literature presented in the previous sections, the research questions the

thesis aims to address are stated as follows:

What is the effect of wave forces and moments on ship turning circle maneuver

performance?

- How is it possible to experimentally measure mean wave loads in a way that
can be integrated into the system-based model using the facilities in ITU Ata
Nutku Ship Model Laboratory?

- Isit possible to establish a universal mathematical model of maneuvering valid

in all cases where wave loads are included?

- Can computational fluid dynamics methods be preferred over experimental

fluid dynamics in maneuvering in wave problems?

- Is it possible to develop a practical system-based method based on the
knowledge gained from computational fluid dynamics and experimental fluid

dynamics methods?

Within the framework of these questions, the problem statement of the thesis was
determined as the constitution and implementation of a system-based model, in which
experimental data can be processed that will reveal the effect of wave-induced forces
and moments on ship turning circle maneuver by comprehensively analyzing the wave

effect in different ship headings.
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1.4 Objectives and Purpose

In accordance with the problem statement in the previous section, the specific goals

and objectives of the thesis are outlined as follows:
- Identifying definitions that affect ship maneuvering performance
- Revealing hull and wave interaction with experimental methods

- Gaininsight through a comprehensive study of the interactive behavior of wave
and hull and use this interaction to develop a mathematical model of

maneuvering in waves

- Investigating reducing dependency on numerical and experimental studies

through the effectiveness of system-based methods

- Learning the working principle of the planar motion mechanism by which

maneuvering derivatives are obtained

The main purpose of the thesis is to reveal the mean wave drift loads in detail and to
show the effects on the estimation of maneuvering performance through various

approaches — experimental, numerical, and system-based studies.

1.5 Significance and Relevance

In the present section, the importance of the problem and its contribution to the existing
body of knowledge will be explained. It is explained how the study fills the gap in this

field. The potential impact of the findings on theory and practice is discussed.

Although there are many system-based, experimental, and numerical studies in the
estimation of maneuvering characteristics, there are still controversial issues, primarily
about maneuvering in waves. In the light of the assessments presented in the research
gap section, the significance and relevance of the proposed thesis can be listed as

follows:

- The findings of this thesis will be presented in the activity named "Assessment
of Experiments and Prediction Methods for Naval Ships Maneuvering in
Waves", the activity period of which is 2021-2023 and continues. The activity
is carried out within the scope of Applied Vehicle Technology (AVT) and is
referred to by the code AVT-348.
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The effect of the wave on parameters such as turning trajectories, speed, yaw
rate, and roll angle of a maneuvering ship is an important research topic.
Especially if these parameters are used for hull optimization, they are of greater
importance. Within the scope of the thesis, depending on the experimental
possibilities, these wave-induced forces and moments will be tried to be
determined. It is expected that this study will make an important contribution

to current scientific studies.

Most current mathematical models for ship maneuvering neglect the wave
effect. That is, it is assumed that the ship is maneuvering in calm water, and as
a result, wave forces and moments are neglected. In other words, the
calculations are made as if the current is constant on the hull, even though the
ship is exposed to external forces during the maneuvering. The significance of
the study would be to include wave-induced external effects in mathematical
models. Due to the local flow that differs according to the changing heading
angle, the wave creates forces and moments that contribute to the overall loads.
It is thought that it will contribute to the literature with the aim of numerically
and experimentally examining wave-induced forces and moments and

developing existing system-based methods.

Using CFD-based approaches, it is aimed to provide a clear and detailed
understanding of the physical phenomenon of a maneuvering vessel and can
make a valuable contribution to further numerical modeling of the

maneuvering in waves.

Detection of wave loads with steady drift tests, that is, in experiments carried
out at zero speed and at different heading angles, can assist in developing
physically-based maneuvering models and experimental setups in wave basins

that do not have the opportunity to do free-model testing.

Generally, simplified mathematical models are based on solving the 3-DoF
motion of the ship. Some researchers have developed systems-based models of
4- and 6-DoF motions to depict a realistic operational scenario. A 4-DoF model
will also be used in the thesis, and it is expected to contribute to the transition
to the next stage, the 6-DoF model.
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- Some empirical or analytical approaches were found to be inappropriate for
estimating wave loads: Force and moments are overestimated. Although these
results are extremely useful as they are incomparably faster and easier to use
than any Navier-Stokes solver, they clearly show the limit of simplified
approaches. Within the scope of the thesis, it is planned to benefit from these
approaches and show the differences.

- The amount of dataset used to validate simplified maneuvering models and

numerical results will be increased for ONR Tumblehome.

1.6 Scope and Limitations

This doctoral thesis focuses on a practical experimental approach to measure the mean
wave drift forces and moments. The research investigates the effect of wave loads on
ship maneuvering and aims to contribute to the system-based mathematical
approaches. The scope includes theoretical modeling, numerical modeling, and
experimental approaches to achieve a comprehensive exploration of the research

problem.

The study is subject to time limitations, which may impact the depth of numerical
simulation. The complexity of directly-solved maneuvering in waves might require

further numerical investigation beyond the scope of this study.

The availability of certain resources, for instance, a wave basin that has the opportunity
to perform free-model testing, and computer requirements for CFD simulations, may

affect the comprehensiveness of the experimental and numerical phase.

The research focuses on heading angles between 0° to 180°, assuming the ONRT
model is symmetrical. Extrapolation of results beyond this range, i.e. 180° to 360°,

should be approached cautiously and may require additional research.

To streamline the system-based investigation, certain assumptions will be made. These
assumptions will be detailed in the following chapters and might errors may arise due

to simplification.

The parameters of the system-based model will be found specifically for the ONRT

model. While the findings of this study will contribute to the understanding of
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maneuvering in waves, their generalizability to other ship models might be influenced
by variations of the maneuvering coefficients, rudder and propeller parameters.

1.7 Methodology

An overview of the research methods and techniques used to conduct the study is
provided: This study follows a system-based mathematical approach, utilizing both
laboratory experimentation and simulation-based analysis to achieve the research
objectives. The methodology combines theoretical modeling, computational

simulations, and practical measurements.

Firstly, empirical and analytical procedures will be followed to estimate the mean
wave drift forces and moments. Any discrepancies will be investigated by comparing

them with the experimental and computational results.

A physical experimental setup will be designed and constructed to reach the mean
wave drift loads. The setup will include Human Machine Interface for the loads, and a
data acquisition program for the waves to ensure accurate data collection. The ship
model will be mounted to a pantograph and rotated via a horizontal planar motion
mechanism. The time series of forces and moments acting on the hull will be collected
using a multi-component load cell. The time series of waves will be captured with

wave height gauges and probes.

The research involves the use of computational fluid dynamics software. A detailed
model of the steady drift experiments will be replicated within the software,
incorporating relevant physical properties, boundary conditions, and system
parameters. A series of numerical simulations will be conducted to investigate the
effect of wave loads. These simulations involve varying parameters such as the wave
height/wavelength (H /A7), the wave/ship length ratios (1/Ly,,), and ship heading .
The simulations will be verified and validated against the experimental data. Also, a
direct computational approach to solve maneuvering motion in calm water will be

performed.

Experimental and computational data will be processed to calculate the mean wave
drift loads and will undergo analysis using Fast Fourier Transform. The analysis will
include Savitzky-Golay filtering to smooth or filter noisy data. Graphical

representations and tables will aid in interpreting the results.
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A system-based mathematical model for representing the 4-DoF maneuvering of a
vessel in calm water will be presented. Then, the measured wave drift loads will be
incorporated into the equations of motion for maneuvering to predict the effect of
waves on the maneuvering performance of a vessel. Both calm water and three
different wave scenarios will be investigated. Comparisons will be made with existing

experimental and numerical results in the literature.

1.8 Structure of Thesis

This doctoral thesis is organized into distinct chapters, each contributing to the
exploration and understanding of maneuvering in waves. The structure is designed to
systematically guide the reader through the process of determining the context and
significance of the study, presenting and evaluating the findings. The chapters that

make up this thesis are summarized as follows:

This chapter introduces the related literature review, outlines the research problem,
and provides the significance of the study. The limitations and methodology are

summarized, setting the stage for the subsequent chapters.

Chapter 2 delves into the existing empirical and analytical approaches related to mean
wave load calculations. Calculation results are presented for different wave conditions,

to be a foundation for the current research.

In Chapter 3, the experimental research methodology is outlined in detail. The chosen
experimental method, experimental model, and measurement systems are explained.
Quantitative methodologies are presented, providing an understanding of data
reduction. The experimental results for both wave drift loads and wave parameters are

presented in graphs and tables.

Chapter 4 focuses on the steady drift analysis under the conditions tested in the
previous chapter. It presents an overview of equations and methods, numerical models,
and simulation scenarios. The findings from the analysis are validated and verified.
Experimental results are compared with the numerical outcomes. Detailed analysis and
interpretation of results are provided, supported by graphs, and tables. The details of

the direct simulation performed in calm water are outlined.

Chapter 5 explores the 4-DoF system-based methods to adapt the mean wave drift
loads. It discusses the derivation of 6-DoF and 4-DoF equation of motion and external
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forces and moments. Findings from maneuvering in calm water and in waves
simulations are discussed.

The thesis is concluded with Chapter 6, which summarized major findings and

highlights contributions. Future research and potential extensions of the study are
identified.
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2. MEAN WAVE DRIFT FORCE PREDICTION

Empirical and analytical approaches to wave drift force prediction are widely used in
practice, as they provide a relatively simple and efficient way to estimate wave drift
forces without resorting to complex numerical simulations or experimental methods.
These approaches are based on formulas or design curves that relate the wave drift
force to various parameters such as the wave height and period, as well as the size and
shape of the vessel or structure. The following works ensured practical methods for
estimating the wave drift force. The underlying assumptions and limitations will be
discussed. Also, the effect of wave heading angles at zero speed ONRT model on the

steady wave drift forces will be explored for each approach.

Advanced Marine Enterprises Inc. (1996) recommends the following expressions for

the calculation of the mean wave drift force and moment components, Xy, ¥, and N, :

2.5

y H
Xy = 0.0388pgBCzH2f (H,, T) + 0.311pr2# cos x

_ ) | 2.1)
Yw =[0.0388pgLH: f (Hg, T)] sin y
Ny, = [-0.125pgLTH?2f (H,, T)] cos x sin y — 0.03Yy, L

where p is density, g is gravitational acceleration, B is breadth, Cp is block
coefficient, H, is significant wave height, d is draft, L is ship length, and y is the
incident wave angle. The f(H,, d) is a function changing with the relation between

significant wave height and draft and can be calculated as follows:

f(H,,d) = sin? (%) if 0.32d < H, < d

Fl,d) = [Bsin? (L), if 5, > d @2

f(Hy, d) = 1,if Hy < 0.32d
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It has been stated that the suggested expressions are for full cargo ships. Therefore, it
can be said that the expressions are for fuller ships with larger block coefficients, and
can only give an idea about the wave drift force and moment components for ONRT,

a finer form with a block coefficient of 0.535.

Another difference between the present study and above relation is that the approach
is based on the Pierson Moskowitz spectrum which assumes a deep sea and a fully
developed sea state. The Pierson-Moskowitz approximation includes parameters such
as significant wave height, peak wave period, and spectral shape. On the other hand,
the regular wave is a simplified representation of ocean waves and assumes idealized
conditions with uniform wave height and period. In the Hg parameter in the above
expressions, the peak-to-peak value of the regular waveform is used instead of the

significant wave height.

The original version of the formulas also includes the correction coefficients for the
shallow water condition. According to the linear wave theory, water depths more than
half the wavelength indicate deep water (d > 0.54). Experimental conditions for
steady drift tests provide deep water conditions with a water depth of 3.5 m and a
maximum wavelength of 3.147 m. Therefore, the shallow water correction coefficients

were not considered.

A very simple approach is preferred for the estimation of mean wave drift loads for
buoys with a specific diameter in irregular waves by Bergdahl & Kofoed (2015). The
assumption in this approach is that the object reflects all waves in the opposite
direction to the incoming waves for all component waves. The wave drift force, Fy,,, is

presented as follows:

_ 1 1 pgHZD
— 2y — S
Fw =35pg E SaiD=—0 (2.3)
l

where q; is the wave amplitude in a Pierson Moskowitz spectrum, equal to Hy/2, and
D is the characteristic dimension of the buoy. In the case of a surface ship, the
characteristic dimension, D, can be taken as the length of the ship, L, for longitudinal
wave drift force and as the breadth of the ship, B, for lateral wave drift force. Then the

wave drift force expressions become,
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%, = o pgLH?
W—3ng s

(2.4)

Y, = - BH?
W—32P9 5

Then the magnitude of the resultant force acting on the hull can be calculated with a

very basic way of F,, = f)?wz + 1,,°. The effect of changing the heading angle, or

incident wave angle in this case, to the wave drift forces can be included by

Xy = Fy cosy
2.5)
Yy = Fy siny

where y is the incident wave angle.

The authors also calculated the wave drift force resulting from diffraction, from the
idea that the case object can not reflect the wave they investigated. The estimated wave
drift load due to diffraction is relatively too smaller than the first approximation so the

simple approach can be preferred.

For rectangular submerged bodies, a relation for mean wave drift force estimation is
also proposed by Gupta (2008). To illustrate how to calculate the mean wave drift
loads, consider a rectangular barge with length L, width B, and draft d. The velocity
potential of the regular wave acting on this barge from the head and the wave profile

can be written as follows:

H coshk,,(z + d)
(D(x,y,z;t)=pg% cosvhvk d ¢
w

i(kywx—wt)

(2.6)
U(t) — Eeii(kwg—wt)
2
where H is the wave height, w is the wave frequency, k,, is the wave number (27t/1),
and d is the depth. With the integration of the free surface along the wave, the first

component can be found as follows:

_ 1 1 H (o) [H i(-kkot)]
F; = E'Dgf 7’]27’ldL = Epr {[5 el(kf_wt)] — [Eel(_kf_wt)] } (27)
WL
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2

_ H? (L
F, = ?pr {[el(ki_wt>]

—F*%”ﬂ?

kL kL
F, =—pgB {cos2 (7 - a)t) — sin? (7 - a)t)

8
. (kL kL 5 kL
+ 2isin (7 - wt) cos <7 - wt) — cos (7 — (ut)
. kL (kL kL
+ sin (7 - wt) + 2isin (7 - (Ut) Cos (7 - wt)}

The above expression can be simplified as follows and equal to zero at which on
averaging over one complete cycle.

2

F, = %pr [2 sin(kL) sin(wt)] = 0 (2.8)

The quadratic velocity expression in Bernoulli's equation can be written as follows.

gkH )2

2 . 2 . = |
u“(x,y,z;6) + wix, y, z; t) (2a) cosh kd

(2.9)

kL kL
{coshzk(z + d)cos? (i ~i a)t) + sinh?k(z + d)sin? (i = wt)}

By integrating this expression from the bottom of the ship, —T, to the waterline level,

the following expression is obtained.

__ H?pgB sinh 2kd — sinh 2k(d — d)

= 2.10
27 4 4 sinh 2kd (2.10)
In deep water, this expression becomes,
_ H? 1 — (cosh 2kd — sinh 2kd)
= — 2.11
F, 16 pgB > ( )
If the effect of ship motions on the wave drift force is neglected,
F3=F=0 (2.12)

Thus, in regular head waves and deep water, the average longitudinal and lateral wave

drift forces acting on a surface ship can be simplified as follows:
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_ H? 1 — (cosh 2kd — sinh 2kd)

Xw =T PgL >

(2.13)
_ H? 1 — (cosh 2kd — sinh 2kd)
Yw =J¢pgB >

American Petroleum Institute (2005) presents design curves of wave drift force and
motions. The curves of results are generated for drillships with lengths between 121.92
m and 164.59 m and displacements between 11.176 tons to 21.337 tons. Also, there
are some results for four semisubmersible designs. The significant wave height is
changed between 1.524 m to 12.192 m. The authors draw attention to that the data can
be useful for ship-shape vessels and interpolation methods can be used for different
dimensions. The curves for drillships will be used to estimate the mean wave drift
force of the ONRT model. The wave drift force and moment estimation for the ONRT
model was made using the curve created for the ship with the lowest displacement.
The drift forces corresponding to the current wave height are read from the curves and
dimensioned according to the drillship characteristics. Then, nondimensionalized
longitudinal and lateral forces are dimensionalized according to the ONRT model.
Equation 2.5 can be used to compute wave drift forces and moments at different

incidence wave angles after determining the resultant force.

DNV AS (2021) recommends the following relations to estimate the mean wave drift
forces and moment. The wave drift forces model is based on Pierson Moskowitz wave

spectrum.

_p .
Xy = EgHSZBhf(Tsurge)

p

Y =5 gH3Los(0.09 sin())f (Toway) (2.14)
_W = YW <XLos <0.05 —0.14 TaCfT(l/))> Los)

where v is the heading angle, L, is the longitudinal distance between the foremost
and aft-most point underwater, and x; . is the longitudinal position of L,/2 to the

point of L,,, /2. The h coefficient can be calculated as follows:
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h = 0.09h, h, (2.15)

The following equations are used to calculate the coefficients h, and h,.

rad(y)
hy = hyy + T (hip — h1a)
(2.16)
h, = 0.05 + 0.95 arctan(1.45(rad(y) — 1.75)
The coefficients h,4 and h, 5 is found by the following expressions.
hia = 0.8afS
(2.17)

hip = 0.7Cj 145 Where 0.85 < Cypqpe < 1.15

where a,,,, IS the angle between the vessel x-axis and a line drawn from the foremost
point in the water line to the point at y = B /4 (ahead of L,,/2) on the water line, and
Cwiase 1s the water plane area coefficient. Nondimensional Ty 4. and Tgyqy
parameters can be calculated as follows:
, Tz
Tsurge = 591073

(2.18)
) Tz
Tsway = G 75503

where T is the average zero up-crossing period of the wave. The relations for the

function of T’ is given in the following expressions.

T =1ifT' <1
(2.19)
) =12 if T 21

The geometric properties of ONRT are found in the CAD model as x;,, = 0.03 m,

apow = 0.169 rad, and Cy,1qr; = 1.021. The relation between the zero up-crossing

period of the wave, T,, and peak period, T can be written as Tp = T,+/2. Therefore
the zero up-crossing period of the wave for the steady drift test is calculated as 0.950

S.
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2.1 Comparison of Mean Wave Drift Loads

The results of wave drift loads and moments can provide insights into the loads exerted
on ships, offshore platforms, and other marine structures, helping researchers make
informed decisions during the maneuvering phases. Comparing empirical/analytical
results of wave drift loads and moments allows us to assess the accuracy and reliability
of different models and methodologies. It can be said that the above-mentioned
approaches, unlike the ONRT model, are created by starting from rectangular shapes,
buoys, or fuller vessels and most of them are valid in irregular waves. Therefore, it is
important to recognize the limitations and challenges associated with comparing
results. For this reason, experimental studies and computational approaches become
essential, as explained in the following sections, differences will be observed when

compared to empirical and analytical results.

The results for wave drift forces and moment are plotted with respect to the heading
angle and compared in Figure 2.1 to 2.3 for the wave condition of H/A = 0.020 and
A/Ly = 1.00. Also, the data are presented in Table 2.1 to Table 2.3.

Figure 2.1 shows the results of mean longitudinal wave drift forces calculated for the
ONRT model with five different approaches. Calculations were performed for the
wave steepness value of 0.020 and the wave/ship length ratio of 1.00. As expected, the
longitudinal wave drift forces reached their highest values in the head and following
seas. In general, it can be seen that the values are symmetrical with respect to yp = 90°.
Only in DNV AS (2021) results, the symmetry was disrupted, and the longitudinal
wave drift force reached zero at a point where the heading angle was between 90° and
105°.

The graph clearly shows that the results of Bergdahl & Kofoed (2015) are higher than
the other four approaches. The authors pointed out that the approach also presented
above, which they call simple wave drift estimation, is 40 times the drift force
calculated by the diffraction theory. Therefore, it can be considered that this approach
presented by the authors for environmental loads on the buoy is not suitable for the

ONRT model when compared to other methods.

The results of API (2005) and Gupta (2008) follow a similar trend as in Advanced
Marine Enterprises Inc. (1996) and DNV AS (2021). API (2005) presents design

curves for estimating mean wave drift forces for drillships and the authors stated that
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the design curves are suitable for mobile offshore drilling unit type vessels. In light of
this information, it can be expected that the longitudinal wave drift force will be less

in military vessels like high-speed corvettes or frigates with low block coefficients.

Table 2.1 : Comparison of longitudinal wave drift forces, X;,,, obtained by
empirical/analytical approximations at H/A = 0.020,4/Ly,, = 1.00.

: Advanced
Heading Marine Gupta Bergdahl & DNV AS
angle, ¢ . API (2005) Kofoed
(deg) Enterprises (2008) (2015) (2021)
Inc. (1996)
0 -0.267 -1.492 -1.388 -3.849 -0.262
15 -0.258 -1.441 -1.341 -3.718 -0.270
30 -0.231 -1.292 -1.202 -3.333 -0.271
45 -0.189 -1.055 -0.981 -2.722 -0.259
60 -0.133 -0.746 -0.694 -1.924 -0.229
75 -0.069 -0.386 -0.359 -0.996 -0.169
90 0.000 0.000 0.000 0.000 -0.070
105 0.069 0.386 0.359 0.996 0.063
120 0.133 0.746 0.694 1.924 0.200
135 0.189 1.055 0.981 2.722 0.315
150 0.231 1.292 1.202 3.333 0.406
165 0.258 1.441 1.341 3.718 0.480
180 0.267 1.492 1.388 3.849 0.542
4.0
= Advanced Marine Enterprises Inc. (1997
e API (2005)
3.0 Gupta (2008)
—————Bergdahl & Kofoed (2015)
- DNV AS (2021)
20F
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Figure 2.1 : Comparison of empirical/analytical results of mean longitudinal force
with respect to heading angle (H/A = 0.020,A/Ly,;, = 1.00).

The mean lateral wave drift forces with respect to the heading angle are given in Table
2.2 and Figure 2.2 for the wave condition of H/A1=0.020 and A/Ly,;,=1.00. In beam

seas, the mean lateral wave drift forces reach maximum values. As in previous results,

28



the approximation of Bergdahl & Kofoed (2015) gives higher results. DNV AS (2021),
API (2005), and Gupta (2008) give similar results in mean lateral wave drift force.

Table 2.2 : Comparison of lateral wave drift forces, Y, obtained by
empirical/analytical approximations at H/A = 0.020,A/Ly,;, = 1.00.

Advanced

;'neg;(;mz/g) Marine — np|(a005) ~ GuPta Be&%?ﬁ?é& DNV AS
( deé) Enterprises (2008) (2015) (2021)
Inc. (1996)

0 0.000 0.000 0.000 0.000 0.000
15 0.741 0.386 0.359 0.996 0.408
30 1.432 0.746 0.694 1.924 0.788
45 2.024 1.055 0.981 2.722 1.115
60 2.479 1.292 1.202 3.333 1.365
75 2.766 1.441 1.341 3.718 1.523
90 2.863 1.492 1.388 3.849 1.576
105 2.766 1.441 1.341 3.718 1.523
120 2.479 1.292 1.202 3.333 1.365
135 2.024 1.055 0.981 2.722 1.115
150 1.432 0.746 0.694 1.924 0.788
165 0.741 0.386 0.359 0.996 0.408
180 0.000 0.000 0.000 0.000 0.000

Advanced Marine Enterprises Inc. (1996)
API (2005)

Bergdahl & Kofoed (2015)

DNV AS (2021)

————— Gupta (2008)
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Figure 2.2 : Comparison of empirical/analytical results of mean lateral force with
respect to heading angle (H/A = 0.020,A/Ly,;, = 1.00).

Table 2.3 and Figure 2.3 presents the results of the yaw moment with respect to the
heading angle for the wave condition of H/A=0.020 and A/L,,;,=1.00. The
symmetrical distribution is not seen in DNV AS (2021) and API (2005). This may be

29



due to the fact that the center of rotation is in a different position on the hull, both

approaches have taken this detail into account in yaw moment formulations.

Table 2.3 : Comparison of yaw moments, Ny, obtained by empirical/analytical
approximations at H/A = 0.020,4/Ly,;, = 1.00.

Heading A&Var.]CEd DNV AS
arine
angle, ki Enterprises AP1(2005) (2021)
(ded) . (1996)
0 0.000 0.000 0.000
15 0.188 0.097 0.062
30 0.312 0.323 0.090
45 0.325 0.527 0.087
60 0.213 0.559 0.055
75 -0.003 0.360 0.005
90 -0.270 0.000 -0.053
105 -0.519 -0.360 -0.108
120 -0.681 -0.559 -0.147
135 -0.708 -0.527 -0.161
150 -0.582 -0.323 -0.143
165 -0.328 -0.097 -0.089
180 0.000 0.000 0.000

1.0

Advanced Marine Enterprises Inc. (1996)
API (2005)
DNV AS (2021)
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Figure 2.3 : Comparison of empirical/analytical results of mean yaw moment with
respect to heading angle (H/A = 0.020,A/Ly,;, = 1.00).
The results for the remaining two wave conditions (“H/A = 0.020,4/Ly,;, = 0.50”
and “H/A = 0.025,1/Ly,;, = 1.00”) are presented in Appendix A. Changing the wave
characteristics can have significant effects on wave drift loads, which refer to the
forces and moments exerted on the hull due to wave-induced motions. In the second
wave condition (H/A = 0.020,4/Ly,;, = 0.50), both the wave height and wavelength
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are halved compared to the first condition where the wavelength is equal to the ship's
length. Reducing wave height and length has decreased the magnitude of wave forces

and moment, resulting in lower wave drift loads.

The rate of reduction remained almost constant in both wave drift forces and moments,
and the magnitudes decreased by about 60%. In Bergdahl & Kofoed's (2015)
approximation, this difference appears to be 75%. As seen in Figure 2.4, a different
effect was observed in the DNV AS (2021) results. The reduction in Xy, was 75%,

while the reduction in ¥;,, and Ny, was 45%.

Considering the situation where they have the same wave height with different
wavelength, it can be predicted that the wave drift forces and moment will increase.
This is because shorter waves with higher frequencies and shorter periods can lead to
rapid and dynamic wave motions. Approximation of DNV AS (2021) also can be
examined for better understanding: Zero-up crossing period is used in the calculation
of the nondimensional T;,,,, parameter and the effect of wavelength is also included
in the approximation. A decrease in wavelength causes a decrease in the peak period
(Tp) and accordingly the zero up-crossing period (T;), so the f (Ts’way) increases in
the second case. This normally causes an increase in ¥, and Ny, in case of the same
wave height. So, higher frequency waves can induce larger wave drift loads on the
hull. However, it can be said that the wave height does not remain the same and has
decreased by half, and it is more dominant on the loads than the wavelength. This
condition may have caused a 45% reduction in the Y;;, and Ny, as seen in Figure 2.4(b)
and (c). This effect was not seen in the Xy, see Figure 2.4 (a), since the f(TS’urge) does

not change with the changing wavelength (due to the condition of T* > 1).

In the third wave condition (H/A = 0.025,1/Ly,;, = 1.00), the increase in wave
height was investigated when the wavelength was constant compared to the first
condition. A higher wave height leads to larger wave forces and moments acting on
the hull. An increase of approximately 60% in wave height was reflected as an increase
in forces and moments at similar rates as can be seen in Figure 2.4. The data are

presented in detail in Appendix A.
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Figure 2.4 : Comparison of different wave conditions' effects on wave drift loads
(DNV AS (2021)): (a) longitudinal wave drift force, (b) lateral wave drift force, (c)
yaw moment.
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3. EXPERIMENTAL STUDY

The benchmark ONRT hull's maneuverability was examined experimentally under a
zero-speed condition as well as three different regular wave scenarios with alternative
wave/ship length and wave steepness. The ship's three-dimensional (3-DoF) motion
was guaranteed by the pantograph during the steady drift tests, which were conducted

under various heading angle conditions ranging from 0° to 180°.

3.1 Ata Nutku Ship Model Testing Laboratory

The experimental study is conducted at the Ata Nutku Ship Model Testing Laboratory
within the Department of Naval Architecture and Ocean Engineering at Istanbul
Technical University. The laboratory includes a towing tank, a circulation channel, a
cavitation tunnel, a stability tank, storage, a paint workshop, and a CNC workshop.
The sketch of the laboratory is illustrated in Figure 3.1.
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) L. [
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Figure 3.1 : The sketch of the Ata Nutku ship model testing laboratory: (a) towing
tank, (b) wave generator, (c) stability tank, (d) cavitation tunnel, (e) circulation
channel, (f) storage, (g) paint workshop, (h) CNC workshop.

3.1.1 Towing tank facility

The towing tank has a length of 160 m, a width of 6 m, and a depth of 4.5 m. The

maximum speed of the towing carriage is 5.5 m/s. The tank is equipped with a towing
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carriage, horizontal planar motion mechanism (PMM), wave generator, and wave-
damping beach. Data-acquisition systems and instruments, various dynamometers, and
measurement systems to measure forces, moments, ship motions, and carriage speed
are located at the towing carriage. There are several types of testing conducted at the
laboratory such as ship resistance, self-propulsion tests, seakeeping of ships and

floating structures, and maneuvering of ships and submarines.

A 1/48.9 scaled wooden ONRT model is manufactured according to the procedure by
ITTC (2017) at the laboratory workshop. The scale ratio for the ONRT hull was
intended to equal that of the towing tank employed by the lowa Institute of Hydraulic
Research (I1HR). The model is pulled by towing carriage via PMM pantograph which

is used as a attachment point.

3.1.2 Planar motion mechanism

Planar motion mechanisms are used in ship maneuvering experiments to provide
accurate and precise control of the ship's motion. This mechanism is composed of a
platform, which can be either a circular or a rectangular platform, mounted on the
towing carriage. The platform is connected to a motor, which is used to rotate the
platform in three directions: pitch, roll, and yaw. The motion of the platform is
controlled by a controller, which uses a combination of sensors and software to provide
feedback and control the platform's motion. The platform is also equipped with a
device to measure the ship's speed and direction. This information is used to help the
controller with controlling the platform's motion. By controlling the platform's motion,
it is possible to precisely control the ship's motion in the desired direction. This can be
used for a variety of experiments, such as ship maneuvering experiments, to study the

effects of different variables on the ship's motion.

The ITU-PMM supported by the Presidency of Defence Industries of Turkey was
deployed in 2021 at the Ata Nutku Ship Model Testing Laboratory towing tank. The
maneuvering tests carried out are static drift, pure sway, pure yaw, and yaw and drift.
The length of the test models is constrained to around 3 m as a compromise between
these specifications and tank dimensions. The model is coupled to the PMM system
via a pantograph, allowing it to work with models of various drafts and to freely 3-
DoF motion. The yaw table imposed the yaw motion to the model, and it was made of

steel. The synchronous servo motor has 12 Nm nominal torque and 3000 RPM nominal
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speed attached to a 1:119 scaled coronex reducer. The yaw table, pantograph, and
loadcell can be raised during the assembling process of the model to the carriage.
These all parts and the elevator are connected to a steel frame on the towing carriage.
There are two linear 40 mm NSK rails across the top and bottom of the 4-meter frame
to realize the sway motion. There is a synchronous servo motor to drive the double-
side fixed 50 mm NSK ball screw. The synchronous servo motor has 16 Nm nominal
torque and a 3000 RPM nominal speed. Table 3.1 lists the specifications of the ITU-
PMM and mechanism and its assembled parts are shown in Figure 3.2. The details of
the compact motion controller-based PMM installed in ITU for captive maneuvering
tests can be found in Ozden et al. (2021).

Table 3.1 : PMM design parameters (Ozden et al., 2021).

Parameter Maximum value

Speed 3m/s
Sway speed 1.2 m/s
Sway acceleration 1 m/s?

Sway amplitude +1.25m
Yaw rate! 20 °/s
Yaw angle! 20 deg
Static drift angle? 35 deg

Figure 3.2 : Horizontal planar motion mechanism at Istanbul Technical University.

There are five quantities describing the horizontal motions as carriage speed, U, sway

motion amplitude, V4., Yaw motion amplitude, ¥,,,,, drift angle, g, and PMM

! The values given are valid for cases where the bow of the model is in the +x direction. All angles
can be tracked when the model is rotated in z-axis. Therefore, the yaw rate range is 0°/s-90°/s, the
yaw angle range is 0°-360° and the static drift angle range is 0°-360°.
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frequency, wppyy- The following generic equations of motion may be used to

demonstrate how standard static and dynamic PMM tests are performed (Yoon, 2009):

YpuM = ~YmaxSinWpymt

Y = —YPmaxCoswpyyt + ﬁ

u = U.cosyY + vpyySiny

U = VpyySiny + r(vpyycosyp — U sin)
(3.1)
v = vpymcosy + U siny

UV = UpypCoSY — r(U.cosy + vppypySiny)
r = Tpum
T = Tpym

Where vPMM = prM’ fJPMM = j}PMMi TPMM = lj), and f'PMM = l/) The headlng al’]g|e

(or yaw angle) of the model is represented with .

3.1.3 Wave generator

A mono-directional flap-type wave generator aimed at generating both regular and
irregular sea conditions. This wave generator was initially produced by Kempf &
Remmers in the 1970s. The wave generator was renovated in 2019 and the control
system was replaced by a Bosch-Rexroth system. Several wave spectrums are already
loaded in the control system and a user-defined wave spectrum can also be generated.
In standard seakeeping tests, the following measurements are recorded: significant
heave motion amplitude, significant pitch motion amplitude, significant vertical

accelerations at several points, mean added wave resistance, and wave height.

The wave generator consists of four main units as shown in Figure 3.3: electrical
control panel, hydraulic unit, flap unit, and wave probes. The electrical control panel
consists electrical transformer and fuses. It is possible to control the wave generator
and the pump that drains the water behind the flap. The device operates when there is

energy in the main switchboard. In addition, the control panel includes a computer,
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AKAMINA data acquisition system, Tiab hydraulic axis controller, and UPS as can
be seen in Figure 3.3(a).

The flap unit is the part of the wave generator that allows waves to form in the tank.
The flap is 1350 mm high and is a triangular structure installed on a heel 3150 mm
above the bottom in the 4500 mm deep tank. The flap is connected to the piston of the
cylinder that gives the motion using a 1.4 m long shaft from the joint. The linear motion
of the piston in the cylinder causes the flap to rotate around the joint in the heel and
the formation of waves in the tank through this mechanism. The flap unit is shown in
Figure 3.3(b).

The hydraulic system indicated in Figure 3.3(c), which is the basic unit of the wave
generator, consists of two pumps driven by two 12.5 kW electric motors arranged
around an oil tank, a piston giving flap motion, and circuits feeding the piston. One of
the two hydraulic circuits is a high-pressure circuit and meets the static pressure
resulting from the water level difference on both sides of the flap. This circuit stores
the required pressurized oil in an oil tank. The high-pressure oil stored in this oil tank
is used to provide static pressure. For this purpose, the pressurized oil circuit coming
out of the second oil tank goes to the hydraulic cylinder after it is combined with the
pressurized oil circuit coming out of the first tank. The second circuit is the low-
pressure circuit and is directly connected to the cylinder that creates the flap motion

and operates at high speed.

A total of six wave probes shown in Figure 3.3(d) are used to determine whether the
waves are deformed along the width of the tank. The probes are positioned evenly
across the width of the tank. The bridge to which the wave probes are located can be

carried along the tank.

A wave-damping beach is installed at the beginning of the tank to dampen the
transmitted waves. The wave-damping beach is lifted to dampen free-surface
disturbances after the carriage run and stays still during the tests. For seakeeping tests,
it is expected that the water will settle for about 20 minutes between carriage runs.
This time interval is determined sufficient based on visual inspection of the free

surface.
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Figure 3.3 : The units of wave generator: (a) electrical control panel, (b) flap unit,
(c) hydraulic unit, (d) wave probes and gauges. (1) computer, (2) Akamina —
WaveGen Studio, (3) Tiab — Play waveform, (4) UPS, (5) coolant pump, (6)

centrifuge pump.

The wave generator system utilizes the following software and functions: Rexroth —
OPT-Computation, Tiab — Play Wave Form, Rota Teknik — HPU Monitor, and
AKAMINA — WaveGen Studio (Akamina Technologies Inc., 2016).

Rexroth — OPT-Computation is the software where the desired wave information is
entered and produces the wave function. The user can specify basin properties, and
wave details such as spectrum type, period, and height. In the experiments, the regular
wave is produced by using this software. In the spectrum tab, the user can select the

regular wave and the formula for a regular wave:

x(t) = acos(2rft + ¢) (3.2)
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where t is the time, f is the wave frequency, a is the wave amplitude, and ¢ is the
phase.

The program requests the wave height and wave period for a regular wave. In addition,
the frequency value will be computed but is displayed for information only.
Wavelength, based on period, depth, and wave height, is displayed for information.
The steepness is computed as wave height/wavelength and is displayed for
information. The interface of Rexroth — OPT-Computation is illustrated in Figure 3.4.
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Figure 3.4 : Interface of Rexroth — OPT-Computation.

Tiab — Play Wave Form is the software that transfers the wave function to the flap
through the hydraulic system and enables the hydraulic power unit to be operated. The
interface of Tiab — Play Wave Form is shown in Figure 3.5. With the file button in the
upper left part, the created wave file can be selected. With the option below, the
number of times the wave will be generated is entered. In the middle graph, the flap
angles are shown corresponding to the wave properties. Errors and codes, if any,

appear in the box in the lower right corner of the program.

The pumps are started first by pressing the pump run button and with the homing
button, the flap is brought to the 0-degree position. It is possible to operate the flap

with the play button. If another wave is to be produced, the new file can be imported
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after pressing the pause button. If the experiment is over, it is important to initialize

the flap with the rest position on the right of the screen after pressing stop.
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Figure 3.5 : Interface of Tiab — Play Wave Form.

Rota Teknik — HPU Monitor shown in Figure 3.6 is the software developed by Rota

Teknik Machine Industry and Trade Inc. (Rota Teknik Mak. San. ve Tic. A.S.) that

regulates the operating parameters of the hydraulic power unit and displays the sensor

outputs. While the hydraulic power unit is operating, it enables to monitor the current

status, such as oil temperature, oil level, and main pressure.

Ana Basing [bar]
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Figure 3.6 : Interface of Rota Teknik — HPU Monitor.

AKAMINA WaveGen - Studio is a system designed for managing physical

hydrodynamic studies. It combines the four elements of data acquisition, wave

synthesis, wave generation, and wave data analysis in a graphical interface designed

to allow users to easily manage the seakeeping experiments. The sensor calibration
process is performed through AKAMINA - WaveGen Studio. Calibration is

performed in still water conditions just before the experiment starts. Time-dependent



wave heights measured from wave gauges can be displayed. After the end of the
experiment, a suitable cross-section is taken from the raw data, and the wave output is
analyzed. The measured RMS, minimum, maximum, and mean values appear as a

result of the generated regular wave. The interface of AKAMINA WaveGen — Studio

‘ il |

Figure 3.7 : Interface of AKAMINA — WaveGen Studio.

is illustrated in Figure 3.7.
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3.1.4 Experimental coordinate system

The coordinate system in the towing tank experiments is a set of points and axes
designed to measure the forces and moments on a ship as it moves through the water.
The earth-fixed or tank-fixed coordinate system O,x,y, and the ship-fixed or body-

fixed coordinate system oxy are shown in Figure 3.8.

The earth-fixed coordinate system is a global reference frame that remains fixed with
respect to the Earth's surface. In this system, three orthogonal axes are used with the
origin of 0,: x,-axis points forward along the tank's longitudinal axis, y,-axis points
to the right, perpendicular to the x,-axis, and z,-axis points upward, perpendicular to

the tank's horizontal plane.

The ship-fixed coordinate system, also known as the body-fixed coordinate system, is
a local reference frame. The ship-fixed coordinate system is defined as follows: The
x-axis points forward parallel to the ship's centerline, the y-axis points to the right,
perpendicular to the x-axis, and the z-axis is perpendicular to both the x-axis and y-

axis. The origin of the ship-fixed coordinate system is located at the midship.

External forces acting on the ship are measured using components along the x (surge),

y (sway), and z (heave) directions, referred to as the X, Y, and Z forces. External
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angular moments acting on the ship are K, M, and N in roll, ¢, pitch, 8, and yaw, 1,

directions, respectively.

The velocities of the model in the ship-fixed coordinate system’s x and y directions
are u and v, respectively. The advance speed, U, can be derived from u and v as
follows:

U=+u?+v? (3.3)

The orientation of the model with regard to the advance speed is known as drift angle,

B, and can be expressed as

B = —arctan(v/u) (3.4)

The heading angle of a ship, vy, refers to the direction in which the ship's bow is
pointing relative to a reference direction, x,. The lower right drawing represents the
incoming wave with the wavelength, A, and incident wave angle, y.

O Xo

0

Yo
Figure 3.8 : The earth-fixed and ship-fixed coordinate system.

The experiments of static drift, pure sway, pure yaw, yaw, and drift motions can be
performed by using ITU-PMM. There are five quantities used in the definition of
motions as carriage speed (U,), sway motion amplitude (V,,4x), Yaw motion amplitude

(Ymax), heading angle (), and frequency (wpp). The only quantity changed in
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steady drift tests is the heading angle. The heading angle entered in the PMM
mechanism causes the model to rotate clockwise. The definition of the coordinate
system including incident wave angle, y, is illustrated in Figure 3.9. The 180° incident
wave angle (y = 180°) shown in the illustration corresponds to the heading angle of
Y = 0°. In general, it can be said that there is a 180° difference between the incident
wave angle and the heading angle for steady drift tests. Also, rotating the model more
than 90° from the initial position may be hazardous for the system due to the wiring of
the load cell. Therefore, for the cases of 90° < i < 180° the model bow points to the

—x,-direction.
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Figure 3.9 : Incident wave angle, y.

3.2 ONRT Model

The scaled generic model of ONRT (Office of Naval Research Tumblehome) is chosen
to perform the experimental studies under prespecified wave conditions and heading
angles. The ONR Tumblehome hull 5613 is a preliminary design for the DDG1000
Zumwalt class destroyer used by the United States Navy in the early 2000s.
Tumblehome is a type of hull design in which the sides of the ship curve inwards
toward the top of the vessel. It is also used to reduce the width of a vessel, making it
easier to maneuver through narrow channels or shallow waters. The ONR
Tumblehome design features a steeply-angled bow, a sharp entry angle, and a narrower
beam. It is a modern warship featuring both wave-breaker form and a 10-degree
contraction of the ship’s hull over the free surface. This design reduces the size of the
ship's profile, making it more difficult to detect and target. The ONR Tumblehome
design also improves the ship's hydrodynamic properties, making it more fuel efficient

and allowing it to move faster.
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Design parameters of the 1/48.9 scaled model of ONRT defined for use as benchmark
cases in the Tokyo 2015 CFD workshop (Tokyo 2015 A Workshop on CFD in Ship
Hydrodynamics, 2015) are presented in Table 3.2. The basic views of the test model
are displayed in Figure 3.10. Note that, the superstructure shown in the figures is not

get involved in the experiments.

Table 3.2 : Main particulars of ONRT hull.

Parameter Symbol [units] Ship Model
Scale A[-] 1:1 1:48.9
Length on waterline Ly, [m] 154.0 3.147
Maximum beam of waterline By, [M] 18.78 0.384
Draft d [m] 5.494 0.112
Wetted surface area (fully appended) S [m?] N/A 1.345
Displacement A [ton and Kkg] 8507 72.6
Block coefficient Cs [-] 0.535 0.535
Longitudinal center of buoyancy

(aft of FP) LCB [m] N/A 1.625
Vertical center of gravity (from keel) KG [m] N/A 0.156
Metacentric height GM [m] N/A 0'242
K.x/B [-] 0.444 0.444

Moment of inertia K,,/L
yyrEwe 0.246  0.246

KZZ/LWL [_]

Figure 3.10 : 1/48.9 scaled ONRT model.
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The ship's design includes rudders, shafts and shaft brackets, propellers, skeg, and
bilge keels. In the model ship in the present study, there are rudders, shafts and shaft
brackets, skeg, and bilge keels. This model without propellers is called fully appended.
Turbulence stimulation was obtained by the application of studs. The cylindrical studs
with 3 mm height and 2 mm diameter are placed in the 19" section of the model. The
stud dimensions and locations conform with the 28" ITTC standards (ITTC, 2017b).

3.3 Model Ballasting and Mounting

A calm water roll decay test can be used to estimate the model's roll gyradius in water
as an alternative to measuring it in air. The metacentric height and the roll period of
the model, which were discovered during the roll decay test, can be used to directly
calculate the roll gyradius. Prior to the roll decay test, an in-water inclining test can be

used to determine the metacentric height.

The center of buoyancy (KB) and the metacentric radius (BM) were calculated over
the CAD program by using the three-dimensional model. The center of gravity (KG)
and metacentric height (GM) values of the model are already known from the webpage
of the international workshop (Wageningen 2023: A Workshop on CFD in Ship
Hydrodynamics, 2023). The hydrostatic values of the ONRT model are given in Table
3.3.

Table 3.3 : The hydrostatic values of ONRT hull.

KB (m) BM (m) GM (m) KG (m)
0.067 0.133 0.0443 0.156

The inclining test in calm water is used to experimentally obtain the GM value. The
ballasting weights, which are sure to heel the model at small angles, are placed at the
longitudinal center of buoyancy (LCB) point at the the port side and starboard side. A
total of three weights, one 1 kg, and two 0.5 kg, were placed on the port side of the
model ship. Three ballasting weights are equally placed on the starboard side, in line
with the weights on the port side. The distance, d, between the centers of the ballasting
weights is measured. The inclination angle is measured by transferring the ballasting
weights one by one from the port side to the starboard side and vice versa at each step.
When the inclining test is completed in both directions, the GM is calculated using the

following formula:
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G_M_de
"~ Atanf

(3.5)

where w is the displaced weight in kg, d is the distance between weights in m, A is
displacement in kg, and @ is the inclination angle in degree. The experimental KG
value is calculated with the following formula by using the KB and BM values found

geometrically and the average GM value obtained experimentally:
GM = KB + BM — KG (3.6)

The difference between the experimental KG value and the original KG value is found.
This value is called GG1. The amount of weight that needs to be shifted to reach the
original KG value and the vertical distance are found iteratively with the following

formula;

GGl = ——— (3.7)

where Aw is the weight to be shifted vertically and Ad is the shifting distance. The Aw
and Ad values are changed until the GG1 value is equal to the GG1 value which

represents the difference between the KGs.

Experimental measurements of the model's inclining motion can be made with a
variety of sensors and setup arrangements. The POSITAL three-dimensional
inclinometer, see Figure 3.11, available in the test basin is currently used in inclining
tests. The AGS030-2-SC1-HO0-P8M inclinometer by POSITAL, based on electrolytic
fluid technology, is used to measure the deviation angle in the range of + 30° around
two axes. The main feature of this sensor is high resolution (0.001°) and accuracy

(0.01°) of measurements.

In the previous study (Kinaci et al., 2021), the free-running tests of the DTC container
ship model were conducted in the towing tank for the self-propulsion case. The guides
and a brake used in the experiments did not limit the motion in the surge direction. In
the study presented in the thesis, it was necessary to change the mounting system since
a study was carried out independently of the forward speed. Therefore, the test model
is connected to the load cell via a pantograph as can be shown in Figure 3.12, which

allows heave, pitch, and roll motions. The pantograph also provides the opportunity to
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adjust the draft of the model. The shafts of this pantograph are made of AISI 316 L
grade stainless steel and it is manufactured with precision utilizing Computer
Numerical Control (CNC) from aircraft grade 7075 aluminum alloy. When positioning
the pantograph in the midship position and attaching the model to the PMM, a laser
liner is used to make sure the initial angle of attack is zero.

Figure 3.12 : Connection of loadcell and pantograph.
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3.4 Test Conditions

Within the scope of the study, maneuverability analysis of the benchmark ONRT hull
was experimentally performed in a zero-speed and three different regular wave
conditions with various wave/ship length and wave steepness values. While the wave
steepness ratios (H/A) were selected as 0.020 and 0.025, the wave/ship length ratios
(A/Ly) were chosen as 0.50 and 1.00. Under these conditions, three regular waves
with different characteristics as shown in Table 3.4 were produced by flap type wave
generator. The damping was provided by the presence of a fixed wave-damping beach
located at the beginning of the towing tank.

Table 3.4 : The wave characteristics in static drift tests.

Wave Wave/Ship Wave Wave Wave
Case . Wavelength .
steepness length height period frequency

- H/A A/LyL H A T f
- [-] [-] [m] [m] [s] [Hz]
1 0.020 1.00 0.063 3.147 1.420 0.704
2 0.020 0.50 0.031 1.574 1.004 0.996
3 0.025 1.00 0.079 3.147 1.420 0.704

The steady drift tests were carried out in different heading angles, ¥, ranging from 0°
to 180°, and the 3-DoF motion of the ship was ensured by pantograph. The model is
free to heave, pitch, and roll, with zero speed, without a propeller. The test program

given in Table 3.5 is intended for comparisons in turning circles.

Table 3.5 : PMM test conditions.

Test Y [deg]
Steady drift 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180

3.5 Measurement Systems and Calibration Procedures

A measurement system consists of several components, including the measuring
instrument, the signal conditioning system, the data acquisition system, and the output
display or recording system. Calibration is the process of verifying and adjusting the
accuracy and precision of a measuring instrument. The present section describes the
systems used to measure the force, moment, and wave parameters. Following this, the

calibration procedures of the systems will be mentioned.
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3.5.1 Loadcell

In steady drift tests, data acquisition was carried out with a multi-component load cell,
which is a part of the PMM. The capacity of the loadcell is 500 N, 500 N, and 500 Nm
for longitudinal force, F,, lateral force, F,, and yaw moment, M,, respectively. A six-
component Izumi Sokki six-component strain-gage type loadcell with a six-channel
Izumi Sokki DA-18K amplifier and a calibration box is used in maneuvering

experiments. The technical drawing of the load cell is shown in Figure 3.13.
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Figure 3.13 : Technical drawing of the load cell.

The calibration procedure for loadcell includes gradual loading and the examination
of the output signals at each stage. Also, the weight indicator must revert to zero when
the loads are removed to verifying the loadcell system is functioning effectively. A
calibration mechanism was established for load cell calibration. With this setup, the
load cell's +F,, +F, and +F, forces and +M,., +M,, and +M, moment calibration were
performed with the modification of the moment arm. The amplifier shown in Figure
3.14 is connected to calibration boxes for forces and moments, which check the

calibration with 250 N force and 250 Nm moment signal.

Calibration boxes are used to check the loadcell calibration before the experiment.

After energizing the amplifiers with force and moment components to be used by
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pressing the green button, the amplifier is reset with the auto zero button. When the
calibration boxes are opened, the force of 250 N and the moment of 250 Nm must be
given by the amplifier. If the values in the display are correct, no adjustment is
required. The thesis by Ozden (2021) can be examined for the details of the calibration

procedure.

Figure 3.14 : Amplifier and calibration boxes.

3.5.2 Wave height gauge and probes

A total of six wave height gauges and probes are used to measure the generated wave
properties. The probes are positioned evenly across the width of the tank. The AWP-
300-3 capacitance-type wave height gauge from Akamina Technologies as can be seen
in Figure 3.15(a) is suited for wave height measurements. The digital interface
eliminates many issues common in analog data acquisition systems, such as noise and
grounding issues over long cables. The interface simplifies the cabling of six wave
gauges connected in a daisy-chain fashion. The sensors are highly linear (0.15% over
the measurement range) and have a fast response time where the output is updated
every 5 ms. The sampling rate of the wave height gauges is 100 Hz.

The AKAMINA wave probe head as can be seen in Figure 3.15(b) is designed to work
with the AWP-300 series of wave height gauge electronics. The probe head is part of
the wave height measurement system that is partially submerged in water to measure
wave heights or water levels. The heads have no electrical interference with other
probes or instrumentation. The length of the head is 75 cm. The support rod is
manufactured from stainless steel. Also, support and sensor wire clamps are

manufactured from hard anodized aluminum.

Calibration is the initial step before proceeding with real measurements. This is
required to determine the link between water depth and the AWP-300-3 output
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measurement. The instructions for calibration are proposed by AKAMINA
Technologies (Akamina Technologies Inc., 2014). The wave probe measurement
system is calibrated statically end to end by moving the probe incrementally on a
linear, vertical slide and making measurements on a computer at each step. The data
are fit using linear regression, the slope of which is used as a scale factor for wave
elevation measurements. The form of a linear calibration function should be used in
three-point calibration. The calibration procedure should be performed in calm water
conditions. Firstly, the water depth is measured at the first calibration point. The other
two calibration points are determined by lowering/raising the wave height probe and
the same procedure is followed. After the calibration procedure is completed, the wave

height gauges are mounted on the bridge from mounting points.

Figure 3.15 : Wave measurement units: (a) Wave height gauge, (b) Wave height
gauge, and a wave probe head.

For acquisition, each input channel must be calibrated with a re-zero curve before the
experiment begins (Akamina Technologies Inc., 2016). The reference point must be
taken for the wave probes at calm water conditions. Any channels in a shortlist that
are selected are calibrated at the same time and have the same reference values.
Therefore, three channels at a far distance are calibrated together, while three channels
at a close distance are calibrated together. When the calibration process is started, the
data required for the calibration starts to be collected under calm water conditions.
Summary statistics for the obtained data are examined and the calibration is completed

by entering the reference value to be associated with the data point.
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3.6 Data Acquisition Procedures

Data acquisition and reduction are two key steps in the process of collecting and
analyzing data. Data acquisition is the process of collecting, recording and storing data
from a variety of sources. This section will describe the data acquisition methodologies

for forces, moment, and wave data followed in the experiments.

3.6.1 Data acquisition of forces and moment

Before the model is attached to the pantograph, the in-water inclining test is performed
as described in chapter 3.3. The weights are fixed after ensuring the weight distribution
to which the real metacentric height is provided. The model is mounted to the
pantograph and connected to the load cell so that the F, F,, and M, values can be
collected. The force and moment data transmission cables coming from the load cell
are connected to the calibration boxes shown in Figure 3.16(a). The force and moment
components separated in the calibration boxes are connected to the amplifier as can be
seen in Figure 3.16(b). Components converted to =10 Volts of Direct Current (VDC)
range in the amplifier are output via Bayonet Neill-Concelman (BNC) cables and the
other ends of the cables are connected to the panel displayed in Figure 3.16(c). The
grounding output is taken from the amplifier via a cable and the other end of the cable

is connected to the grounding point on the panel.
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Figure 3.16 : Electrical equipment installation: (a) Calibration boxes, (b) Separation
of the force and moment components, (c) Control panel.
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The data transfer to the panel is provided via Human Machine Interface (HMI) shown
in Figure 3.17(a). The connection of the computer with the panel is provided via an
ethernet cable. The model is towed towards the end of the 160-meter-long tank,
positioned close to the wave probes, via the towing carriage. The aim here is to stay
close to the wave generator and make sure that the generated wave meets the model
without absorption.

When the start button on the HMI panel is pressed, preparations for a new experiment
are made: The conditions under which the experiment will be performed are entered
via the HMI. In this study, the static drift tab is used and the £ value is changed in each
set. Since the steady drift test is performed, that is, the model velocity is zero, a speed
input is not required. The interface of the static drift test in HMI is shown in Figure
3.17(b).

After all connections are made, the project is started by running the SIMATIC WinCC
Explorer program on the computer as shown in Figure 3.17(c). When the experiment
starts, the data acquisition of force and moment values begins. At the end of the
experiment, the collected data is saved. Before starting a new experiment, the model

is returned to the zero position and these steps are followed for each set.

Y e | otk
ic Drift
@) RO ... A (®)
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Figure 3.17 : (a) Human Machine Interface, (b) The static drift test interface at HMI,
(c) The static drift test interface at SIMATIC WinCC Explorer.
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3.6.2 Data acquisition of wave parameters

The power in the main electrical panel of the wave generator is confirmed. The
emergency stop button is released by turning it counterclockwise. The emergency stop
reset button is pressed for the discharge pump to work. Before the experiment starts,
the water behind the flap must be discharged. This is because the water displacement
adversely affects the flap's motion during the wave generation.

The computer and the AKAMINA data acquisition system in the electrical control
panel are turned on. After the screens in the control cabinet are opened the Tiab — Play
Wave Form, the Rexroth — OPT-Computation, the Rota Teknik — HPU Monitor, and
the AKAMINA — WaveGen Studio are respectively opened.

While the wave generator was being installed, the current water level was measured
and the system inputs were determined according to this value. There is a correction
factor to set the decreasing/increasing water level due to water evaporation, leakage,
or water refill. The water level is measured before each set of experiments and the
difference between the initial water level is taken. The correction factor of £0.15 m is
entered in the water level section of the wave file created by the Rexroth — OPT-
Computation program. Within the scope of the study, only the effect of regular waves
was examined: The regular wave type is selected in the spectrum tab. The information

on the wave height and the period is entered and the wave file is completed.

With Rota Teknik — HPU Monitor (HPU refers to Hydraulic Power Unit), the data of
the hydraulic power unit is displayed and the data is followed throughout the
experiment. It is connected to the Tiab — Play Wave Form screen via this interface. By
selecting the configuration file path, the generated wave file is imported. Number of
replays is entered. The angle of the flap is shown on the screen. After the system is
reset, the pump is started, the system is pressurized, and the flap is brought to the 0°
position via the homing tab.

After the connection status is active in the data acquisition program named AKAMINA
—WaveGen Studio, sensors are calibrated. The water must be calm, so calibration must
be done before the towing carriage moves. As described in chapter 3.5.2 , a total of six
sensors are grouped in threes. During the calibration process, the sensors are selected
as a group of three due to differences in location, and the current height of the water

in towing tank is defined by the system. Then, a chart is created for each sensor group
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via the strip chart tab to instantly monitor the time-dependent change in water level. It
Is possible to perform the data acquisition process during the experiment with the

acquire tab.

After the preparation of the wave generator and the preparations on the towing carriage
are completed, the wave generation is started by pressing the play tab in Tiab — Play
Wave Form screen. The run tab is clicked on the data acquisition server screen to

collect the water level data.

Data collection is terminated when the experiment is complete. On the Tiab — Play
Wave Form screen, the flap is brought back to its initial position with the rest position
tab. Pumps are stopped. In case of an emergency, the emergency stop button is pressed.

The wave height data is exported in the AKAMINA — WaveGen Studio. To analyze
regular waves, the extract tab under the analyze tab is selected. The aim here is to
select a suitable interval for analysis by specifying the start time and end time in the
time-dependent signal. The selected part of the wave signal is saved and the Root Mean
Square (RMS) value of the generated wave is noted by passing to the compute tab. If
the RMS value is different from the desired wave height, the experiment is repeated

by correcting the water level.

Test outputs are reported in accordance with the data acquisition and reduction
methodology and the next test setup is prepared. The measured RMS, minimum,
maximum, and mean values appear as a result of the generated regular wave. When
the entire test matrix is complete, all the above-mentioned programs are closed. The
computer, data acquisition system, and Uninterruptible Power Supply (UPS) on the
control panel are turned off. The emergency stop button is pressed therefore hydraulic
system and water discharge pump are stopped. The main switch on the control panel

is turned from 1 to 0. The control panel and control room are locked.

3.7 Data Reduction Procedures

The procedures for data acquisition and reduction are important steps in the data
analysis process, as they can help to improve data accuracy, reduce storage costs, and
improve the efficiency of the overall data analysis process. Data reduction is the

process of removing or combining data points to make the data set easier to analyze.
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In this section, how the force, moment, and wave parameters are analyzed will be

explained.

3.7.1 Data reduction of forces and moment

The data reduction of forces and moments (X, Y, N) for steady drift PMM tests are
given in the present section. Throughout each carriage runs, all forces and moments
are obtained as time histories. It should be noted that, the towing carriage velocity, U.,

and thus model velocity (U) are equal to zero in steady drift experiments.

The time-dependent wave quantities from the time series of measurements are
analyzed employing a fast Fourier transform (FFT) algorithm. The FFT algorithm
efficiently computes the discrete Fourier transform (DFT) of a signal or data sequence,
enabling the decomposition of a signal into its frequency components. By representing
asignal in the frequency domain, it becomes easier to analyze and manipulate different
frequency components separately. In the scope of this study, the FFT algorithm was
used to find the values corresponding to the 0™ frequency. These values corresponding
to the O™ frequency give the mean wave drift loads of the investigated ship heading

and wave condition.

In MATLAB, the fft function is used to compute the FFT of a signal or data sequence.
The syntax for the fft functionisas Y = fft(X) where X represents the input signal,
and Y represents the resulting FFT. It is necessary to multiply the resulting signal by
two because of the conversion from a two-sided spectrum to a one-sided spectrum.
The signal frequency amplitude at a two-sided spectrum's positive and negative
frequencies is symmetrical and equal on both sides. However, the first and last values
appear once in the spectrum and already have the real amplitude. Therefore, the first
value (mean of the signal) corresponding to the 0" frequency and the last value are not
doubled.

At first, the tests are conducted over a 20-second time interval. During the FFT analysis
in this scenario, oscillations occured as the frequency approaches zero, which is the
point at which the mean wave drift values are determined. To address this issue, the
measurement time interval is extended to 40 seconds in the second round of the test
series. This extension enhances the quality of FFT results as the frequency approaches

ZEro.
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Although regular waves were produced during the experimental study, the wave
started to dissipate after 40 seconds due to the limited size of the towing tank. In
addition, the wave reflected from the side walls of the towing tank causes the main
wave to dissipate. For this reason, it is not possible to create a perfectly regular wave.
From a signal processing perspective, the chances of obtaining a waveform with a
number of points equal to the 2" number and ending in an integer number of periods
are low. If data longer than a regular wave can be collected and the input signal is
optimally acquired, it can be ensured that the FFT analysis provides an accurate
representation and a peak at 0" mode (zero Hertz) can be directly used for wave drift
loads. In general, a peak at 0" mode represents the DC bias of the signal, in other
means the average of the signal. Consequently, an approximation is made for the
correct determination of the mean wave drift loads: After computing the FFT, the
resulting frequency domain representation is used to perform another signal processing
operation, the Savitzky -Golay filtering.

Savitzky-Golay filtering is a digital signal-processing technique used for smoothing or
filtering noisy data. This is a linear filter that operates on a moving window of data
points. It approximates the data within the window using a polynomial curve and
computes the filtered output as the value of the polynomial at the central point of the
window. By adjusting the size of the window and the degree of the polynomial, the

filter can be adapted to achieve different levels of smoothing or noise reduction.

In MATLAB, the sgolayfilt function is used to apply the Savitzky-Golay filter to a
signal or data sequence. The syntax for the sgolayfilt function is as y =
sgolayfilt(x, order, framelen) where x represents the input signal, order is the
degree of the polynomial used for fitting the data, and framelen specifies the length
of the moving window. The sgolayfilt function applies the Savitzky-Golay filter to

the input data and returns the filtered output as y.

Before the application of filtering, the single-sided amplitude spectrum is cut off
before it reached the peak value. By adjusting the order and framelen parameters,
the trade-off between smoothing and preserving signal features is controlled. A higher
order value results in a more flexible polynomial fit, which can preserve sharper
features but may introduce more noise. A larger framelen captures more local
information but can lead to over-smoothing. Each FFT result was examined one by

one and filtered with appropriate parameters. Figure 3.18 is presented to be an example

57



of a filtered signal. The sample signal is the time histories of lateral force at H/1 =
0.020 and A/Ly,;, = 1.00 where i = 90°. After the time domain representation of the
signal is deconstructed into the frequency domain with the FFT algorithm, the range
of 0-0.4 Hz is selected to apply Savitzky-Golay filtering. The sgolayfilt function is
used to apply Savitzky-Golay filtering with a polynomial order of 3 and a window
length of 33. The original and filtered signals are plotted to visualize the noise

reduction achieved by the filtering process.
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Figure 3.18: The steps of obtaining the wave drift load: (a) The force signal, (b) The
processed signal using the FFT algorithm, (c) The obtaining wave drift load by using
Savitzky-Golay filtering.

Consequently, the experimental analysis was conducted using the numerical
evaluation and the same procedure used in computational results. The steps followed

are listed below:
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A certain time is processed by editing the time series data file of X, Y forces,

and N moment.

Depending on the measurement frequency of the load cell, data are sampled at
a rate of 200 Hz. In other words, the sampling rate At = 0.005 is fixed in the

experimental analysis.

The sampling period of the signal was calculated using FFT. The period of

forces and moment in the measurement recordings, T, is identified from T =
1/f.

The MATLAB function computed the DFT of the processed signal using an
FFT algorithm.

The single-sided spectrum based on the two-sided spectrum and the even-

valued signal length was computed.

The frequency domain, f, in Hz, was defined and the single-sided amplitude

spectrum was plotted.

The MATLAB function applied a Savitzky-Golay finite impulse response
(FIR) smoothing filter of polynomial order and frame length to the data in the

spectrum.

The filtered signal was plotted and the values corresponding to the O™
frequency were recorded as the mean wave drift loads of the investigated ship

heading and wave condition.

The MATLAB code for FFT analysis and smoothing process is presented in Appendix

3.7.2 Data reduction of wave parameters

The wave parameters, wave height, H, wavelength, A, and wave frequency, f, are

derived from the data acquisition. The sampled data is collected and stored during the

data acquisition phase and can be exported by the user. It is possible to select a range

of data samples from a file based on time which allows the user to remove distortions

during the experiment.

The RMS and peak-to-peak values are two different ways of expressing the magnitude

of a varying waveform. The RMS value of a waveform is a measure of its average
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value. It represents the square root of the average of the squares of all the instantaneous
values of the waveform over a given period. On the other hand, the peak-to-peak value
of a waveform represents the difference between its maximum and minimum values
over a given period. The root mean squared value of the wave height, H,.,,,5, is obtained
from the collected data in mm. The wave height is calculated by passing from this

value to the peak-to-peak value with the following formula:

1
Hypms = ﬁpr (3.8)

The dominant frequency in Hz is read from the FFT result of the time-dependent
signal. By using this frequency value, the wave period is passed with 1/f. Finally, the

wavelength is calculated using the formula below:

TZ
1= gz_n (3.9)

3.8 Experimental Results

The subsequent chapters present the findings and analyses of the experimental study
conducted to investigate the effects of waves on wave drift loads. The implications of
these findings will be discussed in light of the comparison with empirical/analytical

results.

3.8.1 Mean wave drift loads

Steady drift tests were performed in regular waves at zero Froude number under the
conditions of H/A = 0.020,0.025, and A/Ly,;, = 0.50,1.00. The wave scenarios
cover head, beam, following, and quartering tests. Time histories of longitudinal force,
X, lateral force, Y, and yaw moment, N were collected. These time histories and FFT
analyses are given in Appendix C. Although the model is free to heave, pitch, and roll
motion, the results of the ship trajectories were not obtained. That is because the only

data imported to the maneuvering simulation method is the wave model.

Figure 3.19 illustrates the changes in X, from 1 = 0° to 180°. There is a gradual
decrease till 1 = 0° and increase till yp = 180°. At ¥ = 90°, the force in the x-
direction is equal to or close to zero. The longitudinal wave drift forces calculated
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according to three approaches (API, 2005; Bergdahl & Kofoed, 2015; Gupta, 2008)
are much higher than the experimental results. The lines by two approaches (Advanced
Marine Enterprises Inc., 1996; DNV AS, 2021) and experimental results illustrate a

parallel pattern over the given heading angle frame.
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Figure 3.19 : Comparison of longitudinal wave drift forces of steady drift tests and
empirical/analytical approaches at H/A = 0.020,A/Ly,;, = 1.00.

Figure 3.20 depicts the relationship between experimental and empirical/analytical Y;,,.
The graph exhibits a peak at iy = 90° at each approximation. In the following sea and
head sea cases, the wave force affected in the y-direction is zero or close to zero. There
is a significant difference between the lateral wave drift loads of experimental results
and the two results (Advanced Marine Enterprises Inc., 1996; Bergdahl & Kofoed,
2015). The patterns of experimental results and results from remaining approaches
overlap (API, 2005; DNV AS, 2021; Gupta, 2008), implying a close resemblance
between datasets.

Figure 3.21 shows the yaw moment results obtained with experimental and
empirical/analytical approaches. The yaw moment experiences fluctuations with
periodic peaks. As in the curve obtained by the approximations of API (2005), the yaw
moment is at its highest value somewhere between i = 45° and 60° in the
experimental data set. The data points in both approximations coincide at various

heading angles, showing a high degree of consistency with the experimental results.
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Despite the harmony in the forces, the moment values obtained with the DNV
approach (DNV AS, 2021) are very small compared to the experimental data set.
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Figure 3.20 : Comparison of lateral wave drift forces of steady drift tests and
empirical/analytical approaches at H/A = 0.020,A/Ly,;, = 1.00.
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Figure 3.21 : Comparison of yaw moments of steady drift tests and
empirical/analytical approaches at H/A = 0.020,A/Ly,;, = 1.00.

In conclusion, the graphs demonstrate a consistent pattern of experimental data over a
specific heading angle. DNV approach (DNV AS, 2021) can be preferred for the

calculation of wave forces except moment. The comparative results and tables are
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presented in Appendix D for "H/A = 0.020,4/Ly,;, = 0.50" and "H/A = 0.025,1/
Ly = 1.00". All graphs exhibit a similar trend of wave loads as in the above

conditions.

Table 3.6 involves Xy, Y, and Ny, values for various heading angles at "H/A =
0.020, /Ly, = 1.00". The data presented in the table ensures valuable information
for maneuvering performance in waves by providing input for the system-based

simulation.

Table 3.6 : Wave drift loads of steady drift tests with various headings at H/A =
0.020, A/LWL = 1.00

Y [deg] Xw [N] Yw [N] Ny [Nm]

0 -0.275 0.169 0.070
15 -0.231 0.402 0.108
30 -0.250 0.712 0.219
45 -0.256 0.892 0.524
60 -0.231 1.053 0.540
75 -0.219 1.247 0.228
90 -0.074 1.334 -0.062
105 0.053 1.151 -0.467
120 0.157 1.466 -0.554
135 0.158 1.280 -0.524
150 0.156 0.777 -0.326
165 0.338 0.208 -0.133
180 0.489 0.084 -0.036

In the following comparative analysis, three experimental data, namely longitudinal
wave drift force, lateral wave drift force, and yaw moment, are detailed for three
different experimental conditions: "H/A = 0.020,4/Ly,;, = 1.00", "H/A = 0.020,1/
Ly, = 0.50",and "H/A = 0.025,A/Ly,, = 1.00".

Figure 3.22 depicts the comparison of longitudinal wave drift forces of steady drift
tests between the heading angles 0° to 180°. In all cases the condition H/A =
0.025,A/Ly,, = 1.00 has the highest values. This is followed by H/A =
0.020,A/Ly,;, = 1.00 and H/A = 0.020,A/Ly,;, = 0.50 has the lowest force values.
As the wavelength increased, the longitudinal wave drift force acting on the ship
increased. When the wave height and wave length are halved, the longitudinal wave

drift force acting on the ship is reduced.
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The same pattern is shown in lateral wave drift force: Figure 3.23 shows the
comparison of lateral wave drift forces of steady drift tests between the heading angles
0° to 180°. When the wave height and length are reduced by half, a more stable
decrease is observed in the Y, force, and the values are reduced nearly by half

compared with the wavelength equal to the ship length.
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Figure 3.22 : Comparison of longitudinal wave drift forces of steady drift tests.
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Figure 3.23 : Comparison of lateral wave drift forces of steady drift tests.

Figure 3.24 shows the comparison of yaw moments of steady drift tests between the
heading angles 0° to 180°. Again, the results appear in a sensible order, given their

wavelengths and heights.
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Figure 3.24 : Comparison of yaw moments of steady drift test.
3.8.2 Wave parameters

Wave parameters are fundamental measurements in the experiments conducted in the
towing tank to characterize their effects on the subject model. These parameters were
obtained through controlled experiments conducted in the towing tank, using
specialized instruments and sensors described in chapter 3.5.2 . The time-dependent
wave signals were collected during experiments to calculate two key parameters
namely wave height and wavelength. Wave height is the vertical distance between the
trough and crest of a wave, and wavelength refers to the horizontal distance between
consecutive wave crests. The time-dependent wave signals for each test case are
presented in Appendix E. Figure E.1 and Figure E.2 illustrate the changes in wave
height for "H/A = 0.020,A/Ly,, = 1.00". Figure E.3 and Figure E.4 present the wave
signals for "H/A = 0.020,A/Ly,;, = 0.50". Lastly, Figure E.5 and Figure E.6 show the
wave height over time at "H/A = 0.025,4/L,;, = 1.00".

The experimental H/Aand A/L,,, ratios were achieved and the deviation in the test
environment was obtained. The absolute error is preferred to quantify how close or
how far off the measurement is from the actual value. The absolute error, E g, iS
calculated by taking the absolute value of the difference between the actual value, 1,

and the experimental value, V,:

Eqps = Vo = Vel (3.10)
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A smaller absolute error indicates a more accurate measurement, while a larger
absolute error suggests a less precise measurement or estimation. The absolute errors
were calculated in terms of H/Aand A/Ly,, for each test case. Experimental wave
parameters and absolute errors for "H/A = 0.020,4/Ly,;, = 1.00", "H/A = 0.020,1/
Ly, = 0.50", and "H/A = 0.025,A/Ly,;, = 1.00" are presented in Table 3.7, Table
3.8, and Table 3.9, respectively. The larger absolute error appears for A/Ly,, in H/A =
0.020,A/Ly,;, = 0.50. It can be said that the uncertainty increases as the wave height

decreases.

Table 3.7 : Experimental wave parameters for H/A = 0.020,1/Ly,;, = 1.00.

l/) HRMS HPP f T A H//1 Eabs /1/LWL Eabs
[deg] [m] [m] [Hz] [s] [m] [ [] [-] [-]
0 0.022 0.063 0.750 1.334 2.777 0.023 0.003 0.882 0.118
15 0.023 0.064 0.750 1.334 2.777 0.023 0.003 0.882 0.118
30 0.023 0.064 0.750 1.334 2.777 0.023 0.003 0.882 0.118
45 0.023 0.064 0.750 1.334 2.777 0.023 0.003 0.882 0.118
60 0.022 0.063 0.750 1.334 2.777 0.023 0.003 0.882 0.118
75 0.023 0.064 0.750 1.334 2.777 0.023 0.003 0.882 0.118
90 0.023 0.064 0.750 1.334 2.777 0.023 0.003 0.882 0.118
105 0.022 0.063 0.750 1.334 2.777 0.023 0.003 0.882 0.118
120 0.022 0.061 0.750 1.334 2.777 0.022 0.002 0.882 0.118
135 0.022 0.062 0.750 1.334 2.777 0.022 0.002 0.882 0.118
150 0.022 0.061 0.751 1.331 2.767 0.022 0.002 0.879 0.121
165 0.022 0.061 0.750 1.334 2.777 0.022 0.002 0.882 0.118
180 0.022 0.063 0.750 1.334 2.777 0.023 0.003 0.882 0.118

Table 3.8 : Experimental wave parameters for H/A = 0.020,4/Ly,;, = 0.50.

1/) HRMS HPP f T A H//1 Eabs A/LWL Eabs
[deg] [m] [m] [Hz] [s] [m] [] [] [-] [-]
0 0.012 0.033 1.050 0.953 1417 0.023 0.003 0.450 0.430
15 0.011 0.032 1.050 0.953 1417 0.023 0.003 0.450 0.430
30 0.012 0.033 1.050 0.953 1417 0.023 0.003 0.450 0.430
45 0.011 0.032 1.050 0.953 1417 0.022 0.002 0.450 0.430
60 0.011 0.031 1.050 0.953 1417 0.022 0.002 0.450 0.430
75 0.011 0.032 1.050 0.953 1417 0.023 0.003 0.450 0.430
90 0.011 0.033 1.050 0.953 1.417 0.023 0.003 0.450 0.430
105 0.011 0.032 1.062 0.941 1384 0.023 0.003 0.440 0.420
120 0.012 0.033 1.050 0.953 1417 0.023 0.003 0.450 0.430
135 0.012 0.034 1.050 0.953 1417 0.024 0.004 0.450 0.430
150 0.012 0.033 1.050 0.953 1417 0.023 0.003 0.450 0.430
165 0.011 0.031 1.050 0.953 1417 0.022 0.002 0.450 0.430
180 0.011 0.032 1.050 0.953 1417 0.023 0.003 0.450 0.430
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Table 3.9 : Experimental wave parameters for H/A = 0.025,1/Ly,;, = 1.00.

1/) HRMS HPP f T A H//1 Eabs A/LWL Eabs
[deg] [m] [m] [Hz] [s] [ml [ [ [ [l
0 0.029 0.082 0.750 1.334 2.777 0.029 0.004 0.882 0.118
15 0.028 0.080 0.750 1.334 2.777 0.029 0.004 0.882 0.118
30 0.028 0.079 0.750 1.334 2.777 0.029 0.004 0.882 0.118
45 0.028 0.080 0.750 1.334 2.777 0.029 0.004 0.882 0.118
60 0.028 0.079 0.750 1.334 2.777 0.029 0.004 0.882 0.118
75 0.029 0.082 0.750 1.334 2.777 0.029 0.004 0.882 0.118
90 0.027 0.077 0.744 1.344 23821 0.027 0.002 0.896 0.104
105 0.026 0.074 0.744 1344 2821 0.026 0.001 0.896 0.104
120 0.026 0.075 0.750 1.334 2.777 0.027 0.002 0.882 0.118
135 0.027 0.076 0.750 1.334 2.777 0.027 0.002 0.882 0.118
150  0.027 0.076 0.750 1.334 2.777 0.027 0.002 0.882 0.118
165 0.027 0.077 0.750 1.334 2.777 0.028 0.003 0.882 0.118
180  0.027 0.076 0.750 1.334 2.777 0.027 0.002 0.882 0.118
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4, COMPUTATIONAL STUDY

This section presents the solution strategy of the flow and some key features of the
numerical domain and grid structure that will be used in the subsequent sections. The
main purpose of steady drift simulations is to predict the forces and moments as a
result of the prescribed heading angles of the model. Afterward, the results are
compared with the experimental study. In addition to the simulations of steady drift
within the waves, the turning circle in calm water was directly simulated under Fr =
0.2 and § = 35° conditions.

4.1 Overview of Equations and Methods

The fundamental governing equations of fluid dynamics describe the motion of fluids
in response to external forces. The continuity equation, the Navier-Stokes equation,
and the energy equation are the three primary equations that characterize fluid
dynamics. The solutions of these equations are often obtained using numerical
methods, such as finite volume or finite element methods, to provide a detailed
understanding of fluid behavior. The following sections describe the governing

equations and details of numerical simulation.

4.1.1 Governing equations

The continuity and the Reynolds-averaged Navier-Stokes (RANS) momentum
equations for incompressible flow are the governing equations utilized to solve the
numerical problem. The following are the averaged continuity and momentum

equations:

o1

o 0 (4.1)
aui _ a'l_ll 015 d _ —

p E"’uja_xj =_a_xi+%(’l—ij_pulu] (4.2)

]
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where %; and u; are the mean velocity vectors in the ith and jth direction of the
Cartesian coordinate, p is the density, p is the mean pressure and —puw;u; is the
Reynolds stress tensor.

4.1.2 Turbulence models

Turbulence modeling is a crucial part of engineering analysis, as it is the primary
source of randomness and uncertainty in simulations. With the application of
mathematical models that describe the physics of turbulent flows, turbulence models
offer a technique to anticipate the behavior of turbulent flows. These models make an
effort to depict how turbulent motion and energy transfer affect the flow field's
characteristics. The turbulent flow around the hull is modeled with the realizable two-
layer k — & scheme. This model combines the realizable k — & model with the two-
layer approach. The turbulent eddy viscosity is determined according to the turbulent
Kinetic energy, k, and the turbulent dissipation rate, . Two-layer formulations are
valid for both low-Reynolds number-type meshes (y*~1) and wall-function type
meshes (y* > 30). The model is based on a more accurate representation of the
production and dissipation of turbulent kinetic energy, which improves the accuracy
of the model in certain flow regimes. Also, the realizable two-layer k — ¢ is less
sensitive to the boundary conditions than the standard k — & model, which can be
important for simulations where the boundary conditions are difficult to determine.

Therefore, it is suitable for free-surface flows.

The transport equations for the kinetic energy and the turbulent dissipation rate are:

0 _ 7

&(pk) + V- (pku) = V- [(u + a—;) Vk] + P — p(e — &) + Sk (4.3)
d _ U 1 e €

500 + 7 (e = V- |+ £) V| + - P — Cafon (7 = 77) +5. (4.4)

where u is the mean velocity, u is the dynamic viscosity, oy, o, C,; and C,, are the
model coefficients, P, and P, are production terms, f, is a damping function, S, and
S, are the user-specified source terms. g is the ambient turbulence value in the source

terms and T, is a specific time scale.

The flow field is 3-D, incompressible, unsteady, and fully turbulent. The computations
were performed by the commercial CFD code Siemens PLM STAR-CCM+ (v.
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16.06.008-R8). The Finite Volume Method (FVM) was utilized for discretization. It
involves dividing the domain of the partial differential equations into a finite number
of control volumes, and then integrating the governing equations over each of these
volumes. To apply the FVM, the domain should be discretized into a finite number of

control volumes, as will be explained in chapter 4.2.2.

The velocity-pressure coupling was accomplished using the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) based pressure correction technique. It is a
widely used technique for solving the Navier-Stokes equations, which define the
motion of fluid flow. The pressure-velocity coupling is to be solved in a staggered grid
arrangement, where the pressure and velocity variables are situated at various grid
locations. Firstly, the momentum equations for the velocity field are solved by the
finite volume method to reach a local and tentative velocity field. Then, the continuity
equation is globally satisfied by solving the pressure correction equation. The pressure
correction is solved implicitly in the SIMPLE algorithm. The velocity field is corrected
by using the pressure correction and the momentum and continuity equations are
satisfied. These steps are repeated until the convergence in velocity and pressure fields

is achieved.

A second-order upwind technique was used to discretize convection terms in RANS
and turbulence transport equations. The basic idea of the second-order upwind scheme
is to use a weighted average of the values of the scalar quantity at neighboring grid
points, with a larger weight given to the value on the upstream side of the flow. The
weights are chosen to be second-order accurate, which means that the error in the

approximation decreases as the grid spacing is reduced.

For an accurate estimation of flow and turbulence characteristics along the wall
boundary layer, the two-layer all-y* wall treatment was chosen. The approach allows
for a relatively coarse mesh in the outer region of the flow domain while still providing
accurate predictions of the flow near the wall. Thus, near-wall modeling, which tries
to apply high-y* wall treatment for coarse meshes and low-y* wall treatment for fine
meshes was preferred. The details about the boundary layer are examined in chapter
4.2.2.
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4.2 Numerical Model

The geometry to be considered is fully appended ONRT with Ly,; = 3.147 m. The
1:48.9 scaled model was chosen to perform the unsteady simulations under
prespecified heading angles. The steady drift results were achieved at zero speed.
Numerical studies were carried out on the regular wave for only H/A = 0.020 and
A/Ly = 1.00 of the three different wave properties carried out in the experimental

study.

The main particulars of the model and the wave parameters are not repeated in this
section because were reported in Table 3.2 and Table 3.4, respectively. The basic
views of the test model parallel to the global basic planes (XY, XZ, and ZY) and the

perspective view are displayed in Figure 4.1.

Figure 4.1 : The fully appended ONRT geometry. (a) Top view, (b) Side view, (c)
Back view, (d) Perspective view.
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4.2.1 Computational domain

In computational fluid dynamics, the computational domain is the physical region of
interest for which a CFD solution is sought. It is typically defined by a set of boundary
conditions that describe the flow environment and the physical parameters of the
problem. The boundary conditions can be specified in terms of the velocity, pressure,
temperature, and other properties of the flow. The computational domain is usually
divided into a number of grid cells or elements, which are used to solve the governing
equations of the problem. The size and shape of the computational domain and the

number of grid cells depend on the nature of the problem being solved.

The computational domain is divided into two parts as the background and the overset.
The computational domain is a 3-D deep water wave tank and the origin of the
coordinate system is located at the center of gravity of the ONRT hull. This point is
accepted as the zero point and the tank dimensions are formed as multiples of the ship
waterline length or wavelength. While ship length is generally used to determine
domain sizes in ship resistance analyses, it may be a good choice to determine the
distances of the boundaries, which are perpendicular to the direction of the wave
propagation, depending on the wavelength. Therefore, the inlet boundary is located
1.31 away from the center point, while the outlet boundary is located 2.6A1. The lateral
boundaries are 1.3Ly,;, away from the centerline of the ONRT model. The distances of
the top and bottom boundaries from the free surface are determined as 1.3L,,; and
2.5Ly,;, respectively. The overset domain where the motion is provided has the
dimension of in 7T height, 1.2L,,; in length and 1.4B in width. The dimensions of the

computational domain in two perspectives are presented in Figure 4.2.
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Figure 4.2 : The dimensions of the computational domain from XZ and YZ planes.
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The overset interface between the parts must be manually chosen after each part has
been allocated to a region. At least one of the boundaries must be set to overset mesh.
Then, it is possible to choose and configure how values are interpolated at the interface
between various meshes. There are four alternatives available in commercial CFD
software: distance weighted, linear, Quasi2D, and least square. The linear overset
mesh interpolation scheme is selected to establish the relation between overset and

background region.

Steady drift simulations consist of different heading angles. To change the heading
angle, the overset domain, local mesh densifications (i.e., overlap geometries), and
ONRT model are rotated together by the relevant heading angle. Background domain
and wave properties remain the same. Discretization is completed and overset interface
is provided again. Then, the cartesian coordinate systems depending on the ship's

motion are rotated by the relevant heading angle.

In order to simulate body motion and analyze the flow characteristics correctly, the
refinement volumes need to be defined around the moving parts or free surface. Apart
from the main background part and overset part, three different refinement volumes as
illustrated in Figure 4.3 are imposed in the present study. To elaborate, the three
refinement volumes with cross-section types and dimensions are listed in Table 4.1.

Background (®) Overset
Domain Interface

Overlap-1
H : i - Refinement

(e)
Free Surface
Refinement ONRT

Overlap-2
w Refinement
(a)

Figure 4.3 : Refinement volumes and interfaces (a) Perspective view, (b) Side view,
(c) Back view.
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Table 4.1 : Refinement volumes for applied grid.

Refinement  Cross-section type Dimension (L,er X Wy.er X Hyor)

Free surface Rectangular 12.28x8.20x0.08
Overlap-1 Rectangular 4.10x1.02x1.15
Overlap-2 Rectangular 4.10x1.02x0.51

4.2.2 Mesh resolution

Mesh resolution refers to the fineness or coarseness of the computational mesh to
discretize the fluid domain. Selecting an appropriate mesh resolution depends on the
specific problem being simulated, the available computational resources, and the
desired level of accuracy. Extreme grid distortion can result in uneven transition
between active and passive cells during the motion of the hull and, ultimately,
simulation divergence. To guarantee a smooth grid transition, the grids of the
refinement volumes should be gradually raised. Before grid generation, two
refinement zones named Overlap-1 and Overlap-2, mentioned in the previous section
were defined around the overset region where the motion is critical. In general,
Overlap-1 controls the mesh transition between the overset region and the background
region, while Overlap-2 regulates the mesh transition between the free surface and the
overset region to avoid free surface-induced distortions during motion. The smallest
cell in the computational domain is the 4z on the free surface and the refinement ratios
are expressed in Az in Table 4.2. Figure 4.4 depicts the grid arrangement surrounding

the ONRT from various perspectives.

(@] || ' ' ()

Figure 4.4 : The spatial discretization around the hull (a) Side view, (b) Top view,
(c) Front view.
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Table 4.2 : Refinement ratios in Az of free surface.

Free surface Overset Overlap-1 Overlap-2 Background

Ax 16 8 8 8 128
Ay 32 16 16 16 128
Az 1 8 8 2 128

The development of a qualified phase separation for the free surface problem might be
guided by several studies. At least 40 grid points per wavelength are advised by ITTC
(2014), and CD-Adapco (2018) suggests utilizing 80-160 grids per wavelength and
16-32 grids per wave height. A minimum of 80 points per wavelength and a minimum
of 16 cells were defined in the vertical direction to effectively capture severe free
surface deformation. The refinement in the global y-axis direction was chosen to be
twice the refinement in the x-axis direction. Additionally, 0.08 m was chosen as the
height of the refinement volume for the free surface in z-direction, to cover the wave
height of 0.063 m. The resulting fifth-order Stokes wave is completely contained
within the appropriate grid refinement, as is seen from the Volume of Fluid (VOF)

view on the mesh shown in Figure 4.5.
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Figure 4.5 : Free surface refinement.

To precisely forecast the rotational and translational motions of moving structures, the
overset algorithm is a suitable technique. The main benefit of using the overset mesh
approach in seakeeping simulations is that it reduces the grid deformations caused by
unsteady motions around the geometry. The dimensions of the overset domain and the
mesh transition between the overset domain and the background domain are the factors

that affect the overset cell status. Therefore, while the domain is being divided into
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small subdomains, the overset cell status can be checked to examine whether the
transition is well established. As depicted in Figure 4.6, the solution does not include
the passive cells (value “1”) inside the overset area. Acceptor cells (value “-27)
separate the active (value “0”) and passive cells In the later time steps of the

simulation, passive cells may become active and active cells may become passive.

Overset Cell Status
-2,0000 -1,4000  -0,80000  -0.20000 040000 1000

Figure 4.6 : Overset cell status.

After volumetric control, the surface mesh on the body had to be improved. In
particular, the surface mesh of the rudders and shafts is one of the factors affecting the
flow behavior behind the ship. Therefore, the mesh quality is improved on the surface
of the ship below the waterline, especially around the appendages. In the part above
the waterline, unnecessary mesh numbers are avoided by using larger cells and
disabling the prism layer mesher. A detailed view of the surface mesh over the ONRT
hull is given in Figure 4.7.
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Figure 4.7 : Detailed view of the surface mesh over the hull.
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The y* value represents the distance from the wall to the first node in the
computational mesh, and its calculation includes the friction velocity at the wall. Since
the ship velocity is zero in the steady drift problem, wave velocity is used while
estimating the prism layer total thickness and number of prism layers. Then the
boundary layer is formed along the hull surface as a thin layer of fluid. Figure 4.8
shows the boundary layer grid in detail. For a k — € turbulence model, the appropriate
value of y* depends on the type of wall treatment used in the simulation. There are
two main types of wall treatments: wall functions and low-Reynolds number models.
If wall functions are used, then a y* value between 30 and 300 is typically
recommended. If low-Reynolds number models are used, then a y* value of less than
1 is recommended. In the present study, a two-layer all-y* wall treatment is selected
to accurately model the flow near walls with blended wall functions. The low-wall
treatment for fine meshes and the high-wall treatment for coarse meshes are
implemented. The dimensionless height of the first cell was examined and found to be
y* =1 using the two layer all-y™ wall treatment. As can be seen in Figure 4.9, the wall

y* is generally below 1 on the hull.

Wall Y+
0.0000 6.0000 12.000 18.000 24.000 30.000

Figure 4.9 : Wall y + distribution on the hull.
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2.695E+06 cells in total, including 6.140E+05 for the background region and
1.925E+06 million for the overset region, were created to solve the numerical problem.
The detail of the grids is listed in Table 4.3.

Table 4.3 : Element counts in the simulation.

Name Element count  Type
Background Domain  6.140E+05 cells
Bottom 3.840E+02 faces
Inlet 2.944E+03 faces
Outlet 2.944E+03 faces
Side 1.536E+04 faces
Top 3.840E+02 faces
Overset Domain 1.925E+06 cells
Hull 1.298E+05 faces
Rudders 4.210E+03 faces
Total 2.695E+06  element

4.2.3 Boundary conditions

Boundary conditions in computational fluid dynamics are conditions that are applied
to the boundaries of a flow domain in order to simulate a realistic flow. Boundary
conditions are used to define the state of the fluid at the boundaries and to define how
the fluid interacts with the boundaries. Depending on the application, boundary
conditions can be specified as fixed values, as user-defined functions, or as input from
an external source. Common boundary conditions used in CFD include velocity inlet

and pressure outlet, slip walls, no-slip walls, and periodic boundaries.

The downstream boundary in front of the body, side, top and bottom boundaries have
the velocity inlet boundary condition. The only pressure-based outlet boundary
condition is for the upstream boundary to achieve mass conservation at each time step.
The pressure is fixed and the velocity gradients are equal to zero at the upstream
boundary. The impermeable hull has the non-slip boundary condition in the
calculations. So, the normal velocity at the wall is enforced to zero and the tangential
velocity is equal to the wall velocity. The boundary conditions defined in the

computational domain are illustrated in Figure 4.10.

4.2.4 Computational coordinate system

The coordinate systems in the numerical simulations consist of a laboratory coordinate
system expressing the earth-fixed coordinate system and a local coordinate system

following the ship's motion.
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Figure 4.10 : Boundary conditions.

The local coordinate system is defined by three axes: the x-axis, y-axis, and z-axis.
The x-axis is aligned with the longitudinal axis of the body, which is typically the axis
of symmetry or the direction of motion. The y-axis is perpendicular to the x-axis and
is usually aligned with the width or height of the body, depending on the orientation.
The z-axis completes the right-handed coordinate system and is perpendicular to both
the x-axis and y-axis. The origin of the local coordinate system is located at the center
of mass. The orientation of the local coordinate system can be defined to the global
coordinate system or itself. At each rotation of the model, i.e. changing the heading
angle, the local coordinate system should also be transformed. Figure 4.11 shows the
earth-fixed coordinate system and ship-fixed coordinate system.

Ship-fixed coordinate

Earth-fixed coordinate

Figure 4.11 : Earth-fixed and ship-fixed coordinate systems in numerical
simulations.
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4.2.5 Wave generation

A CFD approach called the multiphase model is used to model how fluids interact with
solid boundaries. It simulates the flow of fluids around objects and deals with the
motion of the fluid over a solid boundary. There are three multiphase models as
mixture multiphase, eulerian multiphase, and volume of fluid. The phase separation
surface between heavy and light fluids was captured using the VOF method created by
Hirt & Nichols (1981) for immiscible fluids. The VOF is well suited for simulating the
flows of multiple immiscible fluids on numerical grids that can resolve the interface
between the phases of the mixture. This idea is utilized by the VOF approach to
monitor the motion and deformation of fluid surfaces as they change over time,
enabling the precise simulation of complex fluid flows involving several fluid phases
such as two-phase flows and flows involving a liquid and a gas. With this method,
each time step's tracking of the gravity-induced surface waves is guaranteed to be
accurate and reliable. The volume fraction of a fluid element can range from 0
(representing a light element) to 1 (representing a heavy element). Freshwater was
chosen as the heavy fluid, and air was chosen as the light fluid. The freshwater density
IS Pyater = 997.561 kg/m?® and Kinematic viscosity is vy,qrer = 8.909 x 107 m%/s. The

air density is pg;, = 1.184 kg/m? and kinematic viscosity is v,;, = 1.567 x 10° m?/s.

In order to establish a precise fluid interface, the convective term in the transport of
volume fraction equation was discretized using the High-Resolution Interface-
Capturing (HRIC) approach. The key idea behind HRIC is to use high-resolution
discretization methods to accurately capture the position and motion of the fluid
interface (Kinaci & Ozturk, 2022). HRIC as a convection scheme under the VOF
approach has some benefits for simulating fluid flows with moving interfaces. HRIC,
for instance, can manage more complex fluid flows, such as those involving
topological changes, and can provide a more realistic fluid interface. It can also deal
with issues involving significant interface deformation. The increased processing cost
of using HRIC is one of the difficulties though. This is because tracking the location
of the interface necessitates high-resolution discretization and the solution of

additional equations.

The VOF waves model includes several types of waves such as flat, first order, fifth
order, superposition, cnoidal and irregular. The fifth-order VOF wave is selected to

produce the regular wave of H/A = 0.020 and A/Ly,;, = 1.00. It employs a higher-
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order construction of the fluid interface as distinct from a first-order wave; therefore,
more realistic solutions can be achieved. The fifth-order polynomial are applied to the
fluid fraction values at each grid point close to the interface. It leads to improvements

in accuracy and reductions in numerical diffusion.

A numerical forcing zone that encircles the solution domain is encountered by the
progressive waves. The source term in simulations using a wave treatment can modify
a forcing coefficient to fit the transport equations. The choice of damping/forcing
length enhances the damping quality and may influence the user to alter the domain
sizes. Therefore, by eliminating wave reflections from the boundaries and enabling the
solution of the wave in this zone, putting the forcing zone at the boundaries will reduce
the computational effort. Wave forcing has a condition as wave forcing length, x;, to
provide the damping quality. Wavelength is used to scale the wave forcing length at
different proportions at different boundaries. Consequently, while forcing length is
preferred at 0.651 at the downstream boundary, it is entered as 21 at the upstream
boundary. At the top and bottom boundaries, the forcing length is disabled, x; = A is

selected for side boundaries.

4.2.6 Kinematics of motion

Dynamic fluid body interaction in ship motion is a series of mathematical models and
algorithms used to simulate the motion of a ship in a fluid environment. The models
capture the dynamics of the ship, such as position, speed, acceleration, and forces
acting on the ship, as well as the fluid forces, such as buoyancy, drag, and wave
pressure. The 3-DoF ship motion in waves is simulated by using the Dynamic Fluid
Body Interaction (DFBI) module. With the 72.6 kg body mass, the body motion option
is selected as planar motion carriage. Planar motion carriage gives the user a choice
about motions of heave, pitch, and roll. The velocity of the carrier in the x-direction
of the laboratory system is left at zero since the model has no forward velocity. The
point where the body is initially attached to the planar motion carriage is selected as
the center of mass. The diagonal components of the initial moment of inertia are
entered as I, = 2.11 kg-m?, I, = 43.51 kg-m?, and I, = 43.51 kg-m?.

The selection of the release and ramp time is another important step in motion
analyses. The release time can be defined as a period of time that elapses before the

calculations for the body motion begin. The choice of this period depends on how long
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the analysis will take in total and the grid structure. In implicit unsteady analyses, it
usually varies between 10 and 50 time steps. After the release time expires the motion
starts and the body is released gradually until the ramp time. While the forces and
moments acting on the body at the moment of release may create negative responses,
the ramp time reduces this effect. That is, assuming that the body is suddenly released
without an interval such as ramp time, undesirable instabilities may occur, especially
in simulations with waves. In the analyses where At=0.0083 s, the release time was
entered as 0.166 s, which is 20 times the time step, while the ramp time was selected
as 0.332s.

4.2.7 Solution strategy and high-performance computing

Figure 4.12 shows the solution strategy that can be followed in case of changing
heading angle and wave parameters. Since the steady drift analyzes were carried out
only for the H/A = 0.020, A/Ly,;, = 1.00 case, the steps to be followed in cases

where the wave parameters change were omitted.

The number of numerical analyzes carried out within the scope of the thesis has
reached 20 with 3 grid independence analyses, 3 time dependency analyses, 13 steady
drift analyses in regular sea conditions of H/A = 0.020, A/Ly,;, = 1.00, and a direct
CFD simulation of turning maneuvering. The pre-processing and post-processing
operations were carried out with the author's workstation (WS1). Pre-processing
involves the preparation of a computational model before the actual simulation. This
stage includes defining the problem's geometry, setting boundary conditions, and
meshing. Post-processing involves analyzing the results of the simulation once it is
complete. This stage includes visualizing the results, analyzing the data, and drawing
conclusions. Calculations were made on other workstations presented in Table 4.4.
The steady drift analyses were performed between 15-30 seconds. The cumulative time
taken to run the entire solution was approximately 10 to 40 hours.

Table 4.4 : Features of high-performance computing.

Device Processor Cores RAM (GB)
WS1 Intel(R) Xeon(R) CPU E5-2620 v4 @ 2.10GHz 16 45
WS2 Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz 20 160
WS3 Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz 20 128
WS4  Intel(R) Xeon(R) CPU E5-2640 v4 @ 2.40GHz 20 160
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4.2.8 Determination of the time step

A time step in CFD is the amount of time that passes between two consecutive
iterations of the numerical solver. It is important to choose a time step that is small
enough to capture the important physical phenomena in the simulation, but also large
enough to keep the computational time reasonable. To determine the time step, the
user should consider the physical model, the solution accuracy requirements, the
computational resources available, and the size of the domain. There are several
recommendations for the determination of the time step. ITTC recommends a
procedure for time step selection (ITTC, 2014a). The recommendation is that for
periodic phenomena including incoming waves, the time step is 1/100 of the wave
period. In the experimental H/A = 0.020, A/L,,;, = 1.00 cases with wave period T =
1.334 s, time step was calculated as At = 0.0133 s.

The choice of the time step in a numerical simulation is often determined by the
Courant number (ITTC, 2014a). The Courant number, also known as Courant-
Friedrichs-Lewy (CFL) number, is a dimensionless parameter used in numerical
analysis to assess the stability and accuracy of time-dependent simulations. The
Courant number is defined as the ratio of the numerical simulation's time step to the
time it takes for a wave to propagate across a grid cell. In other words, it represents the
ratio of the distance traveled by a wave to the distance between two adjacent grid
points. In numerical analyzes with wave propagation, the safety factor of CFL around
the free surface is expected to be between 0.5 and 1.0. Smaller CFL values lead to
more stable simulations but also increase the computational cost. CFL value can be
calculated by the following expression:
ult

CFL = E (45)

where u is the velocity of the wave, At is the time step and dx is the distance between
two adjacent grid points. In case of H/A = 0.020, /Ly, = 1.00, u = 2.083 m/s
(u = Af) and dx = 0.04 m; therefore At is calculated as 0.0192 s by using equation
(45atCFL =1.

There is another guideline to help user select an appropriate time step for wave
simulations. CD-Adapco (2018) suggests that the wave period has 160-320 of the time

step, At, and that brings the CFL number will be less than 0.5 on the free surface.
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When this ratio is selected 160, the calculated time step is 0.0083 s. As a result, the
simulation is expected to be more accurate and stable as the value of CFL will be
smaller with the At = 0.0083 s.

4.3 Numerical Results and Discussions

In this section, verification and validation will be described first and numerical results
will be presented. Verification and validation (V&V) in CFD refer to the process of
assessing the accuracy and reliability of the simulations. The process of V&YV is an
important step in ensuring the reliability of CFD simulations, as it allows the user to
identify and correct any errors or inconsistencies in the model and assess the level of
confidence that can be placed in the simulation results. Following the V&V study,

mean wave drift loads simulations with different heading angles will be detailed.

4.3.1 Verification

Verification is the process of determining that a computational model accurately
represents the physical system it is meant to simulate. This includes checking that the
numerical methods and discretization used in the simulation are appropriate and that
the code implementation is correct. Verification can be done by comparing the results
of the simulation with analytical solutions or simpler numerical simulations for well-

understood problems.

4.3.1.1 Richardson extrapolation

The Richardson extrapolation (RE) method is one of the methods suggested for
discretization error estimation. In order to estimate the precise solution to the
mathematical model, the discrete solutions of different refined meshes or time steps

are combined.

The method is applied to at least three solutions with discretization levels which is
called fine (N;), medium (N,) and coarse (N3;) mesh. The relation between the
discretization levels or time step levels is ensured with a refinement factor ratio, r.
While the refinement factor for discretization is recommended as v2 by Sakamoto et
al. (2012), Roache (1998) stated that this value should be 1.1. The refinement factors

are calculated as follows:
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Ny N,
Ta1 = N, 32 = N, (4.6)

In temporal convergence studies, the calculation of the refinement factors needs at
least three different time steps:

Ay A,
r21 = At, 32 = At, 4.7

The discretization absolute error, ¢,
_ _ P2~ P
€21 = Y1~ Pexact = rlpz—_l
(4.8)

£1= @2~ @rand &3, = @3 — @,

where ¢, denotes the solution scalar on the kth refinement. The convergence
condition, R, can be found by

_ &

k=, (4.9)

There are three convergence conditions as monotonic convergence (0 < R < 1),

oscillatory convergence (R < 0), and divergence (R > 1).

Generalized RE is used to estimate the error for monotonic convergence. The apparent

order, p, can be calculated with the following expression:

1 £33
P = o I (a)+q(”)|
rP —s
() =1 (21 ) .
q(p) =In 7 s (4.10)

€
s = 1-sgn(ﬁ)

€21
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Extrapolated values

@1 — @
21 _ 2171 2
Pext = p . 4.11
r2p1 -1 ( )
Approximate relative error
P1— P2
21 _
ey = o1 (4.12)
Extrapolated relative error
21 _ (pg;t - gpl
Cext = |— 21 (4.13)
Pext

The idea of extended RE served as the basis for the Grid Convergence Index (GCI),
which is a grid refinement error estimator. This estimator incorporates a safety factor,
and GCl is defined for both fine and coarse grids by

_ 1.25¢7"

21

4.3.1.2 Spatial and temporal convergence study

The verification procedure for grid refinement and time step was performed via Grid
Convergence Index (GCI) using Richardson extrapolation. While the grid size and
time step were selected as uncertainty sources, the integral parameter (@) was the
RMS amplitude of the surge force (X) of the steady drift test at b = 0°. The ratio of
wave height to wavelength (H/A) is equal to 0.020 and the wavelength over ship
length (1/Ly,.) is equal to 1.00.

According to Richardson extrapolation, systematically refined grids with element
counts ranging from 2.14 x 108 to 3.74 x 10°® were created with a refinement ratio of
r = /2. The refinement process was done in overset and background domain, and free
surface refinement was not changed. The reason for this is that the grids in the relevant
region must have certain ratios for the wave to be formed correctly. Without making
any modifications to the simulation setup, the verification study was conducted in a

set of setups with three different grid layouts. The fine, medium, and coarse meshes
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are respectively represented by the mesh configurations N;, N, and N;. The
convergence condition (R) is computed to reflect monotonic convergence which
means it is between 0 and 1. Then, the fine-grid convergence index is calculated as
0.696%. Table 4.5 displays the uncertainty components of the spatial convergence
study. The calculations for uncertainty demonstrated that a medium grid numerical

setup can be employed for further research.

Table 4.5 : Spatial convergence for surge force obtained from steady drift
simulations at y = 0°.

Fine (V)  3.74E+06

Grid number Medium (N,) 2.70E+06

Coarse (N3) 2.14E+06
@1 6.134
Solution scalar Q5 6.261
@3 6.585
. N €21 0.127

Discretization absolute error

€32 0.324
Convergence ratio R (g31/€32) 0.392
Result - MC
Apparent order p 9.498
Extrapolated value pii, 6.100
Approximate relative error (%) ezl 2.070
Extrapolated relative error (%) ell; 0.560
Convergence index (%) GCI*t 0.696

For the temporal convergence study, three different time steps At,, At,, and At; were
applied to the simulations of the medium grid, N,. The refinement ratio was chosen as
r = 2. Then, the minimum-time step convergence index is calculated as 0.634%. The
components related to temporal discretization error were presented in Table 4.6. The
temporal convergence study has successfully established an optimal time step size
(At = 0.0083 s) that strikes a balance between computational efficiency and solution

accuracy, to confidently use CFD simulations for time-dependent problems in waves.
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Table 4.6 : Temporal convergence for surge force obtained from steady drift
simulations at i = 0°.

Aty 0.0042

Time Step At, 0.0083

Ats 0.0166

P01 6.426

Solution scalar ¥, 6.261

?3 5.222

Discretization absolute error c21 0165

€32 -1.039

Convergence ratio R (g51/€32) 0.159
Result - MC

Apparent order p -2.646

Extrapolated value il 6.459

Approximate relative error (%) ezl 2.568

Extrapolated relative error (%) ell; 0.505

Convergence index (%) GCI*t 0.634

4.3.2 Validation

Validation is the process of evaluating the performance of the computational model by
comparing its predictions with experimental or observational data. This includes
evaluating the ability of the simulation to replicate the physics of the system, as well
as its ability to predict the correct outcomes. Validation can be done by comparing the
simulation results with experimental data, or by using the simulation to make

predictions that are later tested experimentally.

To validate the simulation result, the experimental fluid dynamics (EFD) data for the
steady drift tests detailed in chapter 33. is used. Among the simulations, medium mesh
(N,) and medium time step (At,) configuration were selected. As in the verification

phase, the RMS amplitudes of the time-dependent surge forces were taken.

The percent error (E’) can be calculated by the following formulation:

e~V

E(%Ve) =

| X100 (4.15)

e

where V. represents the computational value and V, is the experimental value.
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The comparison error between the computational and experimental surge force of the
steady drift test at 1p = 0° is given in Table 4.7.

Table 4.7 : Results of the validation study.

Scalar /A V.  E%V,)
RMS amplitude of surge force (N) 6.221 6.261 0.646

4.3.3 Results of mean wave drift loads at different heading angles

Computational steady drift simulations were performed in regular waves at zero
Froude number under the one condition of H/A = 0.020 and A/Ly,;, = 1.00. The wave
scenarios cover head, beam, following, and quartering tests. Time histories of
longitudinal force, X, lateral force, Y, and yaw moment, N according to the ship-fixed
coordinate system were collected. The data reduction procedure presented in chapter
3.7.1 was followed as in the experimental analysis. The time histories of wave drift

loads are given in Appendix E.

Computational results are added to the graphs in which the experimental results and
the results obtained with the empirical/analytical approaches are presented in chapter
3.8.1. Figure 4.13 shows the longitudinal wave drift loads over the heading angle. CFD
results show a consistent downward trend between 0° and 90° when showing an
upward trend from 90° to 180°. The data depicted in the graph suggest a high

consistency between experimental and computational results.

Figure 4.14 illustrates the changes in longitudinal wave drift forces from ¥ = 0° to
1 = 180°. There is a peak in the force at 90°, reaching its highest value. Compared to
the EFD results, a more consistent data set is observed. The reason for this may be that
the uncertainty arising from the experimental conditions in numerical modeling is not
reflected in the numerical solution. In addition, in the range where the heading angle
is 45° and 105°, the numerical results were found to be about 0.5 N more than

experimental Yy, .

Figure 4.15 depicts the relationship between empirical/analytical approaches, EFD,
and CFD for yaw moments. The points in both experimental and computational results
run in parallel, indicating a strong consistency between the two datasets. While the
overall trends are similar, there are slight deviations at certain points, especially at ¢ =
75° and y = 150° heading angles.
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Figure 4.14 : Comparison of lateral wave drift forces at H/A = 0.020,A1/Ly,;, =
1.00.

Table 4.8 displays the longitudinal, lateral forces, and yaw moment results obtained
from computational analyses for y = 0° — 180°. Eventually, the findings from the

computational study show that ship motions in regular waves can be modeled at
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different heading angles and used as a stand for particularly long experimental studies,
provided that the verification study is carried out.
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Figure 4.15 : Comparison of yaw moment at H/A = 0.020,4/L,,;, = 1.00.

Table 4.8 : Wave drift loads of steady drift simulations with various heading angles
(H/A = 0.020,1/Ly,, = 1.00).

Y [deg] Xw [N] Yw [N] Ny [Nm]
0 -0.375 0.171 0.048
15 -0.311 0.360 0.062
30 -0.429 0.713 0.374
45 -0.349 1.050 0.527
60 -0.271 1.391 0.581
75 -0.258 1.581 0.457
90 -0.057 1.628 -0.015
105 0.059 1.594 -0.332
120 0.171 1.371 -0.456
135 0.228 1.417 -0.494
150 0.317 0.894 -0.554
165 0.465 0.320 -0.245
180 0.486 0.063 -0.040

4.4 Direct Numerical Simulation of Turning Trajectory in Calm Water

The standard maneuvering tests are conducted in model scale at an advance velocity
(U, = 1.111 m/s) corresponding to Fr = 0.20. The ONRT model is simulated under

steady turns with the rudder deflections of 35° using a constant speed propeller (n =
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9.0 rps). The main purpose of direct computational simulations is to predict the
trajectory as a result of the prescribed motion of the control surfaces, i.e. rudders. In
the turning circle study, the focus is on the rudder angle of 35° with a constant velocity.
Computation is performed to the port side using maximum rudder angles without
changing the advance velocity. The general procedure indicating decision points is
represented in Figure 4.16 as a flow chart. Generally, the ONRT is brought to a steady
course and velocity according to the propeller rotation rate determined through the
self-propulsion point. At this stage, the initial velocity of the ship is U = 0 m/s and
the rudder angle, 6, is in the initial position. The hull is constrained to move only in
the surge (x-axis) direction. As soon as the hull velocity is stable at the advance
velocity (U,), the rudder starts to turn, the turning is adjusted to reach the maximum
rudder angle in 1 second. At the same time, the hull is allowed additionally to move in
all directions. With the rudder reaching the maximum angle, the hull turn continues

until a 360° change of heading is completed.

As explained in the flowchart, it can be seen in Figure 4.17 that the ship, which has a
speed of 0 m/s at the time ¢t = 0, reaches 1.111 m/s at the time t;. The 0 — ¢; time
interval can be called the steady part. Immediately afterward, in the section stating the
unsteady part, it was visualized that the hull started the turning maneuver when the

rudder was given an angle of 35 degrees.

The numerical modeling is not detailed, because the setup is largely similar to steady

drift simulations. The test conditions are summarized below:

- Two coordinate systems are defined for the turning tests of the ONRT, as in

steady drift tests.

- The simulation is performed using the RANS method and by adopting a

realizable two-layer k — & scheme.
- The free water surface, i.e. flat wave, is modeled with the VOF method.
- The parameters of the boundary layer are set suitable for y* to be around 1.

- 6-DoF motion during maneuvering is applied in the DFBI rotation and

translation module.

- The initial velocity is selected as U = 0 m/s.
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- The time step and inner iteration are selected as At = 0.04 s, and 50,

respectively. This almost corresponds to 100 iteration for one propeller rotation

at 9 rps rotating rate (Kinaci et al., 2021).

lDetermine the self-propulsion point in free-running conditionl

/ Propeller rotation rate, (rps)/

Enter the constant propeller rotation rate (n) to
achieve the ship velocity at the self-propulsion point
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Figure 4.16 : Flow chart of direct numerical analysis, indicating decision points.
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Figure 4.17 : Representation of the direct numerical analysis.

The rectangular computational domain is 4.8Ly,;, X 3.2Ly,; X 1.3Ly,, in the stream,
transverse and cross-stream directions, respectively. The center of gravity of the hull
is located at a distance of 1.6Ly,; downwind from the inlet boundary and at a distance
of 1.1Ly,, from the bottom boundary. The computational domain with boundary
conditions and dimensions is depicted in Figure 4.18. The downstream boundary in
front of the hull, side, top and bottom boundaries have the velocity inlet boundary
condition. The only pressure-based outlet boundary condition is for the upstream

96



boundary to achieve the mass conversation at each time step. The moving hull with
control surfaces and propeller has the non-slip boundary condition in the calculations.
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Figure 4.18 : The dimensions of the computational domain and boundary conditions
in direct numerical analysis from XZ and YZ planes.

Directly-solved maneuvering simulations inherently involve many moving parts. In
order to simulate fluid flows and analyze the flow characteristics correctly, the
refinement volumes need to be defined around the moving parts. Apart from the main
computational domain, six different refinement volumes are imposed in the present
study. The rectangular-shaped one of the four volumes defined as the free surface
refinement is arranged to involve the free surface from the profile view. For the flow
survey behind the propeller and control surfaces, a rectangular refinement volume is
also specified, namely Hull - Stern. Other refinement volumes that are improved with
high-quality mesh are placed to surround the propellers, and rudders separately. To
elaborate, the six refinement volumes with different cross-sectional shapes and
dimensions are listed in Table 4.9.

Table 4.9 : Refinement volumes for the applied grid at direct numerical analysis.

Dimension in m

Refinement  Cross-section type
yp (Lref XWref XHref or HrefXDref)

Hull - Stern Rectangular 0.75%x0.3x0.3
Free surface Rectangular 15x10x0.04
Propeller - Port Circular 0.05x0.11
Propeller - Stb Circular 0.05x0.11
Rudder - Port Rectangular 0.15x0.03x0.15
Rudder - Stb Rectangular 0.15x0.03x0.15
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ONRT turning maneuver simulations established by superposing the rotational
motions of the propeller and rudders are solved with the DFBI module integrated into
the 1-DoF and 6-DoF motion solver. For the module to be active in rotating elements,
interfaces to the moving parts must be defined in a hierarchical order. As can be seen
in Figure 4.19, propeller interfaces are defined to provide the rotation of the propellers
with MRF, and a total of two rudder interfaces to rotate the rudders at 35 degrees with
the MRF.

= ! 4
Hull - Stern | “~o__-- Propeller RUdfjer
Refinement Interface Interface

Figure 4.19 : Refinement volumes and interfaces at direct numerical analysis.

The fluid domain was discretized using the hexahedral element meshing approach by
using the trimmer and surface remesher in the software. Afterward, an unstructured
and predominantly hexahedral mesh was built over non-slip walls by making local
improvements. 7.438E+06 elements in total, including 7.033E+06 cells for the
background region, were created to solve the numerical problem. The detail of the

grids at direct numerical simulation is listed in Table 4.10.

Table 4.10 : Element counts at direct numerical simulation.

Name Element count  Type

Background Domain  7.033E+06 cells

Bottom 9.880E+02 faces

Inlet 4.302E+04 faces

Outlet 1.075E+04 faces

Top 1.721E+04 faces

Hull 2.503E+05 faces

Rudders Domain 2.280E+04 cells

Rudders 4.980E+03 faces

Propellers Domain 3.540E+04 cells

Propellers 7.880 E+03 faces
Total 7.438E+06  element
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One degree of freedom and six degrees of freedom dynamics body motion equations
coupled with flow equations were resolved by the DFBI module. Only x-motion of the
body in the straight-ahead condition and 6-DoF motion during the turning (x-motion,
y-motion, z-motion, x-rotation, y-rotation, and z-rotation) are entered. Apart from the
motion of the hull, there are other moving parts, namely the rudders and the propellers,
which both follow the hull motion and have certain rotations. In relation to the 6-DoF
motion of the body, the predefined rotational motion of the propeller and control
surfaces can be superposed. STAR-CCM+ offers several methodologies as a moving
reference frame (MRF) approach and rigid body motion (RBM) for the rotation of a
body in solid-liquid flows. While each includes a capability for rotating motion, the
right choice should be made by focusing on the flow evaluation and calculation
intensity. The former effectively imposes the forces that are induced by the rotation,
while the second account for slides of the mesh by interfaced region during the motion.
MRF method can be preferred to reduce the computational cost, for example, transient
simulation is not required for propeller rotation cases because motion is included in
the flow equations (Kinaci & Ozturk, 2022). Unlike the MRF method, the RBM is
considered to be more robust and gives more substantial outcomes, but the
computational cost is higher to a considerable extent. By synthesizing the insights from
the study by Kinaci & Ozturk (2023), a more comprehensive understanding of the
direct numerical simulation is achieved. In the previous study, the calm water
condition was investigated by direct CFD methods, and the rotations of moving parts
were succesfully adapted via the moving reference frame. Therefore, rudder and

propeller motions are resolved by the moving reference frame approach.

The turning trajectory and time-dependent parameters will be discussed in comparison

with other solution methods in chapter 5.7.3.
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5. SYSTEM-BASED INVESTIGATION

System-based ship maneuvering simulation methods are used to predict the behavior
of ships in different operating conditions and to evaluate the effectiveness of ship
control systems. The methods typically involve mathematical models that describe the
motion of the ship in different degrees of freedom, taking into account the
hydrodynamic forces and moments.

A research team named Maneuvering Modeling Group (MMG) presented a method
for ship maneuvering simulations at the Japanese Towing Tank Conference (JTTC).
The MMG model, which concentrates on the interaction of the hull, propeller, and
rudder, is recognized as a representative model to describe ship maneuvers. The 3-DoF
MMG standard method, solving the motion equations of the surge, sway, and yaw,
composed of four elements is introduced by Yasukawa & Yoshimura (2015). The four
elements in the model are the maneuvering simulation model, the procedure of the
necessary captive model tests capturing the hydrodynamic forces, the analysis method
for figuring out the hydrodynamic force coefficients, and the forecast method for
maneuvering motions in full scale. The model was extended to a 4-DoF model in 2019
by adding the roll-coupling effect (YYasukawa et al., 2019). Also, Guo & Zou (2017)
preferred a system-based method with the MMG model to examine 4-DoF ship
maneuvering motion in calm water for the ONRT model. It is generally known that
while maneuvering, especially during hard turning, visible roll motion can be detected
for vessels with high service speeds and small metacentric heights such as surface
combatants, large container ships, and passenger ships. Since the surface combatant
ONR tumblehome is a twin-screw ship, expressions describing the hull-propeller-
rudder interaction should also be added to the system-based methods. In accordance
with the 3-DoF modeling approach described by Yasukawa & Yoshimura (2015), and
the 4-DoF modeling approach depicted by Guo & Zou (2017) and Guo et al. (2018)
considered the propeller side force and asymmetric flow-straightening effects for the

twin screw ship.
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The study by Kinaci & Ozturk (2023) employs the mathematical model neglecting the
vertical accelerations due to relatively small heave, roll, and pitch compared to surge,
sway, and yaw. Therefore, 6-DoF ship motions were reduced to 3-DoF with this
assumption. Paper serves as a foundational work, and the thesis extends the research
in this field by exploring the 4-DoF MMG model. The mathematical model in the
paper and the thesis are based on the abovementioned literature. In the present study,
the system-based method with the 4-DoF MMG model is improved by considering the
wave-induced drift forces and moments. The equations obtained from the values of the
experimental wave drift loads at different ship heading angles are included in the
mathematical model as a wave model. The hydrodynamic derivates are obtained from
different literature that studied the ONRT model and are presented in the following
sections. Firstly, the results of the model in calm water were examined and compared
with the literature. By adding the wave model, different trajectories and
kinematic/dynamic quantities were obtained. The findings at different wave incidence

angles are compared with the available experimental and numerical results.

5.1 Basic Assumptions

In the system-based mathematical models, several assumptions are commonly made
to simplify the mathematical representation of ship maneuvering motion and to

facilitate analysis and control. Some of these assumptions include:

Rigid-body assumption: The ship is thought to behave like a rigid body, hence

deformations and flexibility of the hull and other components are ignored.

Quasi-steady flow assumption: The surrounding water flow is assumed to be quasi-

steady, which means that it does not change considerably during maneuvering.

Negligible wave effects in calm water: The effects of waves and wave-induced forces
are frequently ignored or oversimplified, particularly for short-term maneuvering

simulations

Absence of external disturbances: External disturbances of wind, and current are

neglected.

The forward velocity: It is assumed that the maneuvering derivatives are independent

of the forward velocity of the ship.
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The wave radiation: Wave radiation due to the motions in surge, sway and yaw is
ignored (assumed to be weak in slender bodies).

Wave excitation: Only mean wave drift forces and moment are considered as wave

excitation.

Linear and non-linear terms: It is assumed that the variation in ship motions is small

and hence linear and non-linear terms can be separated.

The above-mentioned assumptions facilitate the modeling process and permit the

application of standard rigid body dynamics equations.

5.2 Coordinate System in System-Based Model

For the mathematical model of the maneuvering, two right-handed coordinate systems,
one earth-fixed coordinate system, and one body-fixed coordinate system are defined.
As shown in Figure 3.8, the earth-fixed coordinate system O, — x,V,2, that is set to
be fixed with the origin and the body-fixed coordinate system o — xyz that is fixed on
the hull. There is a difference in the global coordinate system in S-B simulations, and
the x and y axes are used interchangeably, unlike the experimental coordinate system.

Details about the coordinate system can be found in the study by Sukas et al. (2019).

The origin of the body-fixed coordinate system o — xyz is positioned at the midship,
and the x-axis is pointed to the bow. The x and y axes correspond to the longitudinal
and lateral directions of the ship, respectively. The vertical axis is perpendicular to
both the x and y axes in accordance with the right-hand rule. The center of gravity's
trajectory serves as an indication of the ship's course. The drift angle, 8, and the
heading angle v, change by degrees depending on rudder motion. The center of gravity
of the ship, G, is located at (x¢, 0,0) in 0 — xyz system.

The advance speed, U, of translational motion, has two components as u and v in the
directions of the x-axis and y-axis, respectively. The drift angle, B, denotes the
direction of the ship’s longitudinal axis with respect to the vector of U. As a result,
u = Ucosp and v = —Usinf can be used to compute the x- and y-components of U,
respectively. Also, the yaw rate (r = 1) is defined as the rate of change of angular

heading. The velocity term p denotes the rotational motion about the z-axis and is

equal to the derivative of roll motion, ¢. The dot notation is used for differentiation by

103



placing a dot over the dependent value. The terminology of motion, velocity, and
force/moment components are presented in Table 5.1 to better follow up on the

mathematical model.

Table 5.1 : Motion, velocity, and force/moment components in the x, y, and z

directions.

Degree of Motion Axis Force/Moment Velocity
freedom component component component

1 Surge X X u

2 Sway y Y %

3 Heave z Z w

4 Roll [0 K p

5 Pitch 0 M q

6 Yaw Y N r

5.3 Non-Dimensionalization

Non-dimensionalization is a mathematical technique used to convert a set of equations
into a dimensionless form, thereby making them easier to solve. In essence, it is a way
of reducing the complexity of a problem by replacing all the variables with a set of
dimensionless combinations. It is also used to simplify equations of motion and to
analyze the behavior of a system with respect to changes in its parameters. Parameters
in the following sections are non-dimensionalized as given by the expressions below.
Putting the symbol prime (") means that the value is non-dimensionalized (Kinaci &
Ozturk, 2023).

F' = F/0.5pL,,dU?
M' = M/0.5pL%,dU?
m' =m/0.5pL,d
I' =1/0.5pL%,d (5.1)
u' =u/U
U'=1/Ly,

' =1Ly, /U
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where F is force, M is the moment, m is mass, and I is the moment of inertia. The
parameters u, [, and, r denote the velocity component, length component, and rate of

turn around an axis, respectively.

5.4 Derivation of Equation of Motion with Six Degrees of Freedom

The equations of motion of a rigid body with respect to its center of gravity can be

derived from Newton's equations of motion (Abkowitz, 1964):

S dV;

F=m ar
B (5.2)

— dQ

~

where m is the mass of the rigid body, VG is the relative velocity vector with respect

to the center of gravity, I is the mass moment of inertia, and Q is the angular velocity

vector.

The velocity vector relative to the center of gravity can be written as:
V,=V+QxR; (5.3)
The vectors in terms of their components can be written in ijk notation:
V=ul+v]+wk
G =pi+qf+rk (5.4)
R, = xci+ yoj + zgk

The velocity components of the surge, sway, and heave are stated as u, v, and w,
respectively. The velocity components of the roll, pitch, and yaw are given as p, q,
and r, respectively (8, ¢, ¥)). The coordinates of the center of gravity relative to the

midship are denoted by x¢, y¢, z;, respectively.

Substituting equations 5.3 and 5.4 into equation 5.2 gives the following force

expression:
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dt dt dt

av o~ - |t Tk
_t+.QXV—u1+v +Wk+p q r
u v w

W+ ur —wp)j +

(Ww+uvp— uq)E

T XRe=|p q 7 = (264 — YT+
Xe¢ Y Zg

(x67 — zgp)J +
(V6D — xGC.I)E

-

dR; — - |V T k )
dat =OXRs=|p q 7r|=2cq—ysr)i+
X¢ Y Zg
(xg7T — zgp)J +
Vep — xcQk
. dR, U J k
O x W = 14 q r
Zgq — YU Xgr — Zgp YeP — Xgq
~ dR; _ , , )
Q x T YePq — x6q° — xg7* + zgpr)T +

(zgqr — yer?® — yep* + x6pq)J +
(xgpr — zgp* — zgq* + qur)E
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By substituting the found terms in the expression, the following equations are obtained.
F=m@+wq —vr+2zcq —yef + yopq — xgq? — xgr2 + zgpr )T +
m@W 4+ ur —wp + xgF — zgD + 2gqr — yer? — yep? + x6pq)J +

m(w + vp — uq + ygpb — x6q + X6Pr — 260> — 264% + yeqr)k

(5.6)
F=m[u+wq—vr—x;(q2 +712) +ve(pq — ) + zg(pr + @)L+
m[v +ur —wp — ye(0* + q°) + 25 (qr — P) + x6(pq + P)]J +
mW +vp — uq — z5(? + q%) + x6(pr — §) + ys(qr + Pk
The force expression can be decomposed as follows:
X =mli+wq —vr —x5(q* + 1) + ys(pq — 1) + 25 (pr + )]
Y =m[v+ur —wp —ys(p® +1%) + 25 (qr — p) + x5(pq + )] (5.7)

Z =mlw +vp —uq — z;(p* + q*) + x;(pr — q) + yc(qr + p)]

The external force components in x, y, and z directions are stated as X, Y, and Z,
respectively. The acceleration components of the surge, sway, and heave are given as

u, v, and w, respectively. The acceleration components of the roll, pitch, and yaw are

given as p, g, and 7, respectively (4, ¢, ).

The moment expression can be extracted using a similar approach as follows:

.y . . i i) j) k
Mg = IxgPU+ Iycq] + Iz6Tk + x;  y, 2z (5.8)
X Y Z

MG = (IxD +Zyg — Yzg)T +
(Iycq + Xzg — Zxg)J +

(Ie? + Yxg — Xyo)k
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The moment expression can be decomposed as follows:
K =Ixep+Zys — Yz
M=1Il,;q+Xz; — Zxg (5.9)
N = It + Yxg — Xyg

The external moment components in 8, ¢, and y directions are stated as K, M, and N,
respectively. Components of the mass moment of inertia with respect to the center of

gravity are denoted by Iy, Iy, and I, respectively.

The following expressions can be used for X, Y, and Z:
X =mlu+wq —vr—x5(q° +72) + ye(pq — 1) + ¢ (pr + )]
Y =m[v+ur —wp — ys(p* + 1) + 25(qr — p) + x6(pq +7)] (5.10)
Z=mlw+vp —uq —z;(®* + q*) + x;(pr — §) + y6(qr + p)]

The yaw moment is obtained as follows:

K = Ixgp + myc(W + vp — uq) — mysz;p* — mygzgq* +

MXGYeDT — MXgYeq + mygqr + myép —

(5.11)
mzg (¥ + ur — wp) + mygzgp? + mz2p —
Mygzer? — mzéqr + mxgzgpq — mxgzgt
This expression can be edited as follows:
K = [Ixc + m(y§ + z8)1p — mxgye(q — pr) —
mxgzg(F + pq) —mygzg(q* —r?) —
(5.12)

m(zé — y&)qr +

mlyc(W + vp —uq) — z5 (¥ + ur — wp)]
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According to the parallel axis theorem

Ixg = Ix — m()’é + Zg)

Ixyg = Ixy + mxgys =0 - mxgye = —lIxy

(5.13)
IXZG = IXZ + meZG == 0 4 meZG == _IXZ
lyz6 = Iyz + mygzg =0 - myegzeg = —lyz

Substituting equation 5.13 into equation 5.12 gives the following moment expression:

K = Ixp + Ixy(q — pr) + Ixz (7 + pq) + Iyz(q* — %) +

) . (5.14)
(Iz = Iy)qr + m[yc(W + vp —uq) — z5(¥ + ur — wp)]
Similarly, other moment expressions are obtained as follows:
M = Iyq+ Iy, (7 — qp) + Iyx (D + qr) + I;x(r* — p*) +
(Iy — Ip)pr + mlzg( + wq —rv) — xc(W + vp — uq)]
(5.15)
N = Iz7 + I;x(D — qr) + Izy(q + pr) + Ly (p* — ¢°) +
(Iy — Ix)pq + m[x (¥ + ur — pw) — y (2t + wq — vr)]
Here Iy, Iy, and I, represent moments of inertia and are written as follows:
N
he= ) my? +2)
i=1
N
Iy = Z m;(xf + z7) (5.16)
i=1

N
I, = Z m;(x? + y?)
im1
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The cross-inertial terms, Iyy, Iyx, Ixz, Izx, Iyz, and I,y are

N
Iyy = Iyx = _Zmixiyi

=1

N
Ixz = Izx = _z m;Xx;z; (5.17)
i=1

N
ly; = Izy = —Z m;yiz;

i=1

5.5 Derivation of Equation of Motion with Four Degrees of Freedom

The modular maneuvering mathematical model MMG with 4-DoF is used in this study
to simulate the maneuvering motions of surface combatant ONR Tumblehome in the
horizontal plane. A set of equations are described to express the 4-DoF maneuvering
motion comprising surge, sway, roll, and yaw. Therefore, surge, sway, roll, and yaw
motions can be left out of 6-DoF motion equations. The equations are based on a non-
inertial body-fixed coordinate system with the origin positioned at the ship’s center of
gravity. The object hull is symmetric; so, y; = 0. Under the assumptions, the

equations of motion with 4-DoF can be written as follows (Hamamoto & Kim, 1993):
E, =m(i — vgr)
E, =m(v + ugr)
My = Ly + (I, — Ly )r2singcosg — L, 7cose (5.18)
M, = (I,; cos? ¢ + L, sin? )F — (I, — L, )r¢ sin(2¢) —
I, (pcosp — psing)

where u;, and v; are the surge and lateral velocity at the center of gravity,
respectively. In slender ships, the approximation is made as I,, =~ I,,, and I, =~ 0.

Then, equation 5.18 is simplified as,
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E. =m( — vgr)

E, =m(v + ugr)

(5.19)
My = L
M,=1,,71
Here, F, F,, M, and M, are expressed as follows (Yasukawa et al., 2019):
E =-myu+myvr +X
E, = =M,V — MyUr — QP — dye” +Y
M, = =(Jxx + 26024)D — (a42 + Zcmy)ff — (a46 + 2gaz6)7T — (5.20)

myzeur + K + z5Y

M, = —(Jzz — X6A26)T — (asz = xGmy)v — (ags — XA24)P +

myzeur + N — xgY

Here, the surge force and lateral force are denoted by X and Y, respectively. The added
mass components are excluded in X and Y. The roll moment around x-axis and the
yaw moment around z-axis are denoted by K and N, respectively. The added moment
of inertia components are excluded in K and N. x; is the longitudinal coordinate of
the center of gravity and z; is the vertical coordinate of the center of gravity. m, and
m,, are the added mass for surge and sway, respectively. J,, and J,, are the added
moment of inertia for roll and yaw, respectively. The coupled added mass components
for sway, roll, and yaw motions are respectively denoted as a,,, a,¢ and a,s. The

coupled added mass components are taken as follows for simplicity:
Ay = Ay = 0
A4 = Qg2 = —MyQ, (5.21)
Qg6 = Qg =0

Here, a, is the vertical acting point of the lateral added mass component, m,,.
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Assuming that the position of the center of gravity for a ship with starboard-port
symmetry, the velocity components at the center of gravity can be written as:

uG =Uu
(5.22)
vG =U+xGT'—ZGp
where u and v are surge and lateral velocity at midship. Substituting equations 5.20,

5.21, and 5.22 into 5.19 gives the equations of motion in the horizontal plane relative

to the axis passing through the midship are obtained as follows:
(m+my)u — (m + my)vr —xgmr? + zgmpr = X

(m + my)v — (myaz +zgm)p + (m + my)ur + xgmri- =Y

(5.23)
—(myaz + ZGm)fJ + (I + ] + z22m)p — xgzgmi — zgmur = K

(I, + xg?m + J)7 — (xgzgm)p + xgm@® + ur) = N

where m is the mass of the ship, I, and I, are the moments of inertia about the
longitudinal axis and vertical axis, respectively; m, and m,, are the added masses, /,
and J, are the added moments of inertia. u and v are the surge and sway velocities,
respectively. p and r are the roll and yaw angular velocities, respectively. i, v, p, and
7 are the acceleration components of surge, sway, roll, and yaw motion, respectively.
X¢, and z; are longitudinal and vertical coordinates of the center of gravity of the ship.
ay is the vertical acting point of the lateral added mass component, m,,. X, and Y
denote the lateral and longitudinal components of external force, while K, and N

denote the total roll and yaw moments, respectively.

If equation 5.23 is written in long form,

(m+my)(@) +0(@)+0(p)+0()+

O(u) — (m + my)r(v) + zemr(p) —xemr(r) =X

(5.24)
o(u) + (m + my)i; — (myaz + sz)(p) + xom(7) +

m+m)r(w)+0(v)+0(p)+0(r)=Y
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o(w) — (myaz +zem)v + (I + ] + 22Zm)(®) — xzem(7) +

0(w) +0(v) + 0(p) — zgmu(r) =K

(5.24a)
0(1) + xemW) — (xgzem)(®) + (I, + xs*m + J) () +

0(w) +0(v) + 0(p) + x¢gmu(r) =N
Assumingu = U, v =0, p = 0, and r = 0 to linearize the equations:

m+m)@)+0@)+0(m)+0(F)+0(w)—0*xv+0xp—20
*xr =X

0(w) + (m +m,)v — (myaz + zzm)([®) + xom@*) +

O(w)+0(v)+0(p)+(Mm+m)U(r) =Y

(5.25)
0(w) — (myay + zgm)v + (I + ], + z2m)(P) — xgzgm(F) +

O(w) +0(v) +0(p) —zemU(r) =K

0@) + xegm(¥) — (xgzem)(P) + (I, + xc°m + ) () +

O(w)+0(w) +0(p) + xomU(r) =N
Mathematical models can also be expressed in matrix forms:

[m +m, 0 0 0 ] i
| 0 m+m, —(myaz + mZG) mxg | D
| © —(myaz +mzg) Uy + ], +mz) —mxgzg  ||P
l 0 mxg —MXgZg I, +J, + mxg? r
0
(m+m)U
—zemU
xemU

(5.26)
u

v

p
T

X
_|y

K
N

S O OO
o O OO

Rearrange the equation to leave the matrix [ v p 7]Talone on the left-hand side,
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o [ 0 0 0 -1
) 0 m+m, —(myaz + sz) mxg
p _l 0 —(myaz +mz;) (I, + ], +mzd) —MxgZg J
T 0 mxg —MXgZg I + ], + mxg? (5 27)
X 0 00 0 u
y| [0 0 0 (m+m)U||v
K 0 0 O —zemU p
N 0 0 O xemU T
The matrix is simplified as follows:
-1
i [m +m, 0 0 0 1
D _| 0 m+m, —(myaz + mz;) mxg |
p _| 0 —(mya; + mz;) (I, + ], + mzd) —-mx;zg |
r l 0 me _meZG IZ +]Z + meZJ (5 28)
X
Y —(m+m,)Ur
K +mz;Ur
N —mx;Ur

To find the equation for [z ©» p 7]7, the inverse of the first term on the right-hand
side is taken and the acceleration terms can be written to find the linearized form of

the ship motion equations.

Some abbreviations can be made after equation 5.26 to simplify acceleration terms:

[m +m, 0 0 0 1
M= I 0 m+m, —(myaz + sz) mxg I
[ 0 —(myaz + sz) (Ix +],+ mzé) —MmxsZg J
0 mxg —MXcZg L,+], + me2 (5.29)
M, O 0 0
_ My, My My,
0 M32 M33 M34—
0 My, Myz My,
The inverse of the above matrix is taken as follows:
M1 1 M
- IMl (530)

where M is the adjugate matrix of M, and |M| is the determinant. The elements of the

adjugate matrix of M are
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Myy = MypM33Myy + MazM3uMyy + MyuMzo My —
MaM33Myy — MasM3aMay — MapM3aMys

My = MyyM33Maq — My MsyMys

Mys = —My1Mp3Mag + My MagMys

Myy = MyyMp3Mzq — M1y Moy Mss

M3y = =M1 M3, Mgy + My M34 My, (5.31)
M3 = My Moy My — My Moy My,
M34 = =M1 Moy M3y + My Moy M,

My = My Ms;Myz — My MMy,
Myz = —My1 Moy Myz + My MosMy,

M44 = M1, My; M35 — My M3 M3,
The determinant of M is

|M| = My1M3;M33Myy + My1Mp3 M3, My, +
M1 MpaM3oMyz — My MayM33My, — (5.32)

M11M23M32M4-4 - M11M22M34M4-3

To simplify the relation, the matrices are redenominated as follows:

0 0O 0
c 0 0 0 (m+m U
tn =10 0 0 —zgmU
0 0 O xemU
(5.33)
u X u
Vel = v,P= Y,andAccz v
p K p
r N 7
The MMG mathematical model can shortly be demonstrated by,
Acc =M™ (P — Cyp, - Vel) (5.34)
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The Coriolis matrix in equation 5.33 is in linearized form. The Coriolis matrix directly

taken from equation 5.24 is,

0 —(m + my)r Zemr —Xgmr
c = |m+mor 8 8 _meu (5.35)
l 0 0 0 Xgmu
Then, the MMG mathematical model will be defined by,
Acc=M"1-(P—C-Vel) (5.36)
The explicit form of the equation shortly expressed in the above equation is,
U [X + (m+my)vr + mxgr? —mzgpr]
o e 63
r N —mx;Ur

The first matrix contains the hydrodynamic inertia terms including mass and added
mass and moments, and the second matrix contains linearized Coriolis and damping
effects proportional to the centripetal force and moments. The forces and moments on

the right represent the propeller, rudder, and wave effects.

5.6 Explanation of External Forces and Moments

The unknown terms in equation 5.37 are forces X, Y, and moments K, N. The
fundamental components listed below are considered separately due to the modular

approach of the MMG model and mathematically given in the subsequent sections.
- A method to calculate the hydrodynamic forces and moments due to hull
- A method to calculate the forces and moments due to propellers
- A method to calculate the forces and moments due to rudders

- A method to impose the wave drift loads based on experimental/numerical

results.

The external forces and moments X, Y, K, and N on the right-hand side of

equation5.37, consist of the following components:
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Y=YH+YR+2YP+YW

- (5.38)

N:NH+NR+2NP+NW

where g is the gravitational acceleration, GM is the metacentric height, ¢ is the roll

angle. The subscript H, R, and P express the hull, rudder, and propeller, respectively.

In the preliminary study, since the JBC model had a single rudder, single propeller
configuration, propeller-induced loads and moment were not doubled (Kinaci &
Ozturk, 2023). Therefore, the reason for multiplying hydrodynamic forces due to the
propeller by two is that the ONRT model has twin propellers. Hydrodynamic forces
by steering are not doubled because calculations are made for two rudders in the
model. The Xy, Yy, and Ny, denote the external disturbances due to the waves.
Another difference of the above model from the conventional 4-DoF maneuvering
model is that the propeller-induced lateral forces are also added to the right-hand side

of motion equations.

As detailed in previous sections, experimental and numerical studies were carried out
in 3-DoF. The current system-based model includes the solution of 4-DoF equations
of motion, and the effects of the wave on the roll motion are neglected. Therefore,
there is no module containing the wave effect in the roll component, K. In the
following subsections, obtaining the components of external forces and moments will

be described.

5.6.1 Hydrodynamics forces and moments acting on ship hull

Hydrodynamic forces and moments are the result of the motion of the ship in the water
and can be expressed in terms of the relative velocity and acceleration of the ship
relative to the water. Hydrodynamic forces Xy, Yy and moments Ny, K acting on ship

hull are expressed by,
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Xy = 0.5pLdU%X,(u',v', 1", ")
Yy = 0.5pLdU?Y; (v, 7', ")
(5.39)
Ky = 0.5pL2dU?K},(p', ¢")

Ny = 0.5pL?dU%Ny,(v', 7', ")

where p is the density of water in kg/m?, L is ship length in m, and d is draft in m.

Here, X}, Yy, Kj;, and Ny, are stated as follows:
X = Xou' + Xp,v'? + Xppv'r" + Xppr'?
Yy = Yo' + Y 4 Y0 4 Y02 + Y vt 4 Y3 + Yoo
(5.40)
Ky = Kyp' + Ky
N}, = NJv' + N7+ Nppyv' + Ny 021" 4 N 0'17'% 4 N3 + Ny
5.6.2 Forces and moments due to propeller

The propeller thrust force Xp in the model, which is expressed by the equation,
Xp=(1-1t,)T (5.41)

where ¢, is thrust deduction factor. This parameter characterizes the influence of the
propeller on the total resistance of the ship during self-propulsion and can also be
approximated using empirical equations (Ozturk et al., 2022). Propeller thrust T is

given by
T = Krpn®D* (5.42)

where p, n, and D denote the density of water in kg/m?3, propeller revolution in rps,
and propeller diameter in m, respectively. The thrust coefficient, K, is expressed as a

function of the advance ratio J:

Kr = ko + kyJ + kpJ? (5.43)

118



where k,, k; and k, are coefficients obtained from open-water propeller tests.

Propeller advance ratio, /, is calculated by,

. u(1l—wp)

— (5.44)

In this equation, wp denotes the wake fraction during maneuvering. The wake fraction

during maneuvering, wp, is a form of the effective wake fraction, wp,, and given by
wp = Wpo[1 — (1 = cos? Bp)(1 — 18p])] (5.45)

The propeller receives an inclined flow with an angle S, mathematically expressed

by
Bp =B — xpr’ + zpp’ (5.46)

where S is the drift angle of the ship (f = arctan(—v/u)), xp is the longitudinal
coordinate of the propeller position, and z, is the vertical coordinate of the propeller
position. The lateral forces and moments generated by a conventional propeller are not
included in the study by Yasukawa et al. (2019), i.e. Y = N, = 0. However, lateral
forces and moments, Yp, Kp, and N, are involved in the present model. Y, Kp, and Np

can be calculated according to the study by Guo et al. (2018) as follows:
Yp = cyp(B — lpr")pn®D*
Kp = zpYp (5.47)
Np = xpYp

where cyp Is the hydrodynamic derivative of the lateral force on the propeller, [, is the
correction factor for the lateral velocity due to the yaw rate, and x, is the longitudinal
position of the propeller disk.

5.6.3 Forces and moments due to rudder

The rudder-related forces X, Yz and moments K and Ny are calculated by the

following equations (Guo et al., 2018; Yasukawa et al., 2019):
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Xg =—(1 —tg)Fysind cose

Y = —(1 + ay)Fy cos b cosp

(5.48)
KR = ZHR(]' + aH)FNC056

Nr = —(xg + agxy)Fy cos b cosp

where ty is the steering resistance deduction factor, ay is the rudder force increasing
factor, zyy is the vertical position of the center of effective rudder force, xy is the
longitudinal coordinate of the rudder shaft, and xj is the longitudinal coordinate of

additional lateral force.

Guo et al. (2018) investigate the hull-propeller rudder interaction for the twin-screw
ship with subject model ONRT. There are differences in the parameters of the portside
and starboard side rudder in the calculation of the forces and moments originating from
the rudder. Therefore, in the present chapter, the subscripts expressed as ‘p’ and ‘s’

will represent the portside and starboard side rudder, respectively.

Unlike the preliminary study (Kinaci & Ozturk, 2023), there is a change in the rudder
normal force expression to include the loads from the port and starboard propeller.
Since the twin screwed ONRT is the subject vessel, the rudder normal force (Fy) is

expressed as,
Fy = Fygy + Fngg (5.49)
Rudder normal force for each rudder is given by,
F ) = 0.5pAgU%p\fy Sina
nfz) = O ARUp s ) (5.50)

The profile area of the rudder is expressed by Ag. The rudder normal force gradient

coefficient, f,, is given by Son & Nomoto (1981),

fo = 6.134g/(Ag + 2.25) (5.51)

where Ay is the rudder aspect ratio.
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The resultant inflow velocity at the rudder, Uy, and the effective inflow angle to the

rudder, ag, are calculated by

Ur[t} = [“r(2) T Vaf?) (5.52)

(5.53)

= s |l ] - ”R{s}/
A U
The effective inflow angle, ag, varies according to the direction in which the rudder is

rotated and it should be paid attention to ‘+’. Here, ui and vy denote longitudinal and

lateral inflow velocities, respectively, and are expressed as follows:

2

8K
uR{p}=£WU(1—Wp) nil+k /1+n_2T_1 +(1—-n) (5.54)
S

Ve B+ 1Bl = L5 (" + Ir'D] +}
= 0.5U < -
UR{Z)} { y;[ﬁ _ |ﬁ| _ l,’;r(r’ _ |T"|)] (555)

Here, ¢, is the ratio of the wake fraction, n is the ratio of the propeller diameter to the
rudder span defined by Dp/Hp, K is the experimental constant, and U is the resultant
velocity. In the lateral inflow velocity equation, yr denotes flow-straightening
coefficient and [ is the correction factor. y; and l; get the ‘+’ superscript for
windward condition and ‘—’ superscript for leeward condition. To exemplify, when
the rudder angle is positive and head sea conditions, the portside rudder is windward
and the starboard side rudder is leeward. This is valid for the range of 0-180° heading
angle. Between the range of 180° and 360°, leeward parameters for the portside rudder

and windward parameters for the starboard side rudder are used.

5.6.4 Forces and moments due to wave

Waves exert two distinct forces on ships: The first type, referred to as first-order
oscillatory forces, is influenced by the wave encounter frequency and varies with time.
In contrast, the second type, known as second-order drift forces, remains constant. The
preliminary study (Kinaci & Ozturk, 2023) exclusively focuses on the analysis of wave

drift forces, which have been empirically derived using Ankudinov's relationships
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(Ankudinov, 1985). The study adopts an empirical approach, the thesis approaches the
same subject from an experimental perspective, incorporating elements of second-
order mean wave loads. The wave forces and moments are measured by performing
steady drift tests applied on the ship at zero forward speed. Therefore, the effect of
forward speed is neglected. The measured forces and moment in the time domain
(X{t}, Y{t}, and N{t}) were converted to the frequency domain via Fast Fourier
Transform (FFT) as detailed in chapter 3.7.1 and only the value at the 0™ frequency

was noted. Basically, the forces and moments due to wave can be expressed as,

Xy = FFT(X{t});,

Yw = FFT(Y{t})y, (5.56)
Ny = FFT(N{t})y,

Forces and moment were measured for each 15° heading angle and plotted
accordingly. It was assumed that the curve in the range of 180 — 360° and the curve in
the range of 0 — 180° are symmetrical. Subsequently, several polynomials for the range
of 0-180° heading angle and a 180 — 360° heading angle were fitted. This step was

repeated for each force and moment related to the heading angle.

The fifth-degree, sixth-degree, seventh-degree, and eighth-degree polynomials are
fitted to the data of wave drift forces and moments of H/A = 0.020 and A/Ly,;, = 1.00
condition. The statistics for each fit are returned to determine the best fit. Table 5.2
presents the statistics for each fit. In the table, rsquare is the R-squared coefficient of
determination, ssreg is the regression sum of squares, and ssresid is the residual sum
of squares. The correlation between the response values and the predicted values is
expressed as the rsquare. An R-square value that is closer to 1 means that the fitting
model represents a greater proportion of variance. The overall squared difference
between the estimated value and real value is captured by ssresid. The regression sum
of squares, ssreg, is calculated from ssreg = sstotal — ssresid. A fit that is better

for prediction is shown by the small values of ssresid.
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Table 5.2 : Statistics for polynomial fits.

Data Fit (order) rsquare ssreg ssresid
5 0.9870 0.7810 0.0103

Bth 0.9872 0.7812 0.0102

Xw (0-180) 30 Xw 180-360) o 0.0945 0.7870 0.0043
gth 0.9990 0.7905 0.0008

5 0.9478 2.6176 0.1441

v Bth 0.9736 2.6889 0.0729
w (0-180) 7t 0.9796 2.7055 0.0562
gth 0.9797 2.7056 0.0561

5 0.9586 2.9120 0.1258

v Bth 0.9769 2.9677 0.0701
W (180-360) 7t 0.9810 2.9799 0.0578
gth 0.9811 2.9803 0.0575

5 0.9817 1.5692 0.0292

N Bth 0.9847 1.5739 0.0245
w (0-180) 7th 0.9914 1.5847 0.0137
gth 0.9945 1.5895 0.0089

5t 0.9797 1.5700 0.0325

% Bth 0.9839 1.5768 0.0258
Rgrroo-sc 7th 0.9917 1.5892 0.0133
gth 0.9928 1.5910 0.0115

The rsquare value of 0.99 indicates that the fit accounts for 99% of the total variation
in the average-related data. In this study, fitting methods with a minimum R-square of
0.99 were preferred. The rsquare did not reach 0.99 for polynomial models fitted to
Y. Since there is not much difference between the seventh-degree and eighth-degree
polynomials, it is also represented by the seventh-degree polynomial. The polynomial
fits are plotted in Figure 5.1. Consequently, the plots indicate that the seventh-degree
polynomials follow the data well enough. The seventh-degree polynomial models are
also fitted to wave drift forces and moments of H/A = 0.020, A/Ly,;, = 0.50 and
H/A = 0.025, 1/Ly,;, = 1.00 conditions. These equations are then implemented into

the mathematical model to represent the wave drift forces and moment in time-based

maneuvering simulations.
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Figure 5.1 : Polynomial models adapted to wave drift load data for the H/A =
0.020,4/Ly,;, = 1.00 condition.

In the steady drift tests, the forces and moments were measured according to the
coordinate system of the loadcell. These forces and moments are obtained for the cases
where the wave is coming from the head and the heading angle of the model changes
at intervals of 15 degrees. Modifications were made for each quadrant to adapt the
polynomials adapted to forces and moments to the S-B simulations. To adaptation of

the wave loads, the following modifications are used.
If 0° < ¥ < 90°;
Xw = Xw cos(¥) — Yy sin(y))
Yw = Xwsin(¥) — Yy cos(¥h) (5.57)

Ny = Ny + Xyxg sin(y) — Yiyyxg cos(y)
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If 90° <y < 180°;

Xw = Xy cos(m — ) £ Yy, sin(mr — )

Yw = Xw sin(m — ) £ Yy cos(m — ) (5.58)

NW = NW + XWxG Sin(ﬂ: - l/)) i YWxG COS(T[ - l/))
If 180° <y < 270°;

Xyw = Xy cos( —m) — Yy, sin(yp — m)
Yw = Xy sin(yp — ) =Yy, cos(yp — m) (5.59)

Ny = Ny + Xyxg sin(yp — ) — Yyyxg cos(yp — 1)
If 270° < ¥ < 360°;

Xw = Xy cos(2m — ) £ Yy sin(2m — 1)
Yw = Xy sin(2r — ) £ Yy, cos(2m — ) (5.60)

Ny, = Ny + Xyxg sin(2mr — ) + Yyx; cos(2m — )

At the starboard side turning, the forces and moments from the y-axis of the wave are
added in case of 90° < y < 180° and 270° < ¥ < 360°, while in other cases forces
and moments are subtracted. Through these modifications, the transition to the local
coordinate system has been achieved, and wave loads acting according to the heading

angle of the model at each time step have been added.

The position of the right and left rudders changes according to the direction of the
wave and the turning direction of the model. In other words, the rudders stay on the
leeward/windward side changes. For this reason, the rudder module should be revised
for each incident wave angle case. Flow-straightening coefficients and correlation
factors for the flow-straightening effect due to yaw rate, presented in the next section,
take different values depending on the position of the rudders. While correction factors
with ‘4’ superscript are used for the rudder positioned in the direction of wave,
correction factors with ‘—’ superscript are used for the rudder in the opposite side of

the wave direction.
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5.7 Turning Circle Simulations

Turning circle tests are an essential part of ship maneuvering trials, conducted to assess
a vessel's maneuverability and determine its turning characteristics. These tests
provide valuable information about a ship's ability to navigate safely in confined
spaces, such as ports, narrow channels, or congested waters. The collected data is
analyzed to determine the ship's tactical diameter, advance, transfer, loss of speed on
the steady turn, drift angle, and other relevant factors. The main parameters of the

turning circle are illustrated in Figure 5.2.
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Figure 5.2 : Definitions of turning circle (ITTC, 2017a).
The terms used to describe standard maneuvers are presented as follows:

.2 Turning circle maneuver is the maneuver to be performed to both starboard
and port with a 35° rudder angle or the maximum rudder angle permissible at

the test speed, following a steady approach with zero yaw rate.

.3 Advance is the distance traveled in the direction of the original course by the
midship point of a ship from the position at which the rudder order is given to

the position at which the heading has changed 90° from the original course.
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.4 Tactical diameter is the distance traveled by the midship point of a ship from
the position at which the rudder order is given to the position at which the
heading has changed 180° from the original course. It is measured in a direction
perpendicular to the original heading of the ship. (International Maritime
Organization, 2002)

Standard turning circle maneuvering simulations were conducted in calm water and
regular wave conditions at Fr = 0.2 which corresponds to U, = 1.111 m/s in the
model scale. The wave conditions are the same as experimental study: H/A = 0.020
and A/Ly; = 1.00, H/A = 0.020 and A/Ly,;, = 0.50, H/A = 0.025 and A/Ly, =
1.00. The turning tests in waves are performed with rudder angles of § = +35° and
wave incident angles of y = 0°,4+90°,180°. The simulation matrix is presented in
Table 5.3. After performing the turning circle simulations to both port and starboard
side, the following main variables were achieved and expressed in the dimensional
form: Advance (Ad), transfer (Tr), tactical diameter (TD), steady turning diameter
(STD), steady yaw rate (SYR), and steady turning speed (STS).

Table 5.3 : Turning circle maneuvering simulation matrix.

Fri-] ALy, [F] H/AL[H 6 [deq] Y [deg] x [deg]
Calm water 0,+15,+25,+35 0,490,180 -
0.2 1.00 0.020
' 0.50 0.020 +35 - 0,490,180
1.00 0.025

5.7.1 Parameters used in the simulations

The values of maneuvering and coefficients for propellers and rudders used in the 4-
DoF system-based model are listed in the present section. The main parameters related
to the ONRT model are presented in Table 5.4. The sources of the parameters are also
cited in the last column of the table. Some of the parameters are in non-
dimensionalized form and can be dimensionalized with expressions given in equation
5.1. The vertical position of the center of gravity from the ship is calculated with z,; =
GM — KM + d where KM = GM + KG. Also, non-dimensional ay, is taken as same
as zy by Yasukawa et al. (2019).
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Table 5.4 : Main parameters related to the ONRT model.

Parameter Symbol [units]  Value Source
Wageningen 2023: A
Length on waterline Ly [m] 3.147 Workshop on CFD in Ship

Hydrodynamics (2023)
Wageningen 2023: A
Draft d [m] 0.112 Workshop on CFD in Ship
Hydrodynamics (2023)
Longitudinal position
of the center of Xe [M] -0.053  Sadat-Hosseini et al. (2015)
gravity from midship
Vertical position of

the center of gravity z; [M] -0.044 Yasukawa et al. (2019)
from midship
Density of water p [kg/m?] 1000 —~

Wageningen 2023: A
Metacentric height GM [m] 0.0422 Workshop on CFD in Ship
Hydrodynamics (2023)
z coordinate of the
acting point of the zy [-] 0.0344 Guo et al. (2018)
hydrodynamic forces
Vertical acting point

of the lateral added ay [-] 0.0344 Yasukawa et al. (2019)
mass component, m,,
Gravity g [m/s?] 9.81 —

Non-dimensional mass, added mass, and inertia terms are presented in Table 5.5.

Table 5.5 : Non-dimensional added mass and inertia terms.

Parameter Symbol [-] Value Source
Wageningen 2023: A
Ship’s mass m’ 0.13070  Workshop on CFD in Ship
Hydrodynamics (2023)
Added masses of x-axis / 0.01307 Araki et al. (2012)
direction Mx ' '
Added rasses of y-axis m, 0.10901 Araki et al. (2012)
irection
Moment of mertla_of ship I 0.00040 Guo et al. (2018)
around x-axis
Added moment of inertia , .
of ship around x-axis e 0.00004 Araki et al. (2012)
Moment of inertla of ship I, 0.00789 Guo et al. (2018)
around z-axis
Added moment of inertia , .
of ship around z-axis Jsz 0.00789 Araki et al. (2012)
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The non-dimensional mass, added mass, and inertia terms are dimensionalized

according to equation 5.1 and listed in Table 5.6.

Table 5.6 : Dimensional added mass and inertia terms.

Parameter Symbol [units] Value
Ship’s mass m [kg] 72.4865

Added masses of x-axis direction m, [kg] 7.2486
Added masses of y-axis direction m,, [kg] 60.4572
Moment of inertia of ship around x-axis L, [kgm?] 2.1970
Added moment of inertia of ship around x-axis Jex [kgm?] 0.2197
Moment of inertia of ship around z-axis 1,, [kgm?] 43.3363
Added moment of inertia of ship around z-axis 12z [kgm?] 43.3363

Hydrodynamic derivatives are essential in comprehending marine vessel motion.
Surge, sway, yaw, and roll motions are influenced by their respective derivatives.
Surge derivative connects thrust/resistance to fore-and-aft acceleration. Sway
derivative involves lateral forces and motion. Yaw derivative dictates rotational
motion around the vertical axis. Roll derivative governs angular acceleration in roll
motion. The hydrodynamic derivatives derived from the study by Guo et al. (2018) for
surge, sway, yaw, and roll motion are listed in Table 5.7. The derivatives include both

linear and nonlinear terms.

Table 5.7 : Hydrodynamic coefficients used in the simulations (Guo et al., 2018).

Parameter Symbol [-] Value Parameter ~ Symbol [-]  Value
s X! -0.0212 N, -0.1039
mane‘ff\?eering X! -0.0734 o N/ -0.0428
coefficients X,fr -0.05211 maneuvering N,f,,,, -0.5642
X, 0013 e Nipr -0.8704
Y, -0.2777 N,y -0.2419
Y, 0.02387 N/, -0.0418
Sway Yiow -1.5258 Y, -0.0054
ma”]ff‘.“’.e“?g Yo -0.6218 Roll K, 0.0073

coerfricients , i f
Y. -0.7367 ~ Maneuvering N, -0.0036

coefficients

Y., -0.0551 K} -0.2429

It is accepted that the most reliable method for calculating the maneuvering derivatives
is model experiments. However, since model experiments require a long period of time
and finances, simple empirical relations that can be expressed in terms of ship main
dimensions, form coefficients, and appendages features were developed by

researchers, usually by applying regression analysis to model test results. Apart from
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empirical approaches, numerical methods can be preferred such as in the study by Guo
et al. (2018). The researchers conducted captive model tests (CMT), static drift tests,
and static heel tests by using computational fluid dynamics methods to obtain the

derivatives.

The parameters in the propeller module are summarized in Table 5.8. The values
ko, k1, and k, that ensured that the vessel in which the rudder angle is zero is heading
forwards with a steady speed are used. The coefficients are employed to represent the
relation between K, and J. In the system-based simulations, the details of which will
be presented in the next chapter, first of all, the straight-ahead case with § = 0° is
examined. To detect conditions where the velocity remains constant at 1.111 m/s,
ko, ki, and k, are estimated iteratively. Also, the expression giving the longitudinal
position of the propeller disk, xp, is presented with reference to the forward
perpendicular of the ship. In the 4-DoF S-B model, the longitudinal position of the

propeller disk to the center of the vessel was calculated.

Table 5.8 : Parameters in the propeller module.

Parameter Sym_b ! Value Source
[units]
Wageningen 2023: A
Propeller diameter Dp [M] 0.1066  Workshop on CFD in Ship
Hydrodynamics (2023)
Propeller revolution n [rps] 8.97 Guo et al. (2018)
Thrust deduction factor under
straight ahead condition tp [-] 0.0854 Guo etal. (2018)
Effective wake fraction under
straight ahead condition wpo [[] - 0.1101 Guo etal. (2018)
Coefficients representing the ko [[] ~ 0.6300
characteristics of ki [-] -0.3052 -
Kr k, [-]  -0.0671
Longitudinal position of , Wageningen 2023: A

xp [-] -0.9267 Workshop on CFD in Ship
Hydrodynamics (2023)
Wageningen 2023: A

propeller disk (from FP)

Vertical position of propeller 2 L] - Worksho CED in Shi
: b p on in Ship
disk (below WL) 0.03565 Hydrodynamics (2023)
Correction factor for the
lateral velocity due to yaw Ip [-] -0.4804 Guo et al. (2018)
rate
Hydrodynamic derivative of
the lateral force on the cyp [-] 0.0334 Guo et al. (2018)
propeller
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The parameters in the rudder module are summarized in Table 5.9. The flow-
straightening coefficients and the correlation factors for the flow-straightening effect
are normally different for the portside rudder and starboard side rudder. However, as
in the study by Guo et al. (2018), the parameters obtained by the CFD computation are
preferred. The coefficients were taken the same for both rudders, and only the case of

being leeward or windward was considered in the mathematical model.

Table 5.9 : Parameters in the rudder module.

Parameter Symbol [units]  Value Source

Wageningen 2023: A
Workshop on CFD

Rudder span Hg [m] 0.1599 in Ship
Hydrodynamics
(2023)
5 Sadat-Hosseini et al.
Rudder area Agp [m7] 0.0120 (2015)

Wageningen 2023: A
Workshop on CFD

Rudder aspect ratio A [-] 1.177 in Ship
Hydrodynamics
(2023)
Steering resllcstance deduction te [] 0.2011
actor
Rudder force increasing factor ay [-] 0.1964
Longitudinal acting point of
the additional lateral force xy [ -0.3350
component
Longitudinal Er?:#lon of rudder L] -0.4459
Vertical position of the center ,
of effective rudder force Zhr ] 0.0292
Ratio of the wake fraction €[] 0.8925 GUo et al. (2018
Experimental constant k [-] 0.6911 uo etal. ( )
The ratio of lateral rudder |vrp |/ 0.0778
inflow velocity induced by Urip}
propeller rotation to the
longitudinal component of |vgp |/ 0.0730
inflow velocity ahead of the Ur{s}
rudders
Flow-straightening coefficients Ya 0.7546
for windward and leeward YR 0.4000
Correlation factors for the I} -0.4837
flow-straightening effect due to _
yaw rate 5 -0.8723
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5.7.2 Straight-ahead condition in calm water

The straight-ahead condition refers to the state of a ship when it is moving in a straight
line without any lateral deviation. In this state, the ONRT ship's rudder is aligned with
the longitudinal axis of the hull, § = 0°. The straight-ahead condition plays a
significant role in determining the course-keeping stability of a ship. Course-keeping
stability refers to a ship's ability to maintain a steady course without sideways
oscillations or deviations from the intended heading. When a ship is in the straight-
ahead condition, if the ship has course-keeping stability, its hydrodynamic forces are
typically well-balanced, and there is minimal yawing moment acting on the vessel.
Since S-B analyses are carried out as 4-DoF, there is not enough information for the
course-keeping ability of the ONRT. Limiting motion causes sway and yaw loads to
be neglected. For example, the straight course observed in the 4-DoF straight-ahead
condition in the study of Kinaci & Ozturk (2022) is not observed in the 6-DoF
condition. Also, the simulation was conducted by Kinaci et al. (2021) at zero rudder
angle to investigate course-keeping ability with the mathematical model. Again, model
cannot maintain a straight-ahead part due to side forces.

Straight-ahead simulations were mainly used to determine the kg, k;, and k,
coefficients, as indicated in chapter 5.7.1. The following maneuvering tests are
conducted at an advance velocity of U, = 1.111 m/s corresponding to Fr = 0.20. In
the straight-ahead case, the value of u = 1.111 m/s selected as the initial velocity is
expected to remain constant after the model starts to move. As a result, a slight change
was made in the value of k, over the value given in the literature to ensure that the
velocity in the progressive time steps is equal to the velocity in the initial time step.
Figure 5.3 illustrates the changes in maneuvering characteristics. As can be seen, the
trajectory experiences a straight course. The yaw rate, roll angle, and heading angle
are always zero over time. There is a slight change in u, accordingly in U; however, it
can be said that the velocity remains constant with the k, value given as input. In
conclusion, the graph reveals a straight-ahead course indicating the relationship

between velocity and propeller coefficients which used in further analysis.
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Figure 5.3 : Trajectory and time-dependent parameters during the straight-ahead condition in 4-DoF S-B simulation.
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5.7.3 Turning circle results in calm water

Turning circle simulations with £35° rudder angles were first carried out under calm
water conditions at Fr = 0.2. According to the coordinate system used in the
simulations, § = 35° represents the portside turning, while § = —35° represents the
starboard side turning. The heading angles were 0°, £90°, and 180°. Simulation results
were compared with existing experimental, numerical, and S-B simulations. The
compared parameters include advance, transfer, tactical diameter, steady turning
diameter, steady yaw rate, steady turning speed, the time when the heading angle is
90°, and the time when the heading angle is 180°. Turning trajectories are visualized
and time dependent graphs of rudder angle, surge velocity, sway velocity, resultant

velocity, yaw rate, roll angle, and yaw angle are presented.

The S-B turning circle maneuver simulation results for § = 35°, i.e. portside turning,
and i =0° were compared with the experimental results (Elshiekh, 2014),
computational results accessed in the literature (Wang et al., 2016), S-B simulation
results accessed in the literature (Guo et al., 2018) and present CFD results. The
comparative results are presented in Table 5.10 and Figure 5.4. In Table 5.10, the
results of the vessel trajectories, advance (Ad), transfer (Tr), tactical diameter (TD),
steady turning diameter (ST D), steady yaw rate (SYR), steady turning speed (STS), the
time when the heading angle is 90° (Tq), and the time when the heading angle is 180°
(T,g0) are listed. The error percentages presented in Table 5.10 are found by equation
4.15. The deviation is indicated in percentage between the simulation values and
experimental values. Several significant results can be gleaned by comparing the

values in the table and the visual results.

Present S-B results are in good agreement with experimental results except for the
advance parameter. Compared to the correlation of S-B simulations with Wang's CFD
results, the results are in high agreement with Guo et al.’s S-B simulations. The reason
for this is obvious, the parameters that Guo et al. (2018) presented were used and the

same degree of freedom equations of motion were solved.

While CFD simulations by Wang et al. (2016) and S-B simulations by Guo et al.
(2018) have successfully estimated the advance distance, the current S-B calculation
has shown less success numerically. However, during his research, the author realized

that there was an ambiguity in the experimental results: It is unclear when the rudder
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angle was rotated and from what time the turning circle was plotted. What is
recommended by ITTC is to start the turning circle plot from 1 second before turning
the rudder. Existing S-B and CFD turning trajectories are illustrated in accordance with
this recommendation. Clarifying this uncertainty in the experimental results may
change interpretations of the advance value comparison. However, it can be seen that
the direct CFD result has a high percentage of error. It is thought that direct CFD

simulations should be thoroughly re-examined by the author.

It can be seen that the current S-B simulations in the transfer value give one of the
most successful results in calm water condition. In fact, it surpassed Wang et al.’s
success in advance distance estimation in transfer distance estimation. The time when
the heading angle is equal to 90°, Ty, is almost the same as the experimental time.
Similar to the advance distance, the direct CFD result did not show the expected
success in transfer value. This difference also occurs in the analysis of the time when
the heading changes 90° from the original course. In direct CFD simulations, the ship
has a 90° heading angle in 23.880 seconds, that is, the model reached this angle
approximately 9 seconds later than the model in the experimental study. Ultimately,
this time difference is related to the fact that the x and y positions are far more distant
from the initial position. However, this relation does not fully explain why the values
of transfer and advance are high. The S-B simulation demonstrated the estimation
success at the y distance by finding the tactical diameter value 0.89% smaller than the
experimental result. T;g, parameter was not given in the literature, while the current
S-B simulation showed agreement with a difference of less than 5 percent, so much
more successful than Wang's estimate. However, the direct CFD result is far from the
findings from both the S-B simulation and available experiments. As with the Ty, the
difference is substantial in the T, g,. The model reached a 180° heading angle at 36.240

seconds, almost 10 seconds after the experiment.

One promising observation is that direct CFD simulation calculates a steady turning
diameter with less than a 10% difference. CFD by Wang et al. (2016) overestimated
the STD value compared to the experiment, while current S-B simulations
underestimated it. Also, the error rates of both S-B simulation are almost the same.

The error rate of less than 5% demonstrated the success of the S-B simulation.

Additionally, when comparing the values of the parameter steady yaw rate between

the solution methods, a notable increase is evident in the S-B simulation. A comment
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can be made to explain the difference here: The equations of motion used only in the
S-B simulations are 4-DoF. The experimental setup of Elshiekh (2014) was made to
allow all motions of the model, and the existing CFD and CFD in the literature were
solved for 6-DoF. The difference between CFD results and experimental results is less
than the difference between S-B results and experimental results. It may be necessary
to examine more data to reach a clear conclusion, but this may indicate that the SYR

value increases as the degree of freedom of motion decreases.

In all conditions presented in Appendix G, the SYR values obtained from the S-B
simulations are higher than the experimental results. It can be seen that there is no
significant difference between port side turning and starboard side turning. This slight
difference between turnings can be thought to be due to the difference in flow around
the rudders. Guo et al. (2018) emphasized that there is a serious difference between
the lateral forces of portside and starboard side rudders. Correction coefficients are
provided for the twin screwed ONRT model, as it has an asymmetric flow-
straightening effect. These coefficients (y7 and l3) were taken the same for the
starboard side and portside rudder in the S-B model, only the condition of being
leeward and windward was considered. However, these coefficients used in the
rudder's normal force calculation also vary depending on whether the rudder is on the
starboard side or portside. Therefore, this difference in SYR value according to the

direction of rudder rotation can also be explained by such an approach.

Direct CFD showed the highest consistency in steady turning speed. It can be said that
the result of the S-B simulation is also compatible with a difference of 4.63%. The
time-dependent variations of the longitudinal velocity and lateral velocity used in the
steady turning speed calculation are presented in Figure 5.4. It can be seen from the
graphs that the difference in steady turning speed between the S-B simulation and the
experimental investigation is due to the sway velocity. While the surge velocity is more
in line with the experimental surge velocity, there is some difference with the sway

velocity. The sway velocity in S-B simulations was higher than the experimental one.

The values of the roll parameter, illustrated in Figure 5.4, indicate that the S-B results
are lower than the experimental results. Immediately after the rudder execution, the
ship model achieves an increasing roll motion and then there is another peak in the
reverse direction. In the EFD results, the model first turns to the starboard side with a
maximum of 2.18°, then it reaches the maximum heeling angle at the portside with the
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-3.91°. After a certain period of time, the roll angle becomes stable, with it being
negative at the portside turning. In S-B simulations, only the first peak appears at 2°,

and then the value decreases and stabilizes.

The results of the starboard side turning simulation with § = —35°at Fr = 0.2 in calm
water condition are also compared with available experimental results. Table 5.11
presents the comparison of the vessel trajectories, advance (Ad), transfer (Tr), tactical
diameter (T D), steady turning diameter (ST D), steady yaw rate (SYR), steady turning
speed (STS), the time when the heading angle is 90° (Ty,), and the time when the
heading angle is 180° (T,go). Turning trajectories and time histories are illustrated in

Figure 5.5.

The advance parameter is calculated higher compared to the experimental one, as in
the case of portside turning. As mentioned before, the conditions used to determine the
advance parameter need to be clarified. When both directions of rotation are compared
in the case of head sea, it is seen that the advance values are calculated very close to
each other. Unlike the advance parameter, the compatibility of the transfer parameter
with the experimental result is very good. The transfer value was found to be almost
the same in both directions of rotation. The time when the heading angle is equal to

90°, Ty, is almost the same as the experimental time.

The tactical diameter parameter was estimated more closely than the port side turning
condition. However, since the error rates are below 1%, it can be said that there is no

remarkable difference between the two turnings.

The steady turning diameter, estimated with less than 5 percent difference, was
obtained smaller than the experimental STD. This slight difference can also be
examined from the turning trajectory in Figure 5.5. Compared to Ty, the difference in
T,g0 1S greater. However, this estimate can be considered successful, as there is a
difference of less than 5 percent. Additionally, when port side and starboard side turns
were compared, it was seen that the STD value did not change. The findings from
Kinaci & Ozturk (2022) corroborated that port side turning results in a reduced steady
turning diameter. This phenomenon occurs due to the higher steady yaw rate
associated with port side turning. In that case, the rotation direction of the propeller
caused asymmetry in the flow leading to differences in port and starboard turnings. In
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ONRT turning circle maneuvering simulations, the steady yaw rate value remained

almost constant, regardless of the turning direction.

A difference of nearly 10% was observed in the SYR value. There is this difference in
both turnings, as explained in the previous case (§ = 35° and y = 0°), so it may be
necessary to use separate correction coefficients for the port and starboard rudders.
Similar to the port side turning condition, the steady turning speed was estimated with
a margin of less than 5 percent higher than the experimental STS value. The STS value

did not change when the turning direction changed.

The turning trajectories and time histories of rudder angle, surge velocity, lateral
velocity, resultant velocity, yaw rate, roll angle, and ship heading are also illustrated
for other simulation conditions in Figure G.1 through Figure G.6 in Appendix G.
Comparison of trajectory parameters are also tabulated in Table G.1 through Table
G.3. All S-B simulation results were compared with the experimental study by
Elshiekh (2014). In general, the advance parameter has always been overestimated
with differences of around 12%. There was no critical change in advance values with
the change of turning direction. While the transfer parameter was generally estimated
higher with a very small margin, i.e. below 5%, it was smaller than the experimental
data at starboard side turning (6 = —35°) only in the ¥ =90° and ¥ = —90°
condition. However, port side and starboard side results in S-B simulations are almost
the same in terms of transfer parameter. The experimental transfer parameter differed
according to the turning direction of the ship model. In S-B simulations, the model
always reached the 90° heading position in a shorter time. Following this, it usually
arrives at the 180° heading position earlier than the experimental one. It can be said
that the T, g, values are almost the same in the case of ¥y = —90° and § = 35° with
only 0.40% difference. Turning diameter was calculated smaller with slight
differences compared to the experimental results. Only in the case of ¥ = 180° and
& = 35° was it higher by 0.02%. The steady turning parameter is also in good
agreement with the experimental results in general. However, the difference inthe ¢ =
—90° and § = —35° condition is higher compared to the others. The differences in the
steady yaw rate parameter are higher than the others: higher values were obtained than
the experimental results, with differences of around 10 percent. Finally, the steady
turning speed parameter was also estimated higher, with differences of around 5%

under all conditions.
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Table 5.10 : Comparison of trajectory parameters in calm water, § = 35° and i = 0°.

Parameter _EFD CFD Error S-B Error S-B- Error CFD - Error
(Elshiekh, 2014)  (Wang et al., 2016) [%] (Guoetal., 2018) [%] Present [%0] Present [%0]

Ad [m] 7.4668 7.2854 2.43 7.7590 3.91 8.3475 11.79 10.8187 44.89
Tr [m] 4.0825 4.3255 5.95 4.1056 0.57 4.1245 1.03 6.0603 48.45
Too [S] 15.1400 15.9872 5.60 N/A N/A 15.0132 0.84 23.880 57.73
TD [m] 10.0453 10.4581 411 9.9497 0.95 9.9557 0.89 12.9204 28.62
STD [m] 10.0644 10.5431 4.76 9.6834 3.79 9.7231 3.39 10.8805 8.11
Tyg0 [S] 26.0800 27.5894 5.79 N/A N/A 25.0500 3.95 36.240 38.96
SYR [deg/s] 8.0725 7.6734 4,94 8.8701 0.88 8.8637 9.80 7.5864 6.02
STS [ml/s] 0.7188 N/A N/A 0.7472 3.95 0.7521 4.63 0.7189 0.01

Table 5.11 : Comparison of trajectory parameters in calm water, § = —35° and p = 0°.

Parameter EFD (Elshiekh, 2014) S-B — Present Error [%]
Ad [m] 7.4806 8.3483 11.60
Tr [m] 4.0539 4.1246 1.74
Too [S] 15.1400 15.0160 0.82
TD [m] 10.0068 9.9595 0.47

STD [m] 10.1481 9.7257 4.16
Tyg0 [S] 26.0700 25.0699 3.84

SYR [deg/s] 8.0907 8.8626 9.54

STS [m/s] 0.7149 0.7522 5.22
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Figure 5.4 : Comparison of turning trajectories and time histories in calm water, § = 35°and y = 0°.
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Figure 5.5 : Comparison of turning trajectories and time histories in calm water, § = —35°and y = 0°.

141



After the examination of § = +35° for different heading angles, S-B simulations were
conducted at different rudder angles (6§ = +15°,+25°). Table 5.12 and Table 5.13
show the results of the vessel trajectories, advance (Ad), transfer (Tr), tactical
diameter (TD), steady turning diameter (STD), steady yaw rate (SYR), and steady
turning speed (STS) for different heading anglesat § = +15°and 6 = +25° in tabular
format, respectively. The § = £35° conditions is also summarized in Table 5.14. In
the case of calm water, it is possible to make a general inference from the simulations:
Despite the change in the direction angle, it was observed that the maneuver
parameters were almost at the same level in calm water conditions. A comparison of
turning trajectories and time histories in calm water for varying rudder angles, § =
15°,25°,35° and ¥ = 0° are illustrated in Figure 5.6. Some basic deductions can be

made from this figure:

— Larger rudder angles result in lower advance and transfer, while smaller rudder

angles lead to more advance and transfer.

— The rudder angle directly affects the ship's turning diameter. A larger rudder
angle will result in a tighter turn with a smaller turning diameter, while a

smaller rudder angle will lead to a wider turn with a larger turning diameter.

— As the rudder angle increases, the turning trajectory gets smaller. The steady

turning diameter parameter increases as the rudder angle gets smaller.

— As the rudder angle increases, the velocities u, v, and the resultant velocity U

decrease.

— A larger rudder angle will cause the ship to change its heading more rapidly,
resulting in a higher steady yaw rate. Conversely, a smaller rudder angle will

lead to a slower rate of turn.

— As the rudder angle increases, the roll angle decreases and becomes stable
faster.

— The time it takes for the ship to complete a turn is affected by the rudder angle.
A sharper turn (larger rudder angle) will result in a quicker turning time, while

a more gradual turn (smaller rudder angle) will take more time to complete.

The turning trajectories and time histories for other headings are also presented in

Figure H.1 through Figure H.7 in Appendix H.
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Table 5.12 : Comparison of trajectory parameters at different heading angles in calm water, § = +15°.

5 [deg] 15 -15 15 -15 15 -15 15 -15

¥ [deg] 0 0 90 90 180 180 -90 -90
Ad [m] 16.2874 16.2889 16.2874 16.2889 16.2874 16.2889 16.2874 16.2889
Fr=02 Tr [m] 10.8743 10.8738 10.8743 10.8738 10.8743 10.8738 10.8743 10.8738
' TD [m] 23.9574 23.9610 23.9574 23.9610 23.9590 23.9610 23.9574 23.9610
STD [m] 23.8092 23.8134 23.8103 23.8131 23.8134 23.8129 23.8809 23.8145
SYR [deg/s] 49312 4.9304 49312 4.9304 49312 4.9304 4.9312 4.9304
STS [m/s] 1.0246 1.0246 1.0246 1.0246 1.0246 1.0246 1.0246 1.0246

Table 5.13 : Comparison of trajectory parameters at different heading angles in calm water, § = +25°.

5 [deg] 25 -25 25 -25 25 -25 25 -25

1 [deg] 0 0 90 90 180 180 -90 -90
Ad [m] 10.5252 10.5262 10.5252 10.5262 10.5252 10.5262 10.5252 10.5262
Fr=02 Tr [m] 5.8870 5.8868 5.8870 5.8868 5.8870 5.8868 5.8870 5.8868
' TD [m] 13.7242 13.7282 13.7242 13.7282 13.7242 13.7282 13.7241 13.7282
STD [m] 13.5517 13.5548 13.5523 13.5547 13.5585 13.5546 13.5515 13.5554
SYR [deg/s] 7.5066 7.5054 7.5066 7.5054 7.5066 7.5054 7.5066 7.5054
STS [m/s] 0.8877 0.8878 0.8878 0.8878 0.8877 0.8878 0.8877 0.8878

Table 5.14 : Comparison of trajectory parameters at different heading angles in calm water, § = +35°.

5 [deg] 35 -35 35 -35 35 -35 35 -35

1 [deg] 0 0 90 90 180 180 -90 -90
Ad [m] 8.3475 8.3483 8.3475 8.3483 8.3475 8.3483 8.3475 8.3483
Fr=02 Tr [m] 4.1245 4.1246 4.1245 4.1246 4.1245 4.1246 4.1245 4.1246
' TD [m] 9.9557 9.9595 9.9557 9.9595 9.9557 9.9595 9.9557 9.9595
STD [m] 9.7231 9.7257 9.7244 9.7257 9.7435 9.7257 9.7230 9.7270
SYR [deg/s] 8.8637 8.8626 8.8637 8.8626 8.8637 8.8626 8.8637 8.8626
STS [m/s] 0.7521 0.7522 0.7521 0.7522 0.7521 0.7522 0.7521 0.7522
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Figure 5.6 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = 15°,25°,35° and ¢ = 0°.
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5.7.4 Turning circle results in waves

The longitudinal force, lateral force, and yaw moment values acting on the model were
measured in the experimental study carried out in different wave conditions at 15-
degree intervals in the 0-180 degree heading angle range. The regular wave conditions

are listed below:
- H/A=0.020 and A/Ly,;, = 1.00
- H/A=0.020 and A/Ly,;, = 0.50
- H/A=0.025and A/Ly,;, = 1.00

Wave conditions are listed in the order in which they were applied experimentally. In
the first case, the wave height is 0.063 m and the wave height is 3.147 m. In the second
case, the wave height and length are halved. In the last case, the case where the
wavelength is equal to the ship's length and is 3.147 m and the wave height is 0.079 m
has been examined. This set has the feature of having the highest wave height of the

experimental set.

Mean wave drift forces and moments corresponding to each heading angle point were
determined by FFT analysis. By fitting the polynomial from these points, a curve
representing the wave loads corresponding to all heading angles in the range of 0-180
degrees was obtained. The curve representing the wave loads in the 180-360 degree
range is taken as the symmetry of the curve in the 0-180 degree heading angle range.
This curve fitting process is completed separately for longitudinal wave drift force,
lateral wave drift force, and wave drift yaw moment. Mean wave drift forces and
moment are added to the X, Y, and N equations in the equations of motion, and the K
equation expressing the roll moment is represented only by loads originating from the
hull, propeller, and rudder. Eventually, system-based simulation is evaluated to solve
the turning circle of ONR Tumblehome with +35° rudder angles under regular wave
conditions at Fr = 0.2. The incident wave angles, y, were 0°, £90°, and 180° which
means the wave conditions cover the following sea, quartering seas, and head sea,

respectively.

System-based simulation results of advance (Ad), transfer (T'r), tactical diameter (T'D),
steady turning diameter (ST D), steady yaw rate (SYR), steady turning speed (STS) at

6 = 35° and y = 180° are listed in Table 5.15 for all regular wave conditions. A
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positive rudder angle causes portside turning and a wave incident angle of 180°
corresponds to the head sea condition. All S-B simulation results were compared with
the experimental study by Elshiekh (2014). However, the S-B results for H/A1 = 0.025
and A/Ly,;, = 1.00 are presented without any comparison due to a lack of experimental

data.

The turning trajectories and time histories of rudder angle, surge velocity, lateral
velocity, resultant velocity, yaw rate, roll angle, and ship heading at § = 35°and y =
180° are illustrated in Figure 5.7, Figure 5.8, and Figure 5.9 for regular wave
conditionsof “H/A = 0.020and A/Ly,;, = 1.00”,“H/A = 0.020and A/Ly,;, = 0.507,
and “H/A = 0.025 and A/Ly,;, = 1.00”, respectively.

Table 5.15 : Comparison of trajectory parameters in regular waves, § = 35° and y =
180°.

Ad Tr TD STD SYR STS
HA - Mlwe () [m] [m]  [m]  [deg/s] [m/g]
EFD 6.9965 3.7817 9.4334 N/A 7.9028 0.6850
sr-rBr 0.020 1.00 8.2505 3.9015 9.8727 9.5862 8.8331 0.7530
[%‘]’ 1793 039 241 N/A 1030 4.42
EFD 7.3010 3.9608 9.7092 N/A 8.0836 0.7085

ES-B 0000 o0s5o 82809 39710 9.8470 9.5755 88572 0.7532
ror 1342 026 142 N/A 957 631
[%]

S-B 0.025 1.00 8.2178 3.7507 9.7997 9.5203 8.8149 0.7536

In the head wave and portside turning condition, i.e. y = 180° and § = 35°, all
parameters were slightly overestimated at different levels with S-B simulations
compared to the experimental results. However, present S-B results in all wave
conditions are in good agreement with experimental results except for the advance
parameter. This difference in advance value was also seen in the calm water results.
As described in the previous section, the comparison values are in doubt due to
uncertainty about the conditions under which the experimental turning trajectory is

presented.

Transfer, Tr, and tactical diameter, TD, display almost identical values to experimental
values. These parameters can also be related to the wave parameters: As Tr increased,
TD decreased as the wavelength and height decreased by half. While increasing the

wave height at a fixed wavelength decreased the Tr value, a slight decrease was
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observed in the TD value. In other words, the ship's reach from 0° heading to 90°

heading was achieved by traveling a shorter distance in the x- and y-axes.

Experimental STD values are not presented as data in the source. STD values are not
achieved from the experimental graphs to avoid an error in the quantitative
comparison. A visual comparison for STD values can be made from the turning
trajectory graphs that follow. The turning trajectory was computed in similar time
periods with the experimental one so that the comparison could be made properly. It

can be seen that the STD values are close to each other.

In the S-B results of the first wave condition, see Figure 5.7, it is seen that the turning
trajectory has less drift in the —x direction than the experimental one. The mean wave
sway forces obtained from the steady drift tests can be evaluated here: If the mean
wave sway force is higher, it can be predicted that the results will be closer to the
experimental results. The graph that supports this inference can be seen in Figure 5.10.
Here, an increase in the mean wave sway force means that the drift of the model in
the —x direction will be greater. It can also be seen in Figure 5.8 that the drift in y
direction is more pronounced in the second case where the wavelength is shorter and

the wavelength is smaller.

A steady yaw rate was achieved by averaging over a given period of time-dependent
yaw rate. The difference between the steady yaw rate values offered by the solution
methods is around 10% in any case. However, when the waveform changes, the
behavior of the SYR parameter also changes in the same way as in the experiments:
As the wavelength and height decrease, the SYR value increases for these conditions.

In the case where only the wave height was increased, the SYR decreased.

Steady turning speed was obtained by averaging over a given period of time-dependent
resultant velocity, U. Considering the simulations performed in three different wave
conditions, no significant difference was observed in the ST'S value. The overestimated

values differ by around 5% compared to the experimental results.
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System-based simulation results of advance (Ad), transfer (Tr), tactical diameter (T D),
steady turning diameter (STD), steady yaw rate (SYR), steady turning speed (STS) at
6 = —35°and y = 180° are listed in Table 5.16 for all regular wave conditions. The

head wave condition was evaluated under the starboard side turning condition.

The turning trajectories and time histories of rudder angle, surge velocity, lateral
velocity, resultant velocity, yaw rate, roll angle, and ship heading at § = —35° and
x = 180° are illustrated in Figure 5.10, Figure 5.11, and Figure 5.12 for all regular
wave conditions of “H /A = 0.020 and 1/Ly,;, = 1.00”, “H/A = 0.020 and A/Ly,;, =
0.50”, and “H/A =0.025 and A/Ly,; = 1.00”, respectively. Comparison with
experimental data is not possible for the last wave condition and the simulation is set
to 200 seconds, unlike the others.

Table 5.16 : Comparison of trajectory parameters in regular waves, § = —35° and
x = 180°.

Ad Tr TD STD SYR STS
source  H/A AMlwe 1w [m]  [m]  [m] [deg/s] [mis]
EFD 6.9978 3.8797 9.5848 N/A 7.8850 0.6948

ES-B 0000 100 83170 41631 9.6774 9.6045 8.8653 0.7517
el 1885 7.30 097 N/A 1243 819
[%]

EFD 7.2614 39066 9.6486 N/A  8.0833 0.7062
S-B 0020 050 8.2829 4.1186 9.8182 9.6038 8.8714 0.7533

Error 1407 543 176 NA 975  6.67
[%]

S-B 0.025 1.00 8.2916 4.1925 9.4998 9.5674 8.8403 0.7480

In the scenario of encountering head waves and executing a starboard side turning (§ =
—35°), the S-B simulations consistently showed a slight overestimation of various
parameters when compared to the experimental outcomes. Nonetheless, the current S-
B results exhibit satisfactory alignment with experimental findings across all wave
conditions, except for the advance parameter. Notably, a similar discrepancy in the

advance parameter was observed in portside turning.

The transfer value was estimated with less than 10% difference from the experimental
results in each wave condition. The transfer parameter decreased when the wavelength
and height were halved in S-B simulations, unlike portside turning. The largest transfer

value in starboard side turning was seen in the “H/A = 0.025 and A/Ly,;, = 1.00”
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condition. In portside turning, the highest value was calculated in the “H/A = 0.020
and A/Ly,;, = 0.50” condition.

The turning diameter value was calculated with less than a 5% difference from the
experimental outcomes in each wave condition. The smallest TD value appeared in the
“H/A = 0.025 and A/Ly,;, = 1.00” condition as in port side turning; however, there

was no significant change in TD when the wave characteristic changed.

The STD value was almost unchanged when the wavelength and height were reduced
equally, with the smallest estimated in case “H/A = 0.025 and A/Ly,;, = 1.00”. To
compare STD values with experimental data, see Figure 5.10, Figure 5.11, and Figure
5.12. In all conditions, the ship performed the turning circle by drifting on a diagonal
in the +x and —y directions, which is consistent with the experiments. In case of
“H/A =0.020, A/Ly,;, = 1.00”, the drift in the y direction appears to be less than the
experimental one. On the other hand, in case “H/A = 0.020, 1/Ly,;, = 0.50”, the ship
seems to start turning earlier in the S-B simulations compared to the experimental
environment. Since there is no experimental output, a comparison cannot be made for
the “H/A = 0.025, /Ly, = 1.00” case.

Considering the differences in the estimation of the SYR value, it is seen that it is not
very successful, especially in the first case: Absolute SYR values were estimated
larger. Still, the difference between results is around 10 percent. In addition, it can be
said that the effect of wave characteristics on SYR parameter is low. As the wavelength
and height decrease, the SYR value shows a slight increase. In the case where only the

wave height was increased, the SYR decreased.

The time-dependent behaviors of u, v,and U appear to be in agreement with the
experimental results. In particular, it can be seen that the surge velocity is higher than
the experimental surge velocity and these differences are reflected in the resultant
velocity. Again, higher STS values were obtained when compared to the experimental
results. As in portside turning, the change in wave conditions affected the STS

parameter very little.

Finally, looking at the roll angle graphs, it can be said that the roll angle exhibits

similar behavior with the experimental values.
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System-based simulation results of advance (Ad), transfer (Tr), tactical diameter (TD),
steady turning diameter (STD), steady yaw rate (SYR), steady turning speed (STS) at
6 = 35° and y = 90° are listed in Table 1.1 for all regular wave conditions. The

comparative results followed by results for § = —35° and y = 90° in Table I.2.

The turning trajectories and time histories of rudder angle, surge velocity, lateral
velocity, resultant velocity, yaw rate, roll angle, and ship heading at § = 35°and y =
90° are illustrated in Figure 1.1, Figure 1.2, and Figure 1.3 for wave conditions of
“H/A = 0.020 and A/Ly,; = 1.00”, “H/A = 0.020 and A/L,,, = 0.50”, and “H /A =
0.025 and A/Ly,;, = 1.00”, respectively. The comparative figures followed by results
for § = —35°and y = 90° in Figure 1.4, Figure 1.5, and Figure 1.6.

System-based simulation results of advance (Ad), transfer (Tr), tactical diameter (T D),
steady turning diameter (STD), steady yaw rate (SYR), steady turning speed (STS) at
6 = 35° and y = 0° are listed in Table 1.3 for all regular wave conditions. The

comparative results followed by results for § = —35° and y = 0° in Table 1.4.

The turning trajectories and time histories of rudder angle, surge velocity, lateral
velocity, resultant velocity, yaw rate, roll angle, and ship heading at § = 35°and y =
0° are illustrated in Figure 1.7, Figure 1.8, and Figure 1.9 for wave conditions of
“H/A =0.020 and A/Ly,;, = 1.00”, “H/A = 0.020 and A/L,,, = 0.50”, and “H /A =
0.025 and A/Ly,;, = 1.00”, respectively. The comparative figures followed by results
for § = —35°and y = 0° in Figure 1.10, Figure 1.11, and Figure 1.12.

System-based simulation results of advance (Ad), transfer (T'r), tactical diameter (T D),
steady turning diameter (STD), steady yaw rate (SYR), steady turning speed (STS) at
6 = 35° and y = —90° are listed in Table 1.5 for all regular wave conditions. The

comparative results are followed by results for § = —35° and y = —90° in Table I.6.

The turning trajectories and time histories of rudder angle, surge velocity, lateral
velocity, resultant velocity, yaw rate, roll angle, and ship heading at § = 35°and y =
—90° are illustrated in Figure 1.13, Figure 1.14, and Figure 1.15 for wave conditions
“H/A = 0.020 and A/Ly,;, = 1.00”, “H/A = 0.020 and A/L,,;, = 0.50”, and “H /A =
0.025 and A/Ly,;, = 1.00”, respectively. The comparative figures followed by results
for § = —35°and y = —90° in Figure 1.16, Figure 1.17, and Figure 1.18.
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The bar charts clearly illustrate the maneuvering parameters for each rudder angle and
wave incident angle in terms of wave characteristics. Bar charts were created in order
to more clearly express the relationship between wave height and length characteristics
and maneuver parameters. In each bar chart, there are the data of the portside and
starboard side turn in the relevant heading angle. However, it should be noted that the
difference between the values is very small when making the evaluation. There are
wave conditions on the x-axis of the bar charts. Wave conditions are ordered from
largest to smallest according to the values obtained from mean wave drift forces and
moments analysis. On the y-axis, the corresponding value of the maneuver parameter,
i.e. advance (Ad), transfer (Tr), tactical diameter (T D), steady turning diameter (ST D),
steady yaw rate (SYR), and steady turning speed (STS), in each wave conditions is
located. In the case of head sea the following outcomes have been observed (Figure
5.13):
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Figure 5.13 : Comparison of maneuvering parameters in all wave conditions, § =
+35° and y = 180°.
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The case where the Ad value is maximum is “H/A = 0.020 and A/Ly,; =
0.50” and the case where it is minimum “H/A = 0.025 and A1/Ly,;, = 1.00”
for § = 35°. By a slight margin the “H/A1 = 0.020 and A/Ly,; = 1.00” is
highest for § = —35°. Increasing the wavelength at the fixed wave height
caused a decrease in the Ad value. On the other hand, decreasing the
wavelength and height at the same rate caused an increase in the case of § =
—35°, When the rudder angle was -35°, i.e. starboard side turning, the Ad value
is higher in every wave condition compared to § = 35°. The values are almost
the same in both turnings at “H/A = 0.020 and A/Ly,;, = 0.50”.

The case where the value of Tr is maximum is “H/A = 0.025 and A/Ly,, =
1.00” and the case where it is minimum “H /A = 0.020 and A/Ly,;, = 0.50” in
starboard side turning. Conversely, the case where the value of Tr is maximum
is “H/A = 0.020 and A/Ly; = 0.50” and the case where it is minimum
“H/A = 0.025 and A/Ly,;, = 1.00” in portside turning. Graphs have reverse
behavior in portside and starboard side turns. In the case where the rudder angle
is 35°, i.e. port side turning, the Tr value decreased in each wave condition

compared to § = —35°.

The case where the TD value is maximum is “H/A = 0.020 and A/Ly,;, =
1.00” and the case where it is minimum is “H /A = 0.025 and A/Ly,;, = 1.00”
in portside turning. While starboard side turning takes the minimum value in
the same wave condition, the maximum value is seen differently. Increasing
the wave height at constant wavelength decreased the T'D value in both turning.
Graphs have almost similar behavior in portside and starboard side turns. In
the case where the rudder angle is -35, i.e. starboard side turning, the TD value

decreased in each wave condition compared to § = 35°.

The case where the STD value is maximum is “H/A = 0.020 and A/Ly,;, =
1.00” and the case where it is minimum is “H /A = 0.025 and A/Ly,;, = 1.00”.
Increasing the wave height at a constant wavelength decreased the ST D value.
Also, decreasing the wavelength and height at the same rate resulted in a very
small decrease in the ST D value. Graphs have similar behavior in portside and
starboard side turns. Turning direction and wave characteristics did not have a

serious effect on STD.
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- It was observed that the changes in wave characteristics and turning direction

did not have a serious effect on the SYR parameter.

- The STS value remained almost the same as the wave characteristics and

turning direction changed.

Comparison of maneuvering parameters in all wave conditions for § = +35°and ¢ =
90° are illustrated in Figure 5.14. In the case of y = 90° the following outcomes have

been observed.

- Asthe mean wave loads decreased, the advance parameter gradually decreased.
This output is valid for both turnings. When the rudder angle was 35°, i.e. port
side turning, the Ad value is higher in every wave condition compared to § =
—35°,

- As the mean wave loads decreased, the transfer parameter gradually decreased
in both turnings. The minimum Tr value is seen at “H/A = 0.020 and
A/Ly = 0.50”, while the maximum value is at “H/A = 0.025 and A/Ly,, =
1.00”. In any case, starboard side turning outcomes are lower than portside

turning outcomes.

- In all wave conditions, the TD value was significantly higher in the portside
turning condition. As the mean wave loads decreased, the TD value gradually

decreased in both turnings.

- The STD value is unaffected by the change of wave characteristics and its
general behavior is the same in both turning conditions. The maximum value
of STD is observed at “ H/A = 0.020 and A/Ly,;, = 1.00”.

- The SYR value is slightly smaller for portside turning than starboard turning in
all wave conditions. In general, SYR slightly increased when wave loads

decreased.

- The STS value is unaffected by the change of wave characteristics and turning

directions.
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Figure 5.14 : Comparison of maneuvering parameters in all wave conditions, § =
+35°and y = 90°.
Figure 5.15 illustrates the comparative results for the following waves and the findings

can be listed below:

- The advance value showed increasing behavior as the wave load decreased in
both portside turning and starboard side turning. The values of the § = 35°

case are higher than the values of the § = —35° case.

- The Tr value remained almost constant at § = —35°. At § = 35°, however, it
exhibited a decreasing behavior as the wave load decreased. The values of the

& = 35° case are higher than the values of the § = —35° case.

- Tactical diameter exhibited opposite behavior in both turning conditions.
While the highest value was seen at “H/A = 0.025 and A1/Ly,;, = 1.00”, the
lowest value was seen at “H/A = 0.020 and A/Ly,; = 0.50” at portside
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turning. Contrarily, the highest value of TD is calculated where the mean wave

loads are minimum.

- The STD value is nearly unaffected by the change of wave characteristics and
its general behavior is the same in both turning conditions. The maximum value
of STD is observed at “H/A = 0.020 and A/Ly,; = 1.00”. However, the

change in STD is very low despite changing the wave properties.

- Steady yaw rate exhibited similar behavior in both turning conditions. The

values of SYR are almost identical for both turnings and wave conditions.

- The values of STS are almost identical for both turnings and wave

characteristics.
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Figure 5.15 : Comparison of maneuvering parameters in all wave conditions, § =
+35°and y = 0°.
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Figure 5.16 depicts the comparative results for y = —90° and the outcomes can be

summarized as follows:

- The advance value showed increasing behavior as the wave load decreased in
both portside turning and starboard side turning. It has been observed that the
changes in the advance parameter with the change of turning direction are very

small.

- When the rudder angle was -35°, i.e. starboard side turning, the Tr value is
higher in every wave condition compared to § = 35°. Although the Tr
parameter in starboard side turning did not change much as the wave properties

changed, it increased as mean wave loads decreased in portside turning.

- The most significant difference between portside and starboard side turning
was seen in the TD parameter of the y = —90° case. When the rudder angle
was -35°, i.e. starboard side turning, the TD value is higher in every wave
condition compared to § = 35°. The case where the TD value is maximum is
“H/A =0.020 and A/Ly; = 0.50” and the case where it is minimum is
“H/A = 0.025and A/Ly,; = 1.00” for portside turning condition. This order

Is reversed in the starboard side turning condition.

- The maximum value of STD is observed at “H/A = 0.020 and A/Ly,; =
1.00”. However, the change in STD is very low despite changing the wave

properties.

- Steady yaw rate exhibited similar behavior in both turning conditions. The

values of SYR are almost identical for both turnings and all wave conditions.

- The change in STS is very low despite changing the wave properties and

turning direction.
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Figure 5.16 : Comparison of maneuvering parameters in all wave conditions, § =
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163







6. CONCLUSIONS AND RECOMMENDATIONS

Increasing concern has arisen regarding the maneuvering performance of commercial
and naval ships operating in realistic environments influenced by wind, currents, and
waves. The motivation behind this thesis stems from limited attention to maneuvering
in waves. The awareness of critical issues, such as the limited number of experiments
on this subject and the lack of systematic studies on wavelength and steepness, coupled
with a solid commitment to finding innovative solutions, served as a starting point for

this research.

This thesis, titled “Maneuvering of High Speed Displacement Vessels in Regular
Waves”, represents a comprehensive exploration of experiments and prediction
methods for maneuvering in waves within the context of AVT-348 activity. The
research begins with an introduction that highlights the significance of the study and
outlines the research question and objectives. A theoretical foundation was established
by thoroughly reviewing the literature to set the stage for the subsequent investigation
by finding significant gaps and knowledge deficits. The research methodology section
summarizes the systematic approach employed in this study, including research
methods and techniques, data collection methods, and data analysis techniques. A
meticulous presentation and analysis of the calculated or collected data provide
valuable insights into maneuvering in waves, offering a nuanced understanding of the

phenomenon under investigation.

In this doctoral thesis, the effect of wave-related forces and moments on ship
maneuvering performance is investigated by modeling the turning circle maneuver.
The research aimed to address the growing demand for system-based models by
integrating the wave loads. Through a combination of experimental study, simulation,
and theoretical modeling, research made significant contributions to the assessment of

experiments and prediction methods for naval ships maneuvering in waves.

The concluding chapter of turning circle simulations distills the key findings and
reiterates the contributions made to the field. It emphasizes the practical implications

of the research.
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6.1 General Remarks

The main objectives of the study were to reveal hull and wave interaction with
experimental and numerical methods, gain insight through a comprehensive study of
the interactive behavior of wave and hull, and use this interaction to develop a
mathematical model of maneuvering in waves. The methodology involved
experimental investigation researching the naval ship model in different wave
conditions at zero speed with different heading angles. Empirical and analytical
approaches to estimating wave drift loads were studied in depth and applied to the
conditions of the present problem. Numerical simulations replicating experimental
conditions were followed by direct CFD solutions. Findings from experimental and

numerical studies were incorporated into system-based modeling.

The primary objectives set forth in the inception of this research have been met with
resounding success. The definitions that affect ship maneuvering performance are
identified. The subject focused on these external effects is waves, and hull-wave
interaction has been revealed by using experimental methods in line with the existing
experimental possibilities. Through this study, the working principle of the horizontal
planar motion mechanism in ITU Ata Nutku Ship Model Testing Laboratory was
understood with the aim of evaluating this knowledge in future studies. It has been
conclusively shown that experimentally obtained wave loads can be incorporated into
system-based methods, and as a result, the integration of wave forces and moments
has significant effects on the ship turning circle. With the mathematical model
developed, a step has been taken towards reducing the dependence on numerical and
experimental studies. In addition, research into CFD simulations paved the way for

more practical and faster solutions.

While this research represents a significant step forward, it is crucial to acknowledge
its limitations. The investigation was confined to specific wave steepness and
wave/ship length configurations, and further studies should explore a broader spectrum
of scenarios. Time constraints affected the study’s ability to conduct a thorough
numerical simulation. Given the inconsistency in the results, it can be said that the
focus on directly-solved numerical simulations needs to be increased. In addition, the
experimental research focuses on heading angles in the range of 0° to 180° because

the subject model is symmetrical. Since the effect of wave loads will change in non-
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symmetrical models, the range of 0-360 degrees should be examined. Additionally,
while applying the developed system-based model to other ship models, difficulties
may be encountered depending on the maneuvering parameters and geometric
characteristics of the hull. As such, future research endeavors should focus on bridging
the gap between other ship models and variations of the maneuvering coefficients,
rudder, and propeller parameters.

In conclusion, this thesis serves as a progress to the maneuverability in adverse weather
conditions by examining the complex challenges associated with hull and wave
interaction. For this purpose, a practical experimental approach to measure the mean
wave drift forces and moments in a towing tank is presented. Then, the measured wave
drift loads are incorporated into the equations of motion. The standard maneuver of
turning circle is simulated for a model of ONR Tumblehome for different wave
conditions in order to demonstrate the effect of wave drift loads on the trajectories of
the vessel. The contributions of this research lie in the development of accurate system-
based models that contribute to the advancement of ship maneuvering. The outcomes
have practical implications for engineers, academicians, and stakeholders involved in

the field of maneuvering.

6.2 Conclusions

By addressing the fundamental research questions, it was demonstrated that it is
possible to develop a 4-DoF wave model integrated system-based model that
accurately captures the turning circle maneuver parameters. The wave forces and
moments were successfully measured by experimental methods and computational
methods are validated. The conclusion and main findings are presented in this section

for all chapters, respectively.

Chapter 2 presented the empirical and analytical prediction methods to calculate the
wave drift loads. These approaches have played a pivotal role in shaping the landscape
of research within the field of maneuvering in waves. This thesis has harnessed the
empirical/analytical approaches to investigate, compare, and expand upon existing
theories. The aim is to gain a clearer vision of the possibilities and challenges that lie
ahead. Therefore, prior to experimental and numerical studies, current empirical and
analytical approaches have been focused. For this, five different approaches are

examined and their formulations are presented step by step. By using the features of
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the ONR Tumblehome model, mean longitudinal, and lateral wave drift forces and
mean yaw moments were obtained. The ship heading angle was studied in the range
of 0-180 degrees, and the effects of three waves with different wave steepness and
wave/ship length ratios were examined. The main findings obtained from this part of

the study can be listed as follows.

- An important insight has been obtained about the changes in wave loads
according to the heading angle. There is a noticeable downward trend between
0° and 90° degrees and an upward trend between 90° and 180° in the mean
longitudinal wave drift force. The mean lateral wave drift force reached a peak
at 90° and fell to its lowest points at 0° and 180°. Lastly, an oscillation is seen

in the mean yaw moment graph.

- Changing the wave characteristics has significant effects on wave drift loads.
Reducing wave height and length has decreased the magnitude of wave forces
and moments, resulting in lower wave drift loads. A higher wave height leads

to larger wave forces and moments acting on the hull.

- The approach by Bergdahl & Kofoed (2015) is not suitable for the ONRT
model because presented for the calculation of environmental loads on the

buoy.

- The approach by API (2005) is not proper for the ONRT model because the
design curves are suitable for mobile offshore drilling unit type vessels.

The experimental evaluation of the 1/48.9 scaled ONRT hull's maneuverability,
presented in Chapter 3, involved testing it at zero speed and in three distinct regular
wave scenarios. The experiments were performed at the Ata Nutku Ship Model
Testing Laboratory within the Department of Naval Architecture and Ocean
Engineering at Istanbul Technical University. To ensure the ship's motion in three
dimensions, a pantograph system was used during steady drift tests. Before the
steady drift tests in-water inclining tests were conducted to determine the
metacentric height. The steady drift tests were carried out at different heading
angles, spanning from 0° to 180°. A mono-directional flap-type wave generator is
used to generate regular waves. These wave scenarios had varying combinations
of wave/ship length, and wave steepness: “H/A = 0.020 and A/Ly,; = 1.00”
where H = 0.063 mand A = 3.147 m, “H/A = 0.020 and 1/Ly,; = 0.50” where
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H =0.031m and A = 1.574 m, and “H/A = 0.025 and A1/Ly,;, = 1.00” where
H =0.079 m and A = 3.147 m. The longitudinal force, lateral force, and yaw
moment were collected via a load cell to get second-order mean wave drift loads.
FFT algorithm is applied during the data reduction procedures and Savitzky-Golay
filtering is used to filter the force and moment data. This section of the research

yields the following primary findings.

- It has been revealed that maneuvering in waves examination can be performed
by using the horizontal planar motion mechanism as an alternative in cases
where there is no maneuvering tank and therefore free-running tests cannot be

performed.

- While the study by Kinaci & Ozturk (2023) takes an empirical approach, the
thesis approaches the same subject from an experimental standpoint. Mean
second-order wave drift forces and moments have been successfully
determined by steady drift tests carried out at zero speed and different heading

angles.

- The appropriate procedure should be applied to obtain mean second-order
wave drift loads from time-dependent force and moment signals obtained from
experiments conducted in waves. Here, although the FFT algorithm is suitable
for switching to the frequency domain, it has been revealed that filtering is
needed to accurately predict the value corresponding to the zeroth frequency.
Savitzky-Golay filtering, which is applied to a certain part of the frequency

domain before reaching the peak, has been successful.

- The parameters used in the application of the Savitzky-Golay filter could be
different according to the frequency signals.

- The experimental longitudinal wave drift forces and two approaches
(Advanced Marine Enterprises Inc., 1996; DNV AS, 2021) illustrated a parallel

pattern over the given heading angle interval.

- The patterns of experimental results of lateral wave drift loads and results from
three approaches overlap (API, 2005; DNV AS, 2021; Gupta, 2008), implying

a close resemblance between datasets.
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- A comparison of yaw moments showed that the DNV approach (DNV AS,
2021) can be preferred for the calculation of wave forces except moment. For
certain, this inference is valid for models like ONR Tumblehome.

- As the wavelength increased, the longitudinal wave drift force acting on the
ship increased. When the wave height and wave length are halved, the

longitudinal wave drift force acting on the ship is reduced.

- When the wave height and length are reduced by half, a more stable decrease
is observed in the ¥;,, force and the values are reduced nearly by half compared
with the wavelength equal to the ship length.

- The results appeared in a sensible order in yaw moment comparison for

different wave scenarios.

- Regular waves were successfully produced using the wave generator in the

laboratory. However, the uncertainty increases as the wave height decreases.

One of the steady drift scenarios was simulated by using CFD tools to predict the forces
and moments as a result of the prescribed heading angles of the model. The solution
strategy of the flow and details about the numerical domain were presented in Chapter
4. To investigate the efficiency of CFD tools, the “H/A = 0.020 and A/Ly,;, = 1.00”
case was simulated by using a three-dimensional RANSE-based CFD approach
adopting the realizable two-layer k — & scheme. The overset interface between the
parts in the computational domain was defined. In total, 2.695E+06 cells were created
to solve the numerical problem. The fifth-order VOF wave is selected to produce the
regular wave of H/A = 0.020 and A/Ly,; = 1.00. To assess the accuracy and
reliability of the simulations, verification and validation procedures were followed.

This section of the investigation reveals the following main findings:

- During the performing different heading angles, it is important to rotate the
overset domain, local mesh densifications (i.e., overlap geometries), and
ONRT maodel together.

- Through the elimination of wave reflections at the boundaries and facilitating
the wave solution, placing the forcing zone at the boundaries resulted in a

reduction in computational workload.
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- Although there is more than one approach to determining the time step, it was
found appropriate to use the time step obtained from the guideline by CD-
Adapco (2018).

- The calculations for uncertainty demonstrated that a medium grid numerical

setup can be employed for the research.

- The temporal convergence study has successfully established an optimal time

step size.

- During the validation phase, the computational and experimental surge force

of the steady drift test at 1» = 0° were found to be quite compatible.

- Computational and experimental wave loads were compared: The longitudinal
and lateral wave drift forces and yaw moments were found to be compatible.
As a result, it has been shown that the experimental setup can also be designed

computationally.

Furthermore, a direct simulation of the turning circle in calm water was conducted
under 6-DoF, Fr = 0.2, and § = 35° conditions, in addition to the simulations of
steady drift within the waves. In total, 7.438E+06 cells were created to solve the
numerical problem. Computation is performed to the port side using maximum rudder
angles without changing the advance velocity. As soon as the hull velocity is stable at
the advance velocity, the rudder starts to turn, and the turning is adjusted to reach the
maximum rudder angle in 1 second. The turning circle is plotted when a 360° change
of heading is completed. The main conclusions of this part will be given in the

following paragraphs.

The system-based ship maneuvering simulation integrating the wave model is detailed
in Chapter 5. The interaction of the hull, propeller, and rudder was ensured by a 4-DoF
MMG model with a roll-coupling effect. After the given basic assumptions, the
derivations of the equation of motion with 6-DoF and 4-DoF were given respectively.
The unknown terms in the equation of motion were forces X, Y, and moments K, N.
To calculate these unknown terms, MMG's modular approach feature was used. The
method to calculate the hydrodynamic forces and moments due to hull, the method to
calculate the forces and moments due to propellers, the method to calculate the forces
and moments due to rudders, and the method to impose the wave drift loads based on

experimental results were presented separately. The non-dimensionalization procedure
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used in the calculations was given. The parameters of the surface combatant ONR

Tumblehome were reached by several sources and the effects due to the twin screw of
the ONRT model are included in the model.

Standard turning circle maneuvering simulations were conducted in calm water and

regular wave conditions at Fr = 0.2 which corresponds to U, = 1.111 m/s in the

model scale. After performing the turning circle simulations to both port and starboard,

the following main variables were achieved and expressed in the dimensional form:
Advance (Ad), transfer (Tr), tactical diameter (T D), steady turning diameter (STD),

steady yaw rate (SYR), and steady turning speed (STS). The key discoveries in the

calm water condition are as follows.

Straight-ahead simulations were successfully performed to determine the
ko, k1, and k, coefficients. The initial velocity remained constant for some time

after the forward motion.

Turning circle simulations with +35° rudder angles under calm water
conditions at Fr = 0.2 were compared with existing experimental, numerical,
and S-B simulations. The comparative investigations show that present S-B
results are in good agreement with experimental results except for the advance
parameter. This remarkable consistency between S-B simulations and
experiments was always valid at different heading angles of 0°, £90°, and

180°, and turning directions (6 = +35°).

The inconsistency in advance parameters both in calm water and in wave
conditions is remarkable. However, it is not possible to make a definite
judgment about S-B simulations from this relation. Because in the
experimental trajectory, it is not clear when the rudder begins to turn, nor how
long before the rudder begins to turn is reflected in the trajectory figure.
Existing S-B and CFD turning trajectories captured the motion state of the hull

one second before the rudder started turning.

The best agreement with the existing S-B simulations in calm water was
obtained with the results of the S-B simulations in the literature (Guo et al.,
2018). The geometric and maneuver-related parameters of the ONRT model
were obtained from this source, and as a result of the comparison, it can be

thought that the current model was correctly established.
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When comparing the values of the parameter "steady yaw rate™ of the calm
water cases among the different solution methods, a significant rise can be
observed in the S-B simulations. A comment can be provided to clarify this
distinction: The equations of motion utilized exclusively in the S-B simulations
are limited to 4 degrees of freedom. While further data analysis may be
required for a definitive conclusion, this observation could suggest that the
increase in SYR value is linked to a reduction in the degree of freedom of

motion.

In the case of calm water, it was seen that the maneuver parameters values were
very close to each other in the comparison of the portside and starboard side

turning directions.

The direct CFD simulation outcome did not align with the anticipated results.
The simulation results have presented an opportunity for further analysis and

refinement.

Three different rudder angles were examined to observe the effect of rudder
angle on maneuver parameters in portside and starboard side turnings. A larger
rudder angle resulted in lower advance and transfer, a smaller turning diameter,
a turning trajectory, velocity, and roll angle. On the contrary, a larger rudder

angle caused a higher steady yaw rate and a sharper turn

It was assessed that the use of system-based simulation to address the ONR
Tumblehome's turning circle problem, specifically focusing on +35° rudder angles in
regular wave conditions at Fr = 0.2. Polynomials are fitted to the second-order mean
wave loads obtained from the experimentally measured forces and moments in the
three-wave scenario. These obtained equations are integrated into the S-B simulations
as a wave model. The incident wave angles, denoted as y, encompass 0° (representing
following seas), +90° (indicating quartering seas), and 180° (corresponding to head
seas), thereby encompassing a range of wave conditions. The central results derived

from S-B turning circle simulations in regular waves can be outlined as follows.

All S-B simulation results were compared with the experimental study by
Elshiekh (2014). Parameters other than the advance parameter, as in calm water

cases, are consistent with the experimental results.
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The modification due to the differences of experimental and S-B coordinate
systems, was important to apply. If this modification is not made, the forces
and moments are not adapted correctly and the drift of the model cannot be

predicted correctly.

In the head wave cases, it is seen that the turning trajectory has less drift in the
—x direction. It may be caused by the magnitude of the mean wave sway force.
Because when the Yy, force was increased randomly in simulations, it was seen
that this amount of drift increased and became more compatible with the

experimental trajectory.

The leeward and windward position of the rudders during the turning maneuver

may be important for the final trajectory.

The relation between the wave parameters and turning circle parameters was
laid out in detail. The bar charts clearly illustrate the maneuvering parameters

for each rudder angle and wave incident angle in terms of wave characteristics.

6.3 Recommendations

Based on the findings and analysis presented in this study, several key

recommendations emerge for further research and practical applications:

Wave spectra variation: Extend the simulation capabilities to account for a
broader range of wave spectra and wave conditions, including irregular waves,
in order to provide a more comprehensive assessment of the ship's

maneuvering performance.

Incorporate forward speed: Modify the simulation software to include the
influence of forward speed on the vessel's maneuvering behavior. This can be
achieved by integrating the relevant hydrodynamic equations and parameters
that consider the vessel's speed through the water.

Rudder coefficients: Flow-straightening coefficients and correlation factors for
the flow-straightening effect due to yaw rate take different values depending
on the position of the rudders. In the S-B simulations, the difference is taken

into account according to the position, but the same values were used for the
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right and left rudders. These coefficients should vary with changes in the

rudder.

- Experimental capability: Enable the experimental setup to 4-DoF or 6-DoF

which enhances the vessel’s response.

- Direct CFD simulations: Reconfigure solver settings carefully, including time

step size, convergence criteria, and numerical schemes.

These recommendations aim to advance the capabilities of maneuvering simulation
for the ONR Tumblehome, ensuring that it serves as a powerful tool for research,
training, and design optimization while accounting for the complexities of wave-ship

interactions.
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APPENDIX A Empirical/analytical results of wave drift loads for "H/A =
0.020,4/Ly;, = 0.50" and "H /A = 0.025,/Ly,;, = 1.00"

Table A.1 : Comparison of longitudinal wave drift forces, X, obtained by
empirical/analytical approximations at H/A = 0.020 and A/Ly,;, = 0.50.

: Advanced
Heading Marine Gupta Bergdahl & DNV AS
angle, Y . API (2005) Kofoed
(deg) Enterprises (2008) (2015) (2021)
Inc. (1996)
0 -0.089 -0.590 -0.552 -0.934 -0.063
15 -0.086 -0.570 -0.533 -0.902 -0.065
30 -0.077 -0.511 -0.478 -0.809 -0.065
45 -0.063 -0.417 -0.390 -0.660 -0.063
60 -0.044 -0.295 -0.276 -0.467 -0.055
75 -0.023 -0.153 -0.143 -0.242 -0.041
90 0.000 0.000 0.000 0.000 -0.017
105 0.023 0.153 0.143 0.242 0.015
120 0.044 0.295 0.276 0.467 0.048
135 0.063 0.417 0.390 0.660 0.076
150 0.077 0.511 0.478 0.809 0.098
165 0.086 0.570 0.533 0.902 0.116
180 0.089 0.590 0.552 0.934 0.131

1.5

p————— Advanced Marine Enterprises Inc. (1996)
e API (2005)
e Gupta (2008)
——— Bergdahl & Kofoed (2015)
DNV AS (2021)

Xy [N]
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Figure A.1 : Comparison of empirical/analytical results of mean longitudinal force
with respect to heading angle (H/A = 0.020,1/Ly,;, = 0.50).
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Table A.2 : Comparison of lateral wave drift forces, Yy, obtained by
empirical/analytical approximations at H/A = 0.020 and A/Ly,;, = 0.50.

. Advanced
Heading Marine Gupta Bergdahl & DNV AS
angle, ¥ E . API (2005) 2008 Kofoed 2021
(deg) nterprises ( ) (2015) ( )
Inc. (1996)

0 0.000 0.000 0.000 0.000 0.000
15 0.298 0.153 0.143 0.242 0.221
30 0.575 0.295 0.276 0.467 0.427
45 0.814 0.417 0.390 0.660 0.604
60 0.997 0.511 0.478 0.809 0.740
75 1.112 0.570 0.533 0.902 0.825
90 1.151 0.590 0.552 0.934 0.854
105 1.112 0.570 0.533 0.902 0.825
120 0.997 0.511 0.478 0.809 0.740
135 0.814 0.417 0.390 0.660 0.604
150 0.575 0.295 0.276 0.467 0.427
165 0.298 0.153 0.143 0.242 0.221
180 0.000 0.000 0.000 0.000 0.000

— Advanced Marine Enterprises Inc. (1996)
s APT (2005)
s (Gupta (2008)
e Bergdahl & Kofoed (2015)
DNV AS (2021)
1.2
1.0
0.8 F
z |
z 0.6
.
0.4
0.2
00”I\II\I\\I\\I\II\IIII\\IIII\III\IIIII\II\I\\I\II\II\I\II\\

0 15 30 45 60 75 90 105 120 135 150 165 180
y [deg]

Figure A.2 : Comparison of empirical/analytical results of mean lateral force with
respect to heading angle (H/A = 0.020,A/Ly,;, = 0.50).
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Table A.3 : Comparison of yaw moments, N, obtained by empirical/analytical
approximations at H/A = 0.020 and A/Ly,;, = 0.50.

Heading A&Var.]ced DNV AS
arine
an(gjle, v Enterprises AP1(2005) (2021)
(deg)  |nc. (1996)
0 0.000 0.000 0.000
15 0.076 0.038 0.034
30 0.125 0.128 0.049
45 0.131 0.209 0.047
60 0.086 0.221 0.030
75 -0.001 0.143 0.003
90 -0.109 0.000 -0.029
105 -0.209 -0.143 -0.058
120 -0.274 -0.221 -0.080
135 -0.284 -0.209 -0.088
150 -0.234 -0.128 -0.078
165 -0.132 -0.038 -0.048
180 0.000 0.000 0.000

0.4

Advanced Marine Enterprises Inc. (1996
API (2005)

- DNV AS (2021)

02F

_04-II\IIJI\\I\JI\II\IIIILJ\II\ILII\lIlll\II\ILJI\II\II\ILII\JI
0 15 30 45 60 75 90 105 120 135 150 165 180

y [deg]

Figure A.3 : Comparison of empirical/analytical results of mean yaw moment with
respect to heading angle (H/A = 0.020,A/Ly,;, = 0.50).
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Table A.4 : Comparison of longitudinal wave drift forces, X, obtained by
empirical/analytical approximations at H/A = 0.025 and A/Ly,;, = 1.00.

: Advanced
Heading Marine Gupta Bergdahl & DNV AS

angle, Y Enterori API (2005) 2008 Kofoed 2021
(deg) nterprises ( ) (2015) ( )

Inc. (1996)
0 -0.348 -1.858 -2.187 -6.064 -0.412
15 -0.336 -1.795 -2.112 -5.857 -0.425
30 -0.301 -1.609 -1.894 -5.251 -0.425
45 -0.246 -1.314 -1.546 -4.288 -0.407
60 -0.174 -0.929 -1.093 -3.032 -0.360
75 -0.090 -0.481 -0.566 -1.569 -0.266
90 0.000 0.000 0.000 0.000 -0.110
105 0.090 0.481 0.566 1.569 0.099
120 0.174 0.929 1.093 3.032 0.314
135 0.246 1.314 1.546 4.288 0.495
150 0.301 1.609 1.894 5.251 0.639
165 0.336 1.795 2.112 5.857 0.755
180 0.348 1.858 2.187 6.064 0.852

‘ Advanced Marine Enterprises Inc. (1996)

API (2005)
"——— Gupta 2008)
L Bergdahl & Kofoed (2015)
4.0 F DNV AS (2021)

6.0

20

Xy IN]

I WIS TS I IS SANAAEE INANAAN SNAATAEE IAAEE INANAA AN ENA AR
0 15 30 45 60 75 90 105 120 135 150 165 180

w [deg]

Figure A.4 : Comparison of empirical/analytical results of mean longitudinal force
with respect to heading angle (H/A = 0.025,1/Ly,;, = 1.00).

190



Table A5 : Comparison of lateral wave drift forces, Yy, obtained by
empirical/analytical approximations at H/A = 0.025 and A/Ly,;, = 1.00.

. Advanced
Heading Marine Gupta Bergdahl & DNV AS
angle, ¥ Enterori API (2005) 2008 Kofoed 2021
(deg) nterprises ( ) (2015) ( )
Inc. (1996)

0 0.000 0.000 0.000 0.000 0.000
15 0.820 0.481 0.566 1.569 0.642
30 1.583 0.929 1.093 3.032 1.239
45 2.239 1.314 1.546 4.288 1.753
60 2.743 1.609 1.894 5.251 2.147
75 3.059 1.795 2.112 5.857 2.394
90 3.167 1.858 2.187 6.064 2.479
105 3.059 1.795 2.112 5.857 2.394
120 2.743 1.609 1.894 5.251 2.147
135 2.239 1.314 1.546 4.288 1.753
150 1.583 0.929 1.093 3.032 1.239
165 0.820 0.481 0.566 1.569 0.642
180 0.000 0.000 0.000 0.000 0.000

Advanced Marine Enterprises Inc. (1996)
API (2005)
Gupta (2008)

Bergdahl & Kofoed (2015)
DNV AS (2021)

6.0

5.0

Yy, [N]

:lillllilli:lll:[ll:lil]il:[li: ““

00 I\|I\|\\I\JI\II\III|\\\II\|\||\IIIII\II\|\JI\II\II\|LI|\J
0 15 30 45 60 75 90 105 120 135 150 165 180

y [deg]

Figure A.5 : Comparison of empirical/analytical results of mean lateral force with
respect to heading angle (H/A = 0.025,1/Ly,;, = 1.00).
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Table A.6 : Comparison of yaw moments, N, obtained by empirical/analytical
approximations at H/A = 0.025 and A/Ly,;, = 1.00.

Heading A&Var.]ced DNV AS
arine
an(gjle, ¥ Enterprises AP1(2005) (2021)
(deg) e, (1996)
0 0.000 0.000 0.000
15 0.208 0.120 0.097
30 0.345 0.402 0.142
45 0.360 0.657 0.136
60 0.236 0.697 0.087
75 -0.003 0.449 0.008
90 -0.299 0.000 -0.083
105 -0.574 -0.449 -0.169
120 -0.754 -0.697 -0.231
135 -0.783 -0.657 -0.254
150 -0.644 -0.402 -0.225
165 -0.363 -0.120 -0.141
180 0.000 0.000 0.000
1.0
05F
0.0
A 7
=z |
2z -0.5F
-1.0 B Advanced Marine Enterprises Inc. (1996
B API (2005)
- DNV AS (2021)
_15_IIJIIJILJILJI\II\IIIILJIIII\lllLlllll\IIJILJI\II\II\ILIILJI

0 15 30 45 60 75 90 105 120 135 150 165 180
w [deg]

Figure A.6 : Comparison of empirical/analytical results of mean yaw moment with
respect to heading angle (H/A = 0.025,1/Ly,;, = 1.00).
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APPENDIX B Matlab code for Fast Fourier Transform (FFT) and Savitzky-Golay
smoothing filter

clear; clc; close all;
X=dlmread ('0X.dat'"); % The sample signal

Fs = 1/0.005; % Sampling frequency
1/Fs; % Sampling period

length (X); % Length of signal
= (0:L-1)*T; % Time vector

[
Il

o)

% Identify an input length that is the next power of 2 from the
original signal length
n = 2”nextpow?2 (L) ;

o°

Perform FFT analysis
= fft(X,n);

=

o\

Compute the frequency axis
= Fs*(0: (n/2))/n; % Frequency axis

Hh

o\

Compute the two-sided spectrum P2
P2 = abs(Y)/(L);

% Compute the single-sided spectrum P1
Pl = P2(1l:n/2+1);
Pl(2:end-1) = 2*P1(2:end-1);

% Apply Savitzky-Golay filtering

a = 30;

PO = P1(l:a);

order = 3; % Polynomial order
framelen = 11; % Frame length

sgf = sgolayfilt (PO,order, framelen) ;

% Plot the magnitude spectrum

figure (1)

plot (£,P1)

title("Single-Sided Amplitude Spectrum of S(t)")
xlabel ("f (Hz)")

ylabel ("|P1(£) ™)

set (gca, 'X1lim', [0,1.1])

% Plot the original and filtered signals
figure (2)

plot (PO, ':")

hold on

plot (sgf,'.-")

legend('signal', "sgolay"')
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APPENDIX C Time histories and FFT analyses of the experimental study
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Figure C.1 : Time histories of experimental X, Y forces and N moment at H/A = 0.020 and 1/Ly,;, = 1.00: (a) ¥» = 0°, (b) ¥ = 15°, and (c)
P = 30°.
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Figure C.2 : FFT analysis of time histories of experimental X, Y forces and N moment at H/A = 0.020 and A/Ly,;, = 1.00: (a) Y = 0°, (b) Y =
15°, and (c) ¥ = 30°.
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W = 75°.
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Figure C.15 : Time histories of experimental X, Y forces and N moment at H/A = 0.020 and A/Ly,;, = 0.50: (a) » = 90°, (b) ¥ = 105°, and (c)

W = 120°.

209

220 TN T T T A T T T T T T T O T W T A W

25 30

40
Time [s]

25 30 35 40
Time [s]




0 0.2 0.4

O-LJAI‘II\

0 0.2 0.4

N [Nm]

[PPSOy DRy a Py

[} ——

0.2 0.4 0.6 0.8
(a) fIHz]

Figure C.16 : FFT analysis of time histories of experimental X, Y forces and N moment at H/A = 0.020 and A/Ly,;, = 0.50: (a) Y = 90°, (b)
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APPENDIX D Experimental results of wave drift loads for "H/A = 0.020,A/Ly,;, =
0.50" and "H/A = 0.025,A/Ly,, = 1.00"
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Figure D.1 : Comparison of longitudinal wave drift forces of steady drift tests and
empirical/analytical approaches at H/A = 0.020,A/Ly,;, = 0.50.
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Figure D.2 : Comparison of lateral wave drift forces of steady drift tests and
empirical/analytical approaches at H/A = 0.020,A/Ly,;, = 0.50.
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Figure D.3 : Comparison of yaw moments of steady drift tests and
empirical/analytical approaches at H/A = 0.020,A/Ly,;, = 0.50.

Table D.1 : Wave drift loads of steady drift tests with various heading angles at
H/A = 0.020,1/Ly,, = 0.50.

i [deg] Xw [N] Yw [N] Ny [Nm]

0 -0.063 0.083 0.006
15 -0.023 0.235 0.045
30 -0.073 0.384 0.089
45 -0.066 0.586 0.159
60 -0.065 0.681 0.221
75 -0.031 0.817 0.079
90 -0.047 0.870 -0.040
105 0.047 0.767 -0.143
120 0.033 0.705 -0.174
135 0.085 0.564 -0.168
150 0.093 0.387 -0.060
165 0.158 0.141 -0.018
180 0.177 0.055 -0.011

226



Advanced Marine Enterprises Inc. (1996)
API (2005)
Gupta (2008)
Bergdahl & Kofoed (2015)
DNV AS (2021)

A EFD

IRRE BB3. o LAY BRERE REAN) AN BARRE BERLI BAEL

Trrrrrrrres

E bbb g e b b e b b e e
30 45 60 75 90 105 120 135 150 165 180

y [deg]

N
o o o o o

ST
[y
wn

Figure D.4 : Comparison of longitudinal wave drift forces of steady drift tests and
empirical/analytical approaches at H/A = 0.025,A/Ly,;, = 1.00.
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Figure D.5 : Comparison of lateral wave drift forces of steady drift tests and
empirical/analytical approaches at H/A = 0.025,A/Ly,;, = 1.00.
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Table D.2 : Wave drift loads of steady drift tests with various heading angles at
H/A = 0.025,1/Ly,;, = 1.00.
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Figure D.6 : Comparison of yaw moments of steady drift tests and
empirical/analytical approaches at H/A = 0.025,A/Ly,;, = 1.00.

~

N A =
N A

-I Ll I Ll I Ll I Ll I Ll I Ll l Ll I Ll I Ll Ll I Ll I Ll I Ll

0 15 30 45 60 75 90 105 120 135 150 165 180

i [deg] Xw [N] Yw [N] Ny [Nm]

0 -0.330 0.092 0.070
15 -0.459 0.567 0.120
30 -0.397 1.116 0.505
45 -0.334 1.744 0.741
60 -0.285 2.119 0.823
75 -0.267 2.283 0.453
90 -0.154 2.384 -0.133
105 0.092 2.209 -0.511
120 0.346 2.293 -0.789
135 0.381 1.732 -0.778
150 0.314 1.260 -0.405
165 0.774 0.710 -0.268
180 0.886 0.100 -0.037
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APPENDIX E Time histories of wave signals
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Figure E.1 : Time histories of wave signals at ¢ = 0° to 120° (H/A = 0.020 and A/Ly,;, = 1.00).
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Figure E.2 : Time histories of wave signals at ¢ = 120° to 180° (H/A = 0.020 and A/Ly,;, = 1.00).
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Figure E.3 : Time histories of wave signals at Y = 0°to 120° (H/A = 0.020 and 1/Ly,;, = 0.50).
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Figure E.4 : Time histories of wave signals at ¢ = 120° to 180° (H/A = 0.020 and A/Ly,;, = 0.50).
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Figure E.5 : Time histories of wave signals at Y = 0°to 120° (H/A = 0.025and A1/L,;, = 1.00).
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Figure E.6 : Time histories of wave signals at ¢ = 120° to 180° (H/A = 0.025 and A/Ly,; = 1.00).

, H [mm]

60

40

t 1 I 1 | 1 1

0 10 20 30 4
w=135 deg t[s]

I

F 1 | L 1 | | 1

0 10 20 30 40
w=150 deg ts]

234

H |mm]

40

-60

60

40|

20

-20

40

-60

t L 1 1 L1 | 1 L

0 10 20 30 40
y=165 deg ts]

E L 1 1 L | 1 L

0 10 20 30 40
w=180 deg t[s]



APPENDIX F Time histories and FFT analyses of the computational study
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Y = 30°.

235



XN
XN
SRS N 4B B M.

MR.J_LW bt L 1

1 L5 .2 15 3 33 4
f1Hz]

e g by

Y [N]
T T e
¥ IN]

T e

T TP TR S NN U U TR B

05 1 5 .2 25 3 35 4
JS|Hz|

é

i R 4 B A A S Y S 0
0 0.5 1 1.5 3

N [Nm]

N [Nm]
=
SRR (NN - NI N

ol v b Tl 1T 1M oB i 1T ) e . 0 tha I S I PO BT
0 2 0.5

(a) } 1 1.5 fllz'lll (b) E 1.5 f[lz'[Z] 25 3 35 4 (C) 0.5 1 1.5 f[[z'lz] 3 35 4

Figure F.2 : FFT analysis of time histories of computational X, Y forces and N momentat H/A = 0.020 and A/Ly,;, = 1.00: (a) Y = 0°, (b) Y =
15°, and (c) ¥ = 30°.

236



,_.
W
wn

10 10[
sF sF
Z 0F £ 0F
= F = b
SE sE
10 10;
[ [ | I [ | [ [ | [ 1 E 1 1 1 L 1 1 L 1 1 1
13 5 10 15 20 15g 4 1
Time [s] Time [s]
30 500
205 E
o 25
10
£ 0f £
~ F >~ [
10F N
E 251
20F L
~ TR R T S S TS S S S S R S I T TR T TR R T L
305 5 10 15 20 305 4 1
Time [s] Time [s]
40 40
20[ 20
EBR E
Z 0 Z 0
= L z [
20f 20|
I R T R S T S N SR T ST SN N ST S N M | TR R TR R S ' L
40 5 10 15 20 409 4 12
(a) Time [s] (b) Time [s]

N [Nm] YN X[N]
(3] 5o 4+ o0 = e =] —_— 1 1 —_—
o (=] (=] o OD [=) (=] o = (] =] . = =y o0 (37

=
=

(©

R e R R

Time Isi

1
Time [s]

S

Figure F.3 : Time histories of computational X, Y forces and N moment at H/A = 0.020 and A/Ly,

W = 75°.

237

12
Time [s]

= 1.00: (a) Y = 45°, (b) Y = 60°, and (c)



12 8
9f- 6F
_ I _ SE
z L z ok
- 6 =
= = F
N 3F
3 2F
C iE

0 IS IR BV A PR RN BN 0' L bt e s L

0.5 1 1.5 ) 75 3 35 ! 05 1 1.5 p) 25 3 35 4

flHz] fIHz]

40 60
s0f [
[ 40
£ nf £ I
= r m~ :
r 20
10 i

0 IO Ry e | a1 Gi | S E I T g

0 0.5 1 .5 p) 75 3 33 4 35 4

Sf1Hz]
35 251
Wk r
F 20F
25F r
T 20F E F
Z <
= BF =z wf
0E 2
F sh
5F C
1 LV 1 L 1 1 0 delobet b el L 0|\|\|||\| pl g e Ly L)
0.5 5 2 3. 15 ) 5 35 4 23 3 33 4
(b) f1Hz] (©)

Figure F.4 : FFT analysis of time histories of computational X, Y forces and N moment at H/A = 0.020 and A/Ly,;, = 1.00: (a) Y = 45°, (b)
Y = 60°, and (c) Yy = 75°.

238



10f 10;
sf sp
z Z of Z o
= - o = F
S| SE
10; 10;
Time [s] Time [s] Time [s]
100 - 60 -
: s0f
50 r
20
z Z of
S r B~ L
- 20[
50 - r
C a0
Time [s] Time [s] Time [s]
BU: 40_
20[ C
o 20+
_lof _ I
E f E [
Z of Z 0
= ¢t = [
-10 L
r 20 -
20f L
6 B 300-IIIIIII=I1III(;IIIEI%IIIIIDI_II 4UDIIIISIIIIIIIOIIIIIISIIII_Zbl
(a) Time [s] (b) Time [s] (c) Time [s]
Figure F.5 : Time histories of computational X, Y forces and N moment at H/A = 0.020 and A/Ly,;, = 1.00: (a) ¥ = 90°, (b) ¥ = 105°, and (c)
Y = 120°.

239



0.6 10 15
s -
0.4 N 10+
— — 6F —
£ Z I £ r
< < L > [
0.2 r 51
I 2 i
0-| 1 1 | IR N B B B A B A L1 0 1 e U S W I T T SR N N B B T 0 n | PSP (TN WA TR TN W A A T T O T O S O A Y I §
0 0.5 1 1.5 2 2.5 3 35 4 0.5 1 1.5 2 2.5 3 35 4 0.5 1 1.5 2 2.5 3 35
f1Hz] Jf1Hz] S Hz]
60 T0 £ 40
60 F L
i soF or
40 s L
z t zYE Z 0
~ T =~ 3 w L
20 E I
i 205— f
10F C
0|||||||\|\|\|\|| PRI e 0- USRI [NV S TN N T O T W N AT NN S N R ‘3 T S R |- L Lia 1
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4 1.5 2 3 35 4
f1Hz] f1Hz] f1Hz]
10 25 25
s| 20 20F
T 6 = I5F T I5F
£ £ [ Z f
Z 4| Z 10fF = 10F
2f sE sE
0'....|..\.J1.\.\]|_....2 s ot = - 0;.05\.\.|....|...\_’\..25 e . 03 . e : - )
8 el 2 E 3. 3 2 . d 3 B B 2z
(a) S1Hz] (b) f1Hz] (©) flHz]

Figure F.6 : FFT analysis of time histories of computational X, Y forces and N moment at H/A = 0.020 and A/Ly,;, = 1.00: (a) ¥ = 90°, (b)
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APPENDIX G Turning trajectories and time histories in calm water
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Figure G.1 : Comparison of turning trajectories and time histories in calm water, § = 35° and yp = 90°.
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Figure G.2 : Comparison of turning trajectories and time histories in calm water, § = —35° and y = 90°.
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Table G.1 : Comparison of trajectory parameters in calm water, § = +35° and ¢y = 90°.

Parameter EFD (Elshiekh, 2014) S-B — Present Error [%] EFD (Elshiekh, 2014) S-B — Present Error [%]

& [deq] +35 -35

Y [deg] 90 90
Ad [m] 7.4301 8.3475 12.35 7.3969 8.3483 12.86
Tr [m] 4.0007 4.1245 3.09 4.2110 4.1246 2.05
Too 15.3333 15.0166 2.07 15.2167 15.0138 1.33
TD [m] 10.1117 9.9557 1.54 10.2815 9.9595 3.13
STD [m] 10.0727 9.7244 3.46 10.3043 9.7257 5.62
Tis0 26.4833 25.050 541 26.2333 25.0643 4.46
SYR [deg/s] 7.8986 8.8637 12.22 7.9466 8.8626 11.53
STS [m/s] 0.7081 0.7521 6.21 0.7203 0.7522 4.43
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Figure G.3 : Comparison of turning trajectories and time histories in calm water, § = 35° and y» = 180°.
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Figure G.4 : Comparison of turning trajectories and time histories in calm water, § = —35° and ¥ = 180°.
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Table G.2 : Comparison of trajectory parameters in calm water, § = +£35° and y» = 180°.

Parameter EFD (Elshiekh, 2014) S-B — Present Error [%] EFD (Elshiekh, 2014) S-B — Present Error [%]

& [deq] +35 -35

Y [deq] 180 180
Ad [m] 7.4301 8.3475 12.35 7.4723 8.3483 11.72
Tr [m] 3.9527 4.1245 4.35 4.1152 4.1246 0.23
Too 15.2000 15.0127 1.23 15.2333 15.0219 1.39
TD [m] 9.9533 9.9557 0.02 10.0979 9.9595 1.37
STD [m] 10.1499 9.7435 4.00 10.1113 9.7257 3.81
T150 26.3167 25.0600 4.78 26.3000 25.0360 4.81
SYR [deg/s] 7.9034 8.8637 12.15 8.0088 8.8626 10.66
STS [m/s] 0.7055 0.7521 6.61 0.7159 0.7522 5.07
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Figure G.5 : Comparison of turning trajectories and time histories in calm water, § = 35° and yp = —90°.
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Figure G.6 : Comparison of turning trajectories and time histories in calm water, § = —35° and ¥ = —90°.
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Table G.3 : Comparison of trajectory parameters in calm water, § = +£35° and ¢y = —90°.

Parameter EFD (Elshiekh, 2014) S-B - Present Error [%] EFD (Elshiekh, 2014) S-B — Present Error [%]

& [deq] +35 -35

Y [deg] -90 -90
Ad [m] 7.4293 8.3475 12.36 7.4806 8.3483 11.60
Tr [m] 4.0822 4.1245 1.04 4.1486 4.1246 0.58
Too 15.3000 15.0122 1.88 15.3167 15.0158 1.96
TD [m] 10.1721 9.9557 2.13 10.3365 9.9595 3.65
STD [m] 10.1885 9.7230 4.57 10.7288 9.7270 9.34
Tis0 26.4333 26.5402 0.40 26.4000 25.050 511
SYR [deg/s] 7.8986 8.8637 12.22 7.9779 8.8626 11.09
STS [m/s] 0.7081 0.7521 6.21 0.7264 0.7522 3.55
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APPENDIX H Turning trajectories and time histories in calm water for varying rudder angles
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Figure H.1 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = —15°, —25°,—35°and ¢ = 0°.
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Figure H.2 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = 15°,25°,35° and ¢ = 90°.
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Figure H.3 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = —15°,—25°,—35° and iy = 90°.
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Figure H.4 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = 15°,25°,35° and ¢y = 180°.
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Figure H.5 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = —15°,—25°,—35°and ¢ =
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Figure H.6 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = 15°,25°,35° and ¢y = —90°.
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Figure H.7 : Comparison of turning trajectories and time histories in calm water for varying rudder angles, § = —15°,— 25°,—35°and ¢ =

—90°.
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APPENDIX I Turning trajectories and time histories in waves

Table 1.1 : Comparison of trajectory parameters in regular waves, § = 35° and y = 90°.

H/A A/Ly;, Ad[m] Tr[m] TD([m] STD[m] SYR [deg/s] STS [m/s]

EFD (Elshiekh, 2014) 7.7655 4.3372 10.1347 N/A 7.7334 0.6895
S-B — Present 0.020 1.00 85982 4.4203 10.2101 9.6029 8.8481 0.7532
Error [%] -10.72  -1.92 -0.74 N/A -14.41 -9.24

EFD (Elshiekh, 2014) 7.5370 4.1282 9.9090 N/A 7.9471 0.7072
S-B — Present 0.020 0.50 8.4724 4.2945 10.1838 9.5881 8.8631 0.7524
Error [%] -1241  -4.03 -2.77 N/A -11.53 -6.39

S-B — Present 0.025 1.00 8.7523 4.5783 10.3523 9.5455 8.8134 0.7527

Table 1.2 : Comparison of trajectory parameters in regular waves, § = —35° and y = 90°.

H/A A/Ly, Ad[m] Tr[m] TD[m] STD[m] SYR [deg/s] STS [m/s]

EFD (Elshiekh, 2014) 7.1621 4.0334 10.1544 N/A 7.6718 0.6732

S-B — Present 0.020 1.00 8.3220 4.1965 9.9614 9.6045 8.8701 0.7510
Error [%] -16.19 -4.04 1.90 N/A -15.62 -11.56

EFD (Elshiekh, 2014) 7.3350 4.1250 10.3559 N/A 7.8660 0.7017
S-B — Present 0.020 0.50 8.3032 4.1394 9.8725 9.6037 8.8697 0.7533
Error [%] -13.20 -0.35 4.67 N/A -12.76 -7.35

S-B — Present 0.025 100 83095 4.2723 9.9919 9.5675 8.8439 0.7490
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Table 1.3 : Comparison of trajectory parameters in regular waves, § = 35° and y = 0°.

H/A A/Ly, Ad[m] Tr[m] TD[m] STD[m] SYR [deg/s] STS [m/s]

EFD (Elshiekh, 2014) 7.6891 4.0705 10.2595 N/A 7.7248 0.6781
S-B — Present 0.020 1.00 8.2784 4.2158 10.1623 9.6226 8.8448 0.7522
Error [%] -7.66  -3.57 0.95 N/A -14.50 -10.93

EFD (Elshiekh, 2014) 7.6003 4.1330 10.3164  N/A 7.9927 0.7006
S-B — Present 0.020 050 8.3791 4.2186 10.0848 9.6083 8.8652 0.7537
Error [%] -10.25  -2.07 2.24 N/A -10.92 -7.58

S-B — Present 0.025 100 8.2456 4.2786 10.2687 9.5656 8.8142 0.7517

Table 1.4 : Comparison of trajectory prameters in regular waves, § = —35° and y = 0°.

H/A A/Ly, Ad[m] Tr[m] TD[m] STD[m] SYR [deg/s] STS [m/s]

EFD (Elshiekh, 2014) 7.7526 4.1252 10.3656  N/A 7.7586 0.6841
S-B — Present 0.020 1.00 8.1994 4.0445 9.7666  9.6045 8.8673 0.7517
Error [%] -5.76 1.96 5.78 N/A -14.29 -9.88

EFD (Elshiekh, 2014) 7.5949 4.2698 10.5633  N/A 7.9783 0.7072
S-B — Present 0.020 0.50 8.3459 4.1112 9.8537 9.6037 8.8674 0.7532
Error [%] -989 371 6.72 N/A -11.14 -6.50

S-B — Present 0.025 1.00 81115 3.9928 9.6207 9.5675 8.8389 0.7487
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Figure 1.11 : Comparison of turning trajectories and time histories in waves, § = —35°and y = 0° (H/A = 0.020, A/Ly,;, = 0.50).
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Figure 1.12 : Comparison of turning trajectories and time histories in waves, § = —35°and y = 0° (H/A = 0.025, 1/Ly,;, = 1.00).

276



Table 1.5 : Comparison of trajectory parameters in regular waves, § = 35° and y = —90°.

H/A A/Ly, Ad[m] Tr[m] TD[m] STD[m] SYR [deg/s] STS [m/s]

EFD (Elshiekh, 2014) 7.1905 4.0929 10.2928 N/A 7.6392 0.6874
S-B — Present 0.020 100 8.1715 3.8790 9.5992 9.6014 8.8443 0.7532
Error [%] -13.64  5.23 6.74 N/A -15.78 -9.57

EFD (Elshiekh, 2014) 7.1864 4.1493 10.1896 N/A 8.0278 0.7002
S-B — Present 0.020 0.50 8.2421 3.9561 9.7061 9.5866 8.8618 0.7530
Error [%] -14.69  4.66 4.75 N/A -10.39 -7.54

S-B — Present 0.025 1.00 8.0303 3.6960 9.3692  9.5437 8.8120 0.7514

Table 1.6 : Comparison of trajectory parameters in regular waves, § = —35° and y = —90°.

H/A A/Ly, Ad[m] Tr[m] TD[m] STD[m] SYR [deg/s] STS [m/s]

EFD (Elshiekh, 2014) 7.8430 4.3103 10.0725 N/A 7.7624 0.6783
S-B — Present 0.020 1.00 8.1371 4.0955 10.1740 9.6056 8.8665 0.7586
Error [%] -3.75 4.98 -1.01 N/A -14.22 -11.84

EFD (Elshiekh, 2014) 7.5393 4.0272 9.8652 N/A 7.9648 0.6980
S-B — Present 0.020 0.50 8.2779 4.1551 10.1476 9.6051 8.8717 0.7538
Error [%] -9.80 -3.18 -2.86 N/A -11.39 -7.99

S-B — Present 0.025 1.00 8.0195 4.1010 10.2747 9.5685 8.8394 0.7498

277



X [m]

-10

EFD (Elshiekh, H.A., 2014)

SB - Present
| I 1

-15

T
0 10

5
Y [m]

Booaa loaa s Lo b bvaaa besaa Lo Lo b b s by

15 30 45 60 75 90 105 120 135 150 [1]65
tls

1.40

—_
[=]
w

u [m/s]
= (=]
i =

[=]

)
wn

U [m/s]
(== [=] (=] —
1= [ = =}
(=] i [=] i

e
tad
h

= 20-
o Isg
; %]OE Fit - 1 ! TII
C C = min - - =i
F s Tt i A AT
C ~ 5F
. oF
:||Illll||l]l|||Ill||IIl]I||I|llll|lll]||lll|l|ll]]]l| _5:II||I||||||I||Illllllll|llll|Il|I|||I|||||||I|ll|llll
0 15 45 60 75 90 105 120 135 150 165 0 45 60 75 90 105 120 135 150 165
ts] 1[s]
10
- 5;
L i | | ‘ | = O: ..il‘.l I
o ! WA I TS 1 o T < T
- el A A LA L I T b= *"I]"'.|.‘-« it il
L s 5F = 11 | Ml
C -lof
.|||l|||||||||I||||I||||]||||I||||I||||I||||I||||]|||| _]5:|||I||||I||||I||||I||||I||||I||||I||||I||||I||||I|||J
0 15 30 45 60 75 90 105 120 135 150 165 0 15 30 45 60 75 90 105 120 135 150 165
rs] ts]
. 200
F : : :
= C ' 1
s 100 4 '
E - n . 1 /
- g‘i L 1 [ K
- 2 o= : L
C . - [ 1
C C , .
C -100 = : 'r :
- oy 1
C - (3K '
C : ¥ !" 'r'
s o b b by a s b s b aaa bes s by g ban s liagg 2200 sl by b b b b b s b s daraalaay
0 45 60 75 90 105 120 135 150 I1]65 0 15 30 45 60 75 90 105 120 135 150 [1]65
t]s t]s

Figure 1.13 : Comparison of turning trajectories and time histories in waves, § = 35°and y = —90° (H/A = 0.020, A/Ly,;, = 1.00).
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Figure 1.15 : Comparison of turning trajectories and time histories in waves, § = 35°and y = —90° (H/A = 0.025, /Ly,
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Figure 1.16 : Comparison of turning trajectories and time histories in waves, § = —35°and y = —90° (H/A = 0.020, A/Ly,;, = 1.00).
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Figure 1.17 : Comparison of turning trajectories and time histories in waves, § = —35°and y = —90° (H/A = 0.020, A/Ly,;, = 0.50).
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Figure 1.18 : Comparison of turning trajectories and time histories in waves, § = —35°and y = —90° (H/A = 0.025, A/Ly,;, = 1.00).
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