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Summary

This thesis investigates the altered manoeuvring behaviour of ships in shallow-water con-
ditions using a combined model test-CFD approach. Comprehensive free-running model
tests were conducted with two different ship types, a container ship and a bulk carrier,
at a scale of 1:60. The experiments covered five different under-keel clearances, up to five
advance speeds, and various draught and trim conditions. Ship motions were recorded
using a laser tracking system and a fibre-optic gyro compass. In addition, the forces act-
ing on the rudder and propeller were measured separately, enabling a detailed analysis of
shallow-water effects as a function of keel clearance, speed, and floating condition.

The experimental findings served as the basis for further investigation using CFD sim-
ulations. Direct manoeuvring simulations were performed to analyse the hydrodynamic
mechanisms responsible for the observed behaviour. The numerical setup was first veri-
fied by grid-convergence studies for resistance simulations and one complete manoeuvring
simulation in shallow water for each ship. Subsequently, the simulations were validated
against the executed model-test manoeuvres. The validation demonstrated a high level of
agreement between numerical and experimental results, confirming the suitability of the
simulations for detailed hydrodynamic analysis. By analysing pressure distributions and
force contributions along the hull, the CFD simulations provided deeper insight into the
flow mechanisms governing manoeuvring behaviour in shallow water.

The results reveal that the manoeuvring characteristics of ships respond differently to
decreasing water depth and cannot be described by a single monotonic shallow-water
trend. While turning ability generally deteriorates with decreasing under-keel clearance,
the present study shows that this decline becomes significantly stronger in extreme shallow
water and is accompanied by pronounced speed dependence. At the same time, course-
keeping and yaw-checking performance do not continue to improve with decreasing water
depth. Instead, stagnation and even deterioration of yaw-checking behaviour occur in ex-
treme shallow water. Furthermore, pronounced directional asymmetries were identified in
the course-changing ability of the investigated ships. With decreasing water depth, the
asymmetry between port and starboard manoeuvres increases, culminating in a directional
trend reversal for the bulk carrier in extreme shallow water. A similar trend reversal is ob-
served for the container ship in its steady turning behaviour. The hydrodynamic analysis
of the numerical results shows that shallow-water effects are governed not simply by an
increase in global damping but by a depth-dependent redistribution of local hydrodynamic
loads along the hull. In particular, a progressive shift of forces from the aft towards the
fore ship with decreasing water depth was identified. The resulting balance between fore-
and aft-ship forces plays a decisive role in determining the yaw moment and, consequently,
the manoeuvring behaviour. The results further indicate that the extreme shallow-water
condition corresponding to an under-keel clearance of 10 % of the ship’s draught represents
a distinct hydrodynamic regime. In this regime, several manoeuvring parameters exhibit
trend reversals and increased sensitivity to speed. These findings highlight the importance
of explicitly considering extreme shallow-water conditions and depth-Froude-number ef-
fects in manoeuvring prediction and the operational assessment of ships navigating in
confined waterways.
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Hydrodynamic derivative of lateral force with respect to drift angle [N /rad]
Hydrodynamic derivative of lateral force with respect to rudder angle [N /rad]
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Transverse rudder force [N]
Hydrodynamic derivative of lateral force with respect to yaw rate [Ns/rad]
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1. Introduction

1.1. Motivation

The influence of shallow-water conditions on a vessel’s manoeuvring characteristics is sig-
nificant. According to current IMO regulations, the manoeuvrability of new ships is eval-
uated during sea trials conducted exclusively in deep water, although some proposals have
been made to introduce standardized shallow-water and low-speed manoeuvring tests (e.g.
Dand, 2003; Quadvlieg and van Coevorden, 2003; Li et al., 2006). While deep-water tran-
sit indeed accounts for the largest portion of a typical voyage, the operational demands on
manoeuvring performance in such conditions are relatively low. In contrast, the navigation
of harbour approaches generally occurs in restricted, shallow-water environments, where
the manoeuvring behaviour of ships is subject to the highest demands and plays a critical
role in the design and dimensioning of waterways.

Over recent decades, the size of seagoing vessels has continued to increase in line with
the growing volume of goods transported by sea. This trend has significant implications
for navigation in sea lanes and approach channels, which cannot always be expanded to
accommodate rising demand. As a result, manoeuvring in extreme shallow water oc-
curs more commonly. To ensure that navigation in such areas is not compromised, it is
necessary to study the changes in ship manoeuvring behaviour in shallow and laterally
restricted waters. In fact most marine disasters takes place close to harbour or coastal
areas (Li et al., 2006). According to EMSA (2022) approximately 95 % of their registered
navigation accidents occurred in inland waters, port areas, territorial sea and internal wa-
ters (like rivers or channels), where shallow-water conditions are usually present. Most of
these accidents occurred while manoeuvring/turning (approximately 28 %) and in passage
(approximately 27 %). Improving the safety of navigation in confined waters requires a
deeper understanding of the dynamics of ships in shallow-water conditions.

1.2. Brief Literature Review

Consequently, numerous studies have already been conducted in this area, employing a
variety of focuses and methodologies, particularly in recent years (Maljkovié et al., 2024).
Considering the history of research on shallow-water manoeuvring, knowledge in the field
has advanced significantly over the past decades, especially since the 11th International
Towing Tank Conference (ITTC) 1966 onwards, when the Manoeuvring Committee firstly
made the recommendation to consider the research of manoeuvring behaviour in confined
water as duty for the ITTC (ITTC, 1966). Up to that time, there has been a few full-
scale trials at shallow water (e.g. Baker, 1924; de Verdieére and Audren, 1951; Motora and
Couch, 1961). Among these, the most notable was the subsequent full-scale trial of the
Esso Osaka (Crane, 1979), which was later used extensively to investigate scaling effects
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(e.g. Bogdanov et al., 1987b) and to validate model tests (e.g. Hirano et al., 1985; Ya-
sukawa and Kobayashi, 1995) and CFD set-up (e.g. Ohmori, 1998; Simonsen and Stern,
2005; Wang et al., 2023). The Esso Osaka exhibited markedly deteriorated turning ability
in shallow water (h/T of 1.20), with an increase in advance of over 40 % and an approxi-
mately doubled tactical diameter compared with deep-water conditions. In contrast, under
moderate shallow water (h/T of 1.50), the tanker initially displayed enhanced turning be-
haviour. This phenomenon was already observed by Fujino (1968), who performed captive
model tests in both deep and shallow water (h/T of 2.50-1.21). The investigated oil tanker
(Tokyo Maru) exhibited yaw instability for h/T ratios between approximately 2.5 and 1.5.
Furthermore, the model tests revealed a significant increase in added mass and in the linear
derivatives of the hydrodynamic coefficients Y3, Ng, Y, and N,. This significant increase
in hydrodynamic damping in shallow water was confirmed by many authors subsequently
(e.g. Hirano et al., 1985; Yoshimura, 1986, 1988). In general, reduced water depth alters
the hydrodynamic forces on the hull, resulting in different manoeuvring characteristics:

o The turning ability decreases (e.g. Schmidt-Stiebitz, 1958b; Milanov and Chotukova,
2009; Kim et al., 2022),

o the course stability increases (e.g. Motora and Couch, 1961; Milanov and Chotukova,
2009; Yeo et al., 2016; Lee and Hong, 2017),

o the yaw-checking ability increases (e.g. Motora and Couch, 1961; Yun et al., 2015;
Yeo et al., 2016),

o the initial turning/course-changing ability varies negligibly (e.g. Yun et al., 2015;
Yeo et al., 2016),

o the maximum yaw rate decreases (e.g. Bogdanov et al., 1987b; Lu et al., 1987; Mi-
lanov and Chotukova, 2009; Yun et al., 2015; Yeo et al., 2016),

o the speed loss at turning decreases (e.g. Bogdanov et al., 1987b; Lu et al., 1987; Kim
et al., 2022) and

o the drift angle decreases (e.g. Schmidt-Stiebitz, 1958b; Kim and Lim, 2022).

As performance of model tests is time-consuming and requires extensive testing facilities
and highly qualified technical personnel, considerable effort has been invested in developing
formulas based on empirical approaches (e.g. Hirano et al., 1985; Ishiguro et al., 1996;
Gronarz, 1999; Kijima, 2005) or simplified methods such as slender body theory (e.g.
Nakao et al., 1995; Yasukawa, 1997; Kaneko and Kijima, 2001) to determine hydrodynamic
derivatives in shallow water, with varying degrees of success. Some of these methods are
still employed today to approximate shallow-water manoeuvring behaviour, but additional
tools are required to further improve the results (e.g. Eloot et al., 2015; He et al., 2016).

Towards the turn of millennium, research focus shifted strongly towards the performance
of RANS-based CFD simulations, initially for resistance and propulsion and later also for
manoeuvring issues. With respect to shallow-water conditions, the primary focus of CFD
studies was on captive model tests and stationary manoeuvring conditions, investigating
qualitative changes in the flow field and hydrodynamic coefficients depending on drift
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angle or yaw rate applied (e.g. Toxopeus, 2013; He et al., 2016; Liu et al., 2016; Lee and
Hong, 2017; RoyChoudhury et al., 2017; Liu et al., 2019; Wang et al., 2023; Ohmori, 2024;
van Hoydonck et al., 2024). Comparisons with model test results, such as hydrodynamic
derivatives from PMM tests, generally confirmed the applicability of RANS-based CFD
methods in shallow water (e.g. Liu et al., 2016, 2019; Ohmori, 2024) and provided valuable
insights into the altered flow conditions, for example the development of vortices under
pure drift conditions (e.g. Lee and Hong, 2017; RoyChoudhury et al., 2017).

Despite substantial improvements in numerical methods and computing power, physi-
cal model tests remain the state of the art for manoeuvring investigations (Milanov and
Chotukova, 2009; Eloot et al., 2015; Yun et al., 2015; Eloot et al., 2016; Yeo et al., 2016;
Hinostroza et al., 2019; Mehr and Javanmardi, 2023) and are essential for validating CFD
simulations.

1.3. Problem Definition

The numerical investigations outlined above primarily focused on capturing qualitative
variations of hydrodynamic coefficients and global flow features in shallow water. Many of
these studies concentrated on relatively high drift angles, which rarely occur during practi-
cal shallow-water manoeuvres due to increased hydrodynamic damping. Depth-dependent
changes in hydrodynamic coefficients have been investigated experimentally (e.g. Fujino,
1968; Bogdanov et al., 1987b) and reproduced in CFD simulations (e.g. Liu et al., 2019;
Ohmori, 2024). However, the underlying mechanisms — particularly the redistribution of
hydrodynamic forces along the hull with decreasing water depth — have not been system-
atically analysed. Moreover, a detailed decomposition of the individual force components
and their variation with water depth is largely absent in the literature.

Captive manoeuvres inherently rely on modelling assumptions, including dependencies
on the chosen mathematical manoeuvring model and potential extrapolation uncertain-
ties. For this reason, the ITTC considers free-running model tests to represent the most
realistic experimental approach (ITTC, 2008). For shallow-water conditions, however,
CFD simulations of self-propelled free-running manoeuvres are limited (Carrica et al.,
2016; Kim et al., 2022). Existing studies have primarily addressed validation of numerical
setups and global manoeuvring characteristics, typically focusing on conditions down to
h/T = 1.20. Likewise, available free-running model experiments have generally been re-
stricted to moderate shallow- and shallow-water conditions, providing limited insight into
extreme shallow-water regimes. Consequently, the behaviour of ships in extreme shallow
water remains largely unexplored, even as such conditions are becoming increasingly rele-
vant from operational and safety perspectives due to larger ship dimensions and reduced
under-keel clearances.

A key governing parameter in shallow-water hydrodynamics is the depth Froude number,
which directly links ship speed and water depth. However, its influence on manoeuvring
behaviour has often been neglected, as most previous investigations were conducted at a
single speed, limiting the ability to evaluate the speed dependency of shallow-water effects.
Moreover, earlier studies were frequently restricted to a single draught, trim condition, and
turning direction. Consequently, a systematic assessment of the influence of speed — and
thus of the depth Froude number — together with trim, draught variation, and directional
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dependency as a function of water depth is still lacking.

1.4. Objectives of the Work

The main objective of this study is to investigate ship manoeuvres over a broad range
of shallow-water conditions, with particular emphasis on the largely neglected extreme
shallow water regime. Ship speed is varied extensively, enabling a systematic and com-
prehensive assessment of depth-Froude-number effects on manoeuvring behaviour beyond
the single-speed conditions typical of earlier studies. The influences of draught, trim, and
turning direction are additionally examined to identify parameter dependencies that have
not been resolved in earlier shallow-water studies. Finally, the study aims not only to de-
scribe global manoeuvring behaviour, but also to connect local hydrodynamic phenomena
to observed manoeuvring performance, bridging the gap between qualitative observations
and the underlying physical mechanisms.

In this manner, the investigation integrates global manoeuvring performance with local
flow phenomena, systematically explores the role of depth-Froude-number effects and ex-
treme shallow-water conditions, and seeks to extend current knowledge beyond previous
experimental and numerical studies.

1.5. Solution Approach

The research employs a combined model test—CFD approach to investigate the manoeu-
vring behaviour of two types of modern seagoing vessels — a container ship (DTC) and a
bulk carrier (JBC) — under shallow-water conditions at model scale. The study covers six
water depths, extending into the extreme shallow-water regime (h/7 = 1.15 and 1.10),
and systematically varies up to five ship speeds, providing a broad and detailed dataset.

The model tests, conducted with sophisticated instrumentation capturing trajectory,
ship motions, rudder forces, moments, and propeller thrust, provide a comprehensive ref-
erence for global manoeuvring behaviour and reveal the influence of shallow-water con-
finement on overall performance. CFD simulations are then used to resolve local hydrody-
namic effects along the hull, including the distribution of pressures and forces as a function
of water depth. This combination enables a detailed mechanistic understanding of how
shallow-water flow confinement redistributes loads and governs the observed manoeuvring
response.

1.6. Structure of the Doctoral Thesis

This work is structured as follows. First, an extensive literature review is provided to
summarise the current state of research on shallow-water manoeuvring and its development
over the past century. The subsequent two chapters briefly introduce the fundamentals
of RANS-based CFD simulations and ship manoeuvring, offering a concise overview of
the relevant theoretical background. The methods applied in this study are described in
detail in chapter 5 and chapter 6. These chapters include a description of the measurement
equipment, the execution of the model tests, and the test matrix, as well as the CFD setup
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together with its verification and validation. In chapter 7, the results of the model tests and
CFD simulations are presented and discussed along thematic lines. This aspect-oriented
structure facilitates a clear presentation of the key findings regarding shallow-water effects
on manoeuvring performance. The final chapter summarises the work and highlights
the main findings of this study, followed by an outline of remaining research gaps and
recommendations for future work.

1.7. Achievements Compared to the State of the Art

This study advances the state of the art in shallow-water manoeuvring research by address-
ing previously unresolved aspects. Extending the investigation into the extreme shallow-
water regime revealed manoeuvring responses that are not evident at higher h/T ratios.
The manoeuvring behaviour of two modern vessel types — a container ship and a bulk
carrier — has been systematically evaluated across multiple ship speeds, enabling quan-
tification of depth-Froude-number effects. The influence of draught, trim, and turning
direction has been additionally assessed, uncovering parameter dependencies largely ab-
sent from earlier studies. Beyond global manoeuvring characteristics, the study resolves
local hydrodynamic pressures and force distributions along the hull, connecting these local
effects to observed manoeuvring performance. In doing so, it provides further insight into
the governing mechanisms of shallow-water effects, closes key gaps in the literature, and
establishes a comprehensive reference dataset for validation, benchmarking, and further
methodological developments.
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2. State of the Art

The effects of shallow water on ship manoeuvring behaviour have been investigated and
discussed in the literature for many decades. However, as in many research fields, progress
was limited, and this topic has increasingly become the subject of scientific research, par-
ticularly in recent times (Maljkovié et al., 2024). A major driving factor is the continuous
growth in ship size, which compels vessels to operate in progressively shallower conditions
at harbour approaches and in constrained waterways that cannot be changed to the same
extent. Nevertheless, the difference between manoeuvring behaviour in deep and shallow
water has long been recognised as a critical issue for both scientists and engineers.

2.1. Foundations of Manoeuvring Research

Back in the 18th century and earlier, during the era of sailing ships, according to Saunders
(1965), attention to manoeuvring was largely confined to rules regarding the rudder and
its shape. It was only with the advent of steam-powered vessels that the need for a more
detailed investigation of manoeuvrability gradually arose. Until the mid-19th century,
efforts to enhance manoeuvring performance were limited to empirical observations and
logical reasoning applied to the design of the hull and rudder. (Saunders, 1965)

Early research on the ‘steering of ships’ focused primarily on the rudder, including its
type, size, shape (Barnaby, 1863), and use of twin rudders at the stern and bow (Leigh,
1871). From the mid-19th century onward, ship manoeuvrability began to be investigated
through model tests, with a strong emphasis on turning circles, which essentially offered
empirical solutions to a complex problem (Saunders, 1965).

At this time, Kempf developed a new type of manoeuvre (Kempf, 1944), which was
initially referred to as the ’standard manoeuvre test’ or ’serpentine test’ (originally in
German: ’Schléngelfahrt’). This new manoeuvre was later designated the Z or Zig-Zag
manoeuvre. In contrast to turning circle manoeuvres, the benefit of this specific manoeu-
vre was the possible investigation of smaller rudder and heading angles, and the ease of
realisation in towing tanks, which were long but relatively narrow. Concerning ships sailing
in shallow water, most of the literature up to the 1960s refers to the increase of resistance
in confined water. Particular reference should be made to the well-known publication by
Schlichting (1934), who provided a method to estimate the shallow-water resistance curve
from the deep-water curve. However, already in the early 20th century Sadler (1911) in-
vestigated the altered resistance of a series of merchant ships using a false bottom at a
fixed depth. Prior to this, mainly non-public tests for naval vessel were investigated in
similar manner. Sadler already used the depth to draught ratio h/T and discovered that
resistance humps occurred at the same speeds for all models, indicating that they are a
function of water depth rather than ship size. Taylor (1913) conducted similar experi-
ments incorporating a false bottom to generate a range of shallow-water conditions from
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approximately h/T = 1.53 to 1.33. In shallow water the models were only investigated up
to 3 knots, as results above this speed were not consistent due to large unstable eddies that
caused a drastic variation in resistance. Sturtzel and Schmidt-Stiebitz (1957) conducted
resistance measurements with plates and ship model in shallow water, observing a diffuser
effect with corresponding detachments between keel and bottom with forward trim and at
the aft of the ship.

2.2. Development of Free-Running Manoeuvring Tests

After the foundation of the Manoeuvring Technical Committee within the 9th ITTC 1960,
standard manoeuvres and corresponding parameters were first defined (like turning circle,
Zig-Zag or spiral manoeuvre). In addition, it was recognised that manoeuvring tests needed
to be carried out in a wide variety of facilities to determine the effect of the different
techniques used on the results. The main focus remained on free-manoeuvring models,
with only suggestions made for captive tests. The Mariner Class Ship was investigated,
with full-scale trial results provided by the David Taylor Model Basin (DTMB) to examine
the effects of scaling. The need to obtain data on slow-speed manoeuvres was recognised
but postponed for the time being. (ITTC, 1960)

In the 1950s and 1960s, much research was conducted in the field of free-running model
tests to obtain simplified manoeuvring indicators (Nomoto and Taguchi, 1957), study
scaling effects (e.g. Shiba, 1960; Nomoto, 1966), and to investigate the impact of different
settings of manoeuvring devices and hull forms, including the influence of a skeg and vari-
ation of block coefficient, beam, and draft on the manoeuvring characteristics (e.g. Bindel,
1960; Yamanouchi, 1966). Nomoto and Taguchi (1957) adopted a simplified mathematical
approach based on the Nomoto coefficients Ky and T to estimate the manoeuvring mo-
tion, especially to assess the turning and steering behaviour of a new vessel in design stage
more easily, see also section 4.2. Additionally, Motora derived the relationship between
Ky and Tn based on model test results and theoretical considerations. Involving the
ratio of the rudder area to the projected area of the ship, which predominantly affects the
turning ability, the relation of both indices are almost linear. Hence, it was concluded that
the relation Ky /Ty is approximately constant for the same rudder area ratio (Motora,
1960).

In 1966 Nomoto dealt with scaling effects of the free-running Mariner type model ship in
regard of these first order Nomoto indices K and T (Nomoto, 1966). For the investigated
ship, the scaling effects on K were low for different model sizes and the full scale. Scaling
effects were only considered critical for very small models. In general, as the rudder angle
increases and the model size decreases, K and T decrease. For rudder angles over 15°,
the scaling effect on K was negligible for models over 5 metres in length. However, the
scaling effect on T was not negligible for slight manoeuvres, like course-keeping, since
smaller models were quicker to response (smaller Ty values) than larger models or the
full-scale ship. The decrease in the K and T indices with increasing rudder angle, was
assumed to be mainly due to the simultaneous increase in non-linear yaw damping per
unit yaw rate.

Shiba (1960) conducted a comprehensive study on free-running turning circle manoeu-
vres, incorporating different models with varying block coefficients, rudders and propeller
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pitch ratios. Rudder area ratio affected tactical diameter differently than advance and
transfer. While an optimum ratio minimized the tactical diameter, further increases of-
fered no reduction and could slightly increase it, whereas advance and transfer continued
to decrease with larger rudders. In this context, the author explained why the 45° turn-
ing circle performed significantly better than the 35° manoeuvre. He attributed this to a
stronger propeller flow onto the rudder, due to a higher wake fraction, which reduced stall
occurrence, and to the reduced effective rudder inflow angle caused by drift and turning
motion. Hull form also strongly affected turning behaviour: the ship with ¢g = 0.6 had
a turning circle radius twice that of the cg = 0.8 model, explained by different yaw mo-
ments and higher rudder inflow from increased propeller loading. Trim had a significant
effect, whereas the influence of velocity, displacement, and propeller pitch were negligible.
Comparison of 6 m and 2.5m models demonstrated strong correlation with full-scale tri-
als, indicating minimal scaling effects in free-running turning circle tests. This result was
explained by two opposing effects of the overestimated model friction: lower rudder inflow
outside the propeller stream due to stronger wake, and higher inflow inside the stream as
a result of increased propeller loading due to the wake.

2.3. Free-Running Manoeuvring in Shallow Water

At the 11th ITTC 1966, the Manoeuvring Committee first recommended the investigation
of manoeuvring behaviour in confined water as a task for the ITTC (ITTC, 1966). Up
to this point, there have been only a limited number of full-scale measurements in the
Suez Canal (Baker, 1924; de Verdieére and Audren, 1951) and the Great Lakes (Motora
and Couch, 1961) as well as some model tests involving free-running and oblique towing
in shallow water (e.g. Bindel, 1960; Schmidt-Stiebitz, 1958a,b, 1959; Koseki et al., 1965).
Baker (1924) was among the first to investigate the altered steering behaviour of ships in
shallow water, conducting full-scale tests in the Suez Canal and self-propelled model tests.
He noted the transition from three-dimensional to quasi-two-dimensional flow around the
hull with decreasing water depth, particularly affecting pressure and velocity distribution
at the aft body. Consequently, the stern streamlines became more horizontal and curved,
experiencing greater pressure variations than in deep water. This, the author argued,
caused increased eddy formation at the aft in shallow water. The effect on manoeuvrability
was a reduced yaw rate at a given rudder angle and a longer path and time to reach a
specified small angle.

Motora and Couch (1961) performed full-scale execution tests on the Great Lakes in deep
and shallow water with a bulk carrier (SS. Benjamin Fairless), followed by model tests.
Spiral tests and Z manoeuvres were carried out in deep water (h/T of approximately
3.0), moderate shallow water (h/T of approximately 1.5 to 2.0) and shallow water (h/T
of approximately 1.25). The analysed ship was yaw unstable, which decreased slightly
in shallower water, i.e. became slightly more stable. In shallower water, the overshoot
angles decreased in the Zig-Zag trial. Furthermore, a decline was observed in the Nomoto
coefficients Ky and Txn. The model tests were carried out with a model of the same
bulk carrier at a scale of 1/64 for deep and shallow water at an h/T ratio of 1.36. Oblique
towing tests and forced yawing technique was used to obtain the hydrodynamic derivatives.
Like the full-scale ship, the model exhibited yaw instability in deep water, and, to a lesser
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extent, in shallow water. Model tests agreed well with full-scale data for small deviations
from a straight course. For higher rudder angles, the model consistently showed higher
yaw rates than the full-scale ship. However, the ratio of yaw rate in deep and shallow water
of model tests agreed well with full-scale data and the authors concluded that model tests
could be used reasonably to obtain the effects of shallow water on manoeuvring behaviour.

Schmidt-Stiebitz (1958b) analysed systematically different aft ship shapes at different
draughts and water depths (h/7T from approximately 8.4 to 1.86), performing free-running
model tests. It was found that a large drift angle strongly correlates with a small turning
circle radius and vice versa, and that the turning circle radius increases with decreasing
water depths. Koseki et al. (1965) carried out free-running turning and spiral tests with
a tanker (cp of 0.81) and a cargo (cp of 0.70) model ship for various water depths (h/T
ratios of 6.00-1.25). For the cargo ship, shallow-water effects became noticeable only
below h/T ~ 3.50 and increased markedly for h/T < 2.50, with the yaw rate of the 35°
turning circle at h/T = 1.25 roughly half of the deep-water value. For the tanker, effects
appeared from h/T = 6.00 and intensified below h/T = 2.30. The trend of yaw rate
in steady turning for all investigated ships was consistent with the findings of Schmidt-
Stiebitz (1958a), despite differences in ship type and dimensions.

A particularly comprehensive and influential full-scale study was conducted by Crane
(1979) on the oil tanker Esso Osaka, providing data in both deep and shallow water. These
results have been widely used for validation and subsequent research, such as Martinussen
and Linnerud (1987), who employed free-running model tests of the Esso Osaka to study
scale effects on manoeuvring in deep water. The 35° turning circle showed close agreement
in steady yaw rate, slightly higher for the model, but with opposing directional asymmetry:
the model turned better to port, while the full-scale ship achieved a higher yaw rate to
starboard (stbd). In the 10-10 and 20-20 zig-zag manoeuvres, the model exhibited slightly
higher course stability and longer initial turning times. Overall, all parameters — including
overshoot angles, yaw-checking times, and initial turning times — agreed well with full-scale
data, with maximum deviations of about 16 %.

2.4. Captive Manoeuvring Tests in Shallow Water

Concurrently with the implementation of the first PMM systems in the 1950s and 1960s
(Grim et al., 1976), there was an increasing adoption of mathematical approaches to the
manoeuvring behaviour of ships. One of the first mathematical manoeuvring model was
proposed by Abkowitz (1964). A Taylor expansion was employed to discretise the hydro-
dynamic derivatives of the hull, assuming the ship to be in a straight-ahead motion prior
to the initiation of the manoeuvre. He already pointed out that the altered flow in shallow
water caused by the flow restriction below the vessel, can affect the hydrodynamic coef-
ficients, and that the proper determination of the derivatives in these conditions requires
additional model tests in shallow water. The model of Abkowitz, however, included some
shortcomings, particularly due to its global approach, which makes it impossible to assign
the individual physical causes to the corresponding coefficients. Hence, in the following
decades there has been further mathematical manoeuvring models developed, most im-
portantly tabular models (e.g. Eloot and Vantorre, 2003) and modular models like the
MMG standard model (Yasukawa and Yoshimura, 2015) or the HSVA 4-quadrant model
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(Oltmann and Sharma, 1984). Most of the captive model tests conducted in this time
were performed in deep water only.

Fujino (1968) was among the first, who performed these kind of model tests in shallow
water using forced yawing technique and considered the influence of shallow water and
restricted width independently. The manoeuvring behaviour of the Mariner ship and oil
tanker Toky Maru were analysed at 2 speeds and various water depths (h/T of approxi-
mately 1.2, 1.5, 1.9, 2.5 and deep-water condition). Three different measurement methods
were used: forced yawing test (PMM), rudder force measurement and oblique towing test.
Comparison of PMM and oblique towing showed larger Yz in the oblique test, with dif-
ferences increasing as h/T decreases, reflecting non-linearity even at a drift angle of 5°.
The author described the influence of shallow water on individual parameters as follows:
Shallow-water effects were stronger at higher speeds, except for N, which showed smaller
variation. The influence on the added mass was significantly stronger than that on the
added mass moment of inertia. In comparing the two ships, the influence of shallow water
on the added mass moment of inertia was found to be considerably greater for the full
ship than for the slender ship, whilst the difference in the added mass was negligible. The
shallow-water effect on Y5 and Ng was minimal, and Y, exhibited a greater sensitivity to
water depth than NNV,.. In moderate shallow water g initially increased more rapidly than
Y3, whereby the point of attack of hydrodynamic transverse force due to drift motion
initially moved further forward. In shallower water, with an h/T ratio of 1.50 or less, the
point of attack began to move aft towards the centre of gravity again. For the full ship
this resulted in an area of yaw instability for an h/T ratio of approximately 2.5 to 1.5,
where the point of attack of the hydrodynamic transverse force due to drift motion was
ahead the point of attack of the hydrodynamic transverse force due to yaw motion. With
further decreasing water depth, an enhancement in yaw stability was observed in both
vessels, but simultaneously, there was a deterioration in their turning behaviour.

In the following decades further model tests were performed in shallow water, with
a different emphasis of investigation. Bogdanov et al. (1987b) investigated scale effects
using PMM model tests with the Esso Osaka at a 1/40 scale in deep and shallow water
(h/T ratios of 2.00, 1.50 and 1.20). The advance speed corresponded to an average full-
scale speed of 7.2 knots. Forces and moments increased considerably in shallow water,
particularly at h/T=1.20, with the added mass increase exceeding that of the mass moment
of inertia, consistent with Fujino (1968). Simulations of turning circle, Zig-Zag, and spiral
manoeuvres based on the obtained coefficients agreed well with full-scale tests. Deviations
were minimal, and while deep-water simulations indicated slight yaw instability, full-scale
spiral tests showed only minor instability.

Yoshimura and Sakurai (1989) and Yasukawa and Kobayashi (1995) demonstrated dif-
ferent shallow-water effects on the turning behaviour of wide twin screw ships. Yoshimura
and Sakurai (1989) investigated shallow-water effects on the turning behaviour of twin-
screw ships through captive model tests and simulations based on predicted manoeuvring
coefficients. Two ships were studied: a conventional twin-propeller ship and a wide-beam
twin ship. While the conventional ship exhibited the expected deterioration of turning
ability in shallow water, the wide-beam ship showed improved turning as water depth
decreased. This was attributed to a relatively stronger increase in rudder forces compared
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to hull forces for the wide-beam ship, reversing the typical trend. These results were con-
firmed by free-running model tests by Yasukawa and Kobayashi (1995) in deep and shallow
water (h/T ratio of 1.50-1.20). The advance and turning circle radius decreased notably
at reduced water depths for the twin-screw ship, already evident at h/T = 1.50, with only
slight further reduction at h/T = 1.20. The effect was explained by a pronounced increase
in rudder normal forces due to the distinct resistance characteristics of the wide-beam ship.

In the 1990s, research into ship dynamics focused strongly on prediction and mathe-
matical modelling. Kijima et al. (1997), for instance, performed a sensitivity study of the
GM and roll angle utilising a mathematical coefficient-based model. Generally, the find-
ings suggested a smaller advance and tactical diameter, and higher overshoot angles for a
smaller GM. However, this relation was most evident for the smallest GM of 0.5 metres,
and only at high velocities, while greater GM values and low velocities showed almost no
effect. The lowest investigated velocity was still 16 knots and the highest 24 knots.

Vantorre and Eloot (1996) performed captive model tests with a 1/64 Panamax container
ship in extreme shallow water (h/T of 1.10), focusing on drift-induced forces at slow-
speed. Conventional mathematical drift-force models proved inadequate over all four drift
quadrants, indicating the need for higher-order formulations.

Ishiguro et al. (1996) analysed the sensitivity of Kijima’s empirical prediction method for
hydrodynamic coefficients and found poor performance for unstable ships. Manoeuvring
behaviour was most sensitive to Y., N,, Y3, Ng, the flow straightening factor v and the
wake ratio factor of rudder and propeller inflow e. Turning ability (advance, tactical
diameter) was dominated by Ng, N,, v and €, whereas Zig-Zag response was about twice
as sensitive to Yz and Ng as to Y, and N;.

2.5. Development of RANS-Based Manoeuvring Simulations

Towards the turn of the millennium, RANS-based simulations were first applied to ship
manoeuvring in both deep- (e.g. Cura, 1999; Sato et al., 1999) and shallow-water conditions
(e.g. Ohmori, 1998; Chen et al., 2001). Cura (1999) simulated turbulent flow around a
ship in steady turning without free surface effects. Predicted forces agreed well with model
tests and showed the correct trends. Reynolds-stress and k—w models produced similar
forces, but the k—w model captured the flow field more accurately, including complex
three-dimensional separation.

Sato et al. (1999) conducted unsteady RANS simulations for direct manoeuvring using a
simplified hybrid approach: hull forces were computed by CFD, while propeller and rudder
forces were represented by mathematical models, with propeller thrust assumed equal to
ship resistance. A 3-DoF model without free surface was applied. Two geometrically
similar ships differing only in aft-body shape (V- and U-type) were examined. Besides
drift-force calculations, a 10-10 Zig-Zag manoeuvre was simulated. For the V-type hull,
overshoot angles and timing agreed within 10 % of experiments, whereas the U-type showed
larger deviations. Drift angles were overpredicted for both ships.

The first applications of RANS-based manoeuvring simulations to shallow-water condi-
tions were not as successful as those to deep-water conditions. Ohmori (1998) simulated
steady drift and turning motions in deep and shallow water (h/T ratios of 2.00 and 1.50)
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with the Esso Osaka model at a scale of 1/130, neglecting the free surface. In deep water,
drift forces and moments agreed well with experiments, while yaw forces deviated signifi-
cantly. In shallow water, marked differences occurred for both yaw and drift components,
especially at h/T = 1.50. Considering the flow field, however, one major shallow-water
effect of restricted vertical flow below the ship and with this, a rather two dimensional
flow, was captured. Chen et al. (2001) applied RANS-based CFD simulations to analyse
inland vessels in shallow water (h/T ratios of 3.00-1.20). The study proceeded without
the consideration of propeller or rudder effects, focusing exclusively on the velocity field
at various cross-sections and the hull pressure distribution. The comparison of CFD and
model test results for hull pressure distributions were unsatisfactory for both models and
all h/T ratios. The velocity field showed better agreement for some of the selected cross
sections, while others showed high deviations from model test results.

In the 2000s, there was a marked increase in the popularity of RANS-based calculations.
This can be attributed to the continuous and rapid improvement of hardware, resulting in
increased computing capacities, and the development of enhanced CFD codes. Neverthe-
less, the primary objectives were resistance and propulsion calculations (e.g. Farmer et al.,
1995; Xu and Wang, 2001; Azcueta, 2005; Zwart et al., 2008), given that these represent
relatively stationary conditions. The implementation of RANS techniques to model the
propeller effect and movement of the rudder within the grid proved to be the most chal-
lenging aspect of conducting CFD manoeuvring simulations (ITTC, 2005). Consequently,
the primary focus of the RANS simulations was on static manoeuvres, particularly in
deep-water conditions, like Tahara et al. (2002).

With the further development of CFD codes, propeller modelling and dynamic grid
techniques, the application of unsteady RANS-based simulations was adopted. In ma-
noeuvring context, unsteady CFD simulations were applied to either captive model tests
to determine the hydrodynamic coefficients (Cura, 2006), or to direct manoeuvring simu-
lations involving appendages such as rudders and propellers, or propeller models (Carrica
et al., 2013), but firstly only at deep-water conditions. Virtual PMM tests with a twin-
screw, twin-rudder ferry model were conducted by Cura (2006), neglecting the free surface
and related movements, sinkage, trim and heeling. A k-w turbulence model was used and
the propeller was modelled using a 3D body-force model. The hydrodynamic coefficients
derived from virtual PMM tests showed strong correlation with model test data. The
used body force propeller method demonstrated a high degree of agreement, however it
appeared to underestimate the propeller thrust in oblique flow conditions.

Carrica et al. (2013) performed URANS simulations of Z 20-20 and 35° turning-circle
manoeuvres for a surface combatant at model and full scale using dynamic overset grids.
CFD predictions agreed well with model tests (deviations < 10%). Only minor scale
effects were observed, with slightly improved rudder effectiveness at full scale due to the
thinner boundary layer. Remaining discrepancies between CFD and model test results
were attributed mainly to the simplified propeller model, which neglected local inflow
variations.
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2.6. Ongoing Role of Experimental Methods in Manoeuvring
Research

Despite the continuing immense development of RANS codes and computing power, model
tests are still essential for investigating manoeuvring hydrodynamics. This is either to
validate mathematical models and PMM (Eloot et al., 2015; Yeo et al., 2016; Eloot et al.,
2016), or to directly analyse changed manoeuvring behaviour (Yun et al., 2015; Milanov
and Chotukova, 2009; Mehr and Javanmardi, 2023; Hinostroza et al., 2019). Eloot et al.
(2016) carried out pure yaw and pure sway model tests for the DTC at an h/T ratio of 1.20
at two speeds corresponding to 11 and 16 knots at full scale, for benchmarking purposes.
These tests included the measured forces and moments, as well as dynamic sinkage and
trim.

Milanov and Chotukova (2009) conducted free-running 10-10 Zig-Zag, spiral, and 35°
turning circle manoeuvres with the KCS (KRISO Container Ship) model at h/T ratios
of 2.50, 2.00, and 1.50. With decreasing water depth, the tactical diameter increased
noticeably, while advance changed little, showing a slight dip at h/T = 2.50 and recovering
at h/T = 2.00. The first overshoot angle decreased sharply — already at h/T" = 2.00, it was
only a third of the deep-water value — whereas the second overshoot decreased moderately
(3.5-34% for h/T = 2.00-1.50). Shallow water had only a slight effect on the distance
travelled until the second rudder was applied, but spiral tests revealed reduced yaw rates
and increased course stability. Nomoto indices indicated a decrease in K and a substantial
increase in T with decreasing h/T.

Yun et al. (2015) and Yeo et al. (2016) investigated shallow-water manoeuvring of the
KVLCC2 (KRISO Very Large Crude Carrier 2) at a scale of 1/83.7 using free-running and
PMM tests, respectively, at h/T ratios of 2.00, 1.50, and 1.20, achieved with a false bottom.
Zig-Zag 20-5/20-10 and 35° turning circle manoeuvres were performed at low speeds, with
turning circles limited to 40° heading changes. Both studies observed reduced overshoot
angles and yaw rates with decreasing h /T, while free-running tests exhibited distinct port-
stbd asymmetry, which was only partially captured by PMM-based simulations.

Even if the use of false bottoms seems like a reasonable method for obtaining shallow-
water conditions, this technique has some drawbacks, as investigated by Hachiya et al.
(2022) and Sakamoto et al. (2023). Hachiya et al. (2022) compared false- and true-bottom
configurations in oblique towing tests with the KCS (h/T = 1.50, 1.30, 1.20) and found
consistently lower sway forces and yaw moments for the false bottom, with deviations
increasing as depth decreased. At h/T = 1.20, the lateral force and yaw moment were
47 % and 42 % smaller, respectively, than for the true-bottom case.

In connection with the SIMMAN workshop 2014 (Quadvlieg et al., 2014), an extensive
set of new benchmark data for the KCS and KVLCC2 in both deep and shallow water (h/T
of 1.20 and 1.50 for KVLCC2 and additionally 1.80 for KCS) for both captive and free-
running manoeuvres was published. The results of the submissions revealed that URANS-
based direct manoeuvring simulations were capable of predicting the free-running model
tests quite well, whereas simulations based on mathematical models demonstrated higher
deviations as physical details get lost with this schematic approach of the real physics
(ITTC, 2017).
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2.7. RANS Applications to Shallow Water Manoeuvring

Despite the limitations of mathematical models using coefficients from empirical approaches
or PMM tests in shallow water, recent CFD studies have largely concentrated on captive
model tests and steady manoeuvring conditions, analysing the hydrodynamic forces and
flow field of the manoeuvring ship in shallow water (e.g. Toxopeus, 2013; Liu et al., 2016;
He et al.; 2016; Lee and Hong, 2017; RoyChoudhury et al., 2017; Liu et al., 2019; Wang
et al., 2023; Ohmori, 2024; van Hoydonck et al., 2024).

A detailed numerical investigation of the flow field of the KVLCC2 in deep and shallow
water was performed by Toxopeus (2013) and RoyChoudhury et al. (2017), who conducted
pure drift and pure yaw tests. Toxopeus (2013) used the MARIN (Maritime Research
Institute Netherlands) URANS code ReFRESCO with the k-w SST turbulence model,
investigating deep-water conditions and h/T ratios of 3.00, 1.50, and 1.20. Trim, sinkage,
and free-surface effects were neglected due to the low velocities considered. CFD results
showed good qualitative agreement with experiments, though quantitative deviations oc-
curred, particularly for longitudinal forces, and flow predictions were accurate only in the
most upstream aft sections. Shallow-water influence was noticeable already at h/T = 3.00,
especially at higher drift angles. For non-dimensional yaw rates below 0.4, the yaw mo-
ment was little affected by water depth, but increased significantly at higher yaw rates;
overall, drift had a stronger impact on hydrodynamic forces than yaw motion.

RoyChoudhury et al. (2017) extended these analyses to deep water and h/T = 1.50,
using an Explicit Algebraic Stress Model (EASM) for turbulence closure under the same
low-speed assumption. Drift angles of 0°, 6°, and 10° and dimensionless yaw rates of 0.2
and 0.4 were considered. Sway and yaw forces were generally well predicted, although
turbulent kinetic energy was underpredicted. Compared to deep water, the shallow-water
flow at h/T = 1.50 showed increased axial velocity outside the boundary layer, stronger
turbulence, enlarged bilge vortices, and a wake field growing by 30-40 % in pure drift and
100-120 % in combined drift and yaw tests. In pure yaw, vortex formation was smaller,
and flow separation at the propeller plane in straight-ahead shallow-water conditions dis-
appeared at higher drift angles (6°).

Subsequent studies applied similar captive RANS methods to other ships and manoeuvre
types. Liu et al. (2016) performed pure sway and static drift simulations of the DTC at
h/T = 1.20, reporting good agreement with model tests, but slight underprediction of
lateral force and overprediction of yaw moment. He et al. (2016) combined CFD with
empirical methods to derive hydrodynamic coefficients for the KVLCC2, showing that
substituting CFD-derived coefficients improved Zig-Zag manoeuvre predictions in shallow
water.

Lee and Hong (2017) performed full-scale RANS simulations of pure drift and pure yaw
for the DTC and KVLCC2 in deep and shallow water (h/T = 2.00, 1.50, 1.20) using
the realizable k-¢ model with wall functions. The analysis focused on course stability
via the relative lever arms of lateral forces from sway and yaw. In deep water and at
h/T = 2.00, both ships were yaw-unstable due to higher sway-force levers. With decreasing
depth, KVLCC2 exhibited increasing yaw-damping leverage, becoming slightly yaw-stable
at h/T = 1.50 and strongly stable at h/T = 1.20. In contrast, DTC showed increasing
instability down to h/T = 1.50, followed by only slight stabilisation at A/T = 1.20. Shallow
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water also intensified the forebody side vortex and aft bilge vortex in drift motion.

Further RANS-based pure sway and yaw simulations were conducted for various model
ships, considering water depths down to h/T" = 1.20. Both Liu et al. (2019) and Ohmori
(2024) reported generally good agreement with experimental data, with Liu et al. (2019)
noting that shallow-water hydrodynamic derivatives were sensitive to squat effects only at
higher velocities (16 kn full scale). Wang et al. (2023) investigated three different speeds for
the Esso Osaka model and observed only minor variations (within 10 %) in drag, lateral,
and yaw moment coefficients for pure yaw tests.

According to ITTC (2008), free-running model tests are generally regarded as providing
the most realistic representation of manoeuvring behaviour among model test approaches,
as they involve fewer modelling assumptions, apart from possible scale effects due to the
lower Reynolds number. However, only few CFD applications of free-running manoeuvres
in shallow water have been conducted in recent years (e.g. Carrica et al., 2016; Kim
et al., 2022), probably due to the high computational costs associated with this kind of
manoeuvring simulation. Carrica et al. (2016) conducted 6-DoF URANS free-running
simulations of the KCS in a Zig-Zag 20-5 manoeuvre at h/T = 1.20 and one speed,
with fully discretised propeller and rudder using the k-w SST model. Grid-convergence
studies were applied not only to self-propulsion but, for the first time, to a complete
manoeuvre: while self-propulsion showed good convergence, the manoeuvre simulation
exhibited oscillatory and partly divergent behaviour. Propulsion predictions agreed well
with experiments, whereas yaw and yaw rate were underestimated by about 15-20 %,
attributed to rudder-force or hull yaw-moment discrepancies due to inaccurate prediction
of separation.

Kim et al. (2022) extended URANS free-running simulations of the KCS to multiple
depths (deep water to h/T = 1.20) and manoeuvres. Shallow water had little influence
on course-keeping without external loads, but at h/T = 1.20 the transfer and tactical
diameter more than doubled and the advance increased by about 42 % compared to deep
water. Flow analysis highlighted strong interactions among hull wake, vortices, seabed,
and propeller.

- 16 -



Fundamentals of Numerical Method

3. Fundamentals of Numerical Method

This chapter provides a brief description of the theory behind the numerical method used
to solve the Reynolds-Averaged Navier-Stokes equations. This includes the governing
equations, turbulence models, the interpolation method, and the solution approaches.

3.1. Governing Equations

The flow of Newtonian fluids can be described by two conservation equations for mass
(continuity equation) and momentum, which are together the so-called 'Navier-Stokes
equations’. For speeds far lower than supersonic speed (Ma < 0.3), fluids can be assumed
to be incompressible. For incompressible fluid, using the Einstein summation notation,
the Navier-Stokes equations in differential form are:

Oui _
p@:ni =0, (3.1)
. . 2.
Ou;  Ouiuy :_1 Op e 0%u; g (3.2)

ot 8zj ; 8.% a:lijal‘j
Here, u represents the velocity of a particle in the flow, p is the fluid density, p is the
pressure, v the kinematic viscosity and f a volume force density, such as the gravity. Ex-
cept for certain highly simplified cases, no general analytical solution to the Navier—Stokes
equations exists. Consequently, the resolution of this problem necessitates numerical dis-
cretisation. The direct solution of this equation via numerical discretisation is referred to
as direct numerical simulation (DNS). Assuming the correct numerical discretisation, with
this method all fluctuating conservation variables of the flow can be resolved. However,
most applications to engineering problems show high Reynolds numbers, which has a cubic
proportionality to the effort of a DNS simulation (Ferziger et al., 2020). Hence, most cases
cannot be calculated in reasonable time using DNS due to the very fine grid discretisation,
which is necessary to resolve even the smallest eddies in space and time. Another method
is the large-eddy simulation (LES), which only considers the large eddies, as they generally
possess more energy than the small-scale eddies. Despite the disregarding of the smaller
eddies, the computational effort is still high and scales as Re?7 for a wall resolving LES
close to the wall and Re%3 for the outer flow (Fréhlich, 2006). Both calculation methods
are very complex and resolve many details of a flow that, from an engineer’s perspective,
are less relevant in many cases. A reasonable approach is to consider the conservation
variables in terms of time averaging, as explained in the next section.
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3.2. Reynolds-Averaged Navier-Stokes Equations

The Reynolds-Averaged Navier-Stokes (RANS) equations describe the flow behaviour of
turbulent viscous flows. Turbulent flows are three-dimensional, highly transient and show
strongly increased diffusion. This diffusion results from a cross flow, superimposed on
the main direction of motion. For high Reynolds numbers, energy of the main flow is
converted into large eddies, i.e. turbulent kinetic energy, while the dissipation of this
kinetic energy mainly emerges in the area of boundary layer close to the wall, in the
smaller eddies (Schlichting and Gersten, 2006). In mathematical terms, this flow behaviour
is described by the Navier-Stokes equations for incompressible fluids, see Equation 3.1 and
Equation 3.2. The most important information can be derived by the time averages of the
conservation variables. For this purpose, any variable ¢ of a statistical stationary flow can
be described by a sum of time mean value and turbulent fluctuation of this mean value:

P(xist) = d(aq) + ¢ (x4, 1), (3.3)

with

_ T
Bai) = lim, % /O bz, t)dt (3.4)

Here, T' is the averaging interval, and t the time. Bringing each variable of the Navier-
Stokes equations into a form according to Equation 3.3 and carrying out a time average
of this equation, one obtains the Reynolds-averaged Navier-Stokes equations:

8ui + 8u;
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As conservation equations on the right side of Equation 3.8 still includes fluctuations, or to
be more precise the correlations of fluctuations, which can not be analytically represented
by mean values of the flow, these equations are referred to as not closed. This means
there are fewer equations than contained variables, which in the literature is often referred
to as the closure problem (Ferziger and Peri¢, 2008). Multiplying the fluctuations in
parentheses on the right side of Equation 3.8 with the density, the so called Reynolds
stresses are obtained:

! a4/ Y YU
uhul, gy ulul
= —oulu = — !y /! IRy
Tij = —puju;=—p | wpul, wpug, wl | (3.9)
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Hence, the Reynolds stresses introduce six additional unknown terms. Due to these
Reynolds stresses, the RANS equation can not be closed by exact equations. Thus, ap-
proximations are necessary in order to solve the equation, which are generally referred
to as turbulence models. It can be distinguished between such turbulence models which
discretise the Reynolds stress tensor directly, like the Reynolds-Stress model (RSM), and
such that are based on the Boussinesq assumption (Frohlich, 2006). The latter, funda-
mental approach for such approximations, brings the Reynolds stresses into a form that
does not contain any fluctuations. The turbulent stress tensor is simplified to the mean
strain rate ST] = % <gT“; + %). Hence, it is considered that the turbulence can be treated
like an increased isotropic viscosity, which is assumed to be equally strong in all directions
and it follows for the Reynolds stresses (Ferziger and Perié¢, 2008):

0u; 0,
ox yi 3901

2 2

Tij = —pu}ug = 2S5 — 3

with k = %m for the turbulent kinetic energy. The factor v, or py with uy = vy/p is
called turbulent viscosity. One model for determination of the dynamic turbulent viscosity
¢ or kinematic turbulent viscosity v is the k-¢ model (Jones and Launder, 1972). Here,
two additional transport equations are solved for the turbulent kinetic energy k and its
dissipation rate e.
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The factors Ci., Co., 0y, 0. and C, represents empirical constants and are defined as
follows (Launder and Sharma, 1974):

Cie = 1.44, Cye = 1.92, 03, = 1.0,0. = 1.3, C,, = 0.09 (3.14)

The standard k-¢ model is optimised for high Reynolds number flows and requires wall
functions for boundary layer treatment. Consequently, there were different approaches
to modify this model to account for viscous flow near the wall. One approach is the
'Standard k- low-Re model” according to Lien et al. (1996), where additional damping
functions are applied to the constants C,, C1. and Cy. in Equation 3.11 and Equation 3.12,
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incorporating the wall-normal distance in order to resolve the viscous flow regime near the
wall, while using the identical coefficients as the standard k-¢ model. Equation 3.13 (and
therefore also implicitly Equation 3.11) and Equation 3.12 changes to:

/{32
v = CM? “fus (3.15)
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The damping functions f» and f, are defined as follows:

fo=1—-0.3e e (3.17)
fu — 1 _ 6_(Cd0Red+Cd1Red+Cd2Re?l) (318)
where Re; = l’f—i is the turbulent Reynolds number and Rey = @ is the wall-distance

Reynolds number, with d as the distance to the wall. Cyy, Cy1 and Cys in Equation 3.18
are empirical coefficients:

Cao = 0.091, Cy; = 0.0042, Cg2 = 0.00011 (3.19)

An alternative two-equation approach to the k-¢ model is the k-w model according
to Wilcox (1988, 2006), which solves for the specific dissipation rate w instead of the
dissipation €. This turbulent frequency w is the dissipation rate £ per unit turbulent
kinetic energy k. The Wilcox k-w model generally achieved better results when describing
the mean turbulence of the flow field close to the wall, but had some drawbacks in the
free-stream modelling compared to k-¢ model (Schwarze, 2012). Therefore, based on the
Wilcox k-w turbulence model, Menter (1994) developed the shear stress transport (SST)
k-w model, which combines the advantages of the k-w and standard k- model. With the
help of a blending function, the k-w model is used in the sub-layer close to the wall, and
the standard k-¢ model is used for the free stream. With 1, = f, the resulting k-w SST
model equation systems are:

% gk o 0 <u+ Vt%%) 2 (87““ + auj) — Bhw, (3.20)
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The blending function Fi, which takes the value one inside the boundary layer and zero in
the free stream, is defined by Menter et al. (2003). The coefficients of the SST model are
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3.3. Numerical Method

For the solution of the conservation equations from section 3.2, it is necessary to convert
the partial differential equations into finite difference equations. There are three different
approaches of such discretisations: finite difference (FD), finite element (FE) and finite
volume method (FV) (Ferziger et al., 2020). The finite volume discretisation is the most
commonly used solution method (Schwarze, 2012) and also used by the commercial soft-
ware package Star-CCM+-. The FV method uses the integral form of the equations from
section 3.2. One of the main advantages of this integral form, compared to FD method, is
the integrated, conservative discretisation of all conservation variables as the conservation
equations are applied to each CV and summed up to the whole domain (Schwarze, 2012).
A grid is used to discretise the computational domain into small non-overlapping control
volumes (CV), defining the CV boundaries (Ferziger et al., 2020). Each CV boundary
is an area shared by two neighbouring cells. Similar to Equation 3.2 for the velocity u,
the conservation equation for an arbitrary scalar quantity ¢ can be expressed in vector
notation for incompressible fluids (compare also Schwarze, 2012):

0
p (a(f +u- V¢) =V-(I'Vo)+4qp, (3.22)

with the diffusion coefficient I" and source term g4. The FV method evaluates the conser-
vation equations locally by integrating over the volume V¢ of each CV:
o¢
Cw+pl du-av :/ TVe-dV + | qodV (3.23)
Vo ot Ve Ve Ve
Applying the Gauss’s theorem, the volume integral of the convection and diffusion terms
can be transformed into surface integrals over the boundary surface S¢:

0
p/ —¢dV+p ou-ds = I'V¢-dS +/ qepdV (3.24)
Ve Ot Se Se Vo

The terms with volume integrations from Equation 3.24 are approximated in second order
by midpoint rule, where the integral is transformed into the product of the CV volume
and the mean value of the integrand, which in turn is approximated by the value of the
CV centre. The surface integrals of the convection and diffusion term can be discretised
by the sum of integrals over their cell faces f, which in turn can be approximated by the
midpoint rule (Ferziger and Perié¢, 2008):

p/Sc ¢u~dS:pzf:/fqﬁu-dS%pr:qﬁf(u-n)fo. (3.25)

/ FV¢-dS:Z/Fng-dS%ZFfV@c-nfo. (3.26)
Sc I I
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These equations are evaluated at the centre of each cell face and need interpolation from
the respective neighbouring cells, which stores their values in the centre of the CV.

3.4. Interpolation and Discretisation Methods

The simplest approach of interpolation method is the first order upwind differencing
scheme (UDS), which equates the value at the respective cell face ¢; to the value in
the upwind CV centre ¢y (or downwind ¢p for negative flux):

$YPS = gy (3.27)

The main advantage of this simple approach is the non-oscillating solutions obtained by
this approximation (Ferziger et al., 2020). However, the associated error term of this ap-
proach is diffusive and leads to numerical diffusion. The central differencing interpolation
scheme (CDS) can be obtained by Taylor series expansion, considering also the second
term (Schwarze, 2012).

6975 = 5(6u + 6p). (3.25)

The CDS shows higher accuracy than the UDS and lower numerical diffusion. However, the
method does not take into account the direction of flow and hence, shows no convection
characteristics (Schwarze, 2012). This can lead to numerical instability and oscillating
results. However, this is not the case for the diffusive term of the conservation equation.
As this term is of elliptic character and independent of flow direction, it can be interpolated
by the CDS method. For the convective term (Equation 3.25), the second order upwind
differencing scheme (SOU) is often used. It considers also the second term of the Taylor
series expansion, but explicitly takes into account the flow direction. Compared to UDS it
improves the numerical stability and accuracy of the interpolation. Here, 2y and x ¢ denote
the positions of the upstream cell center and the face, respectively, yielding (Schwarze,
2012):

¢7%Y = ¢y + (zy — 2v) - Vou . (3.29)

For transient calculations, the first term of Equation 3.24 needs to be discretised by nu-
merical integration as well. The simplest approach is the explicit or forward Euler method
(Ferziger and Peri¢, 2008):

¢ = 0" + At~ f(ta, ¢"). (3.30)

This method evaluates the differential equation for the actual time step n and needs no
iteration, but causes instabilities when the time step size At is too high. The implicit or
backward Euler method shows improved stability but requires additional equation systems
to be solved iteratively as the differential equation is evaluated for the next time step n—+1:

" =" + At f(tpi1, 9" (3.31)

Both methods are first order methods. A common implicit Euler method of second order
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is the backward differentiation formula (BDF2), which uses the actual time step n and the
previous step n — 1 (Schwarze, 2012):
4

o = 34" - éeb”‘l + %Af [t 0", (3.32)

3.5. Solution Approaches

These temporal and spatial discretisation and interpolation methods given above are used
to solve the discrete form of Equation 3.24 for each cell of the numerical domain. This
leads to a linear equation system (Schwarze, 2012):

appp+ Y anppnNp =b. (3.33)
NB

The coefficients a originate from the spatial and temporal discretisation of the conser-
vation equations. The linear equation is iteratively solved for the scalars in the centre
of the CV ¢p and for the adjacent cells ¢ p. The conservation equations for mass and
momentum can be solved in this manner, by using a coupled or segregated method. In
the coupled approach, the Navier-Stokes equations are calculated simultaneously. This
approach is usually applied for compressible flows as the conservation equations show a
strong coupling (Schwarze, 2012). The method more commonly used for incompressible
flows, is the segregated approach, which solves for mass and momentum separately. It-
erative solution is required due to the coupling between pressure and velocity. One of
these predictor-corrector approaches is the common Semi Implicit Method for Pressure
Linked Equations (SIMPLE). Here, the linear equation system for momentum conserva-
tion is firstly solved with a predicted pressure p* to obtain the predicted velocity u*. The
pressure correction p’ is then determined such that the continuity equation is satisfied.
With this corrected pressure the corrected velocity u’ can be calculated. The velocity and
pressure for the next time steps are then obtained by considering the correction terms and
under-relaxation factors a; and «,, to ensure for convergence (Schwarze, 2012):

P =" + oy (3.34)

u"t = o, (uf +u') + (1 - ay)u” (3.35)

This iterative procedure is repeated until the residuals are dropped below a specified value.
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4. Manoeuvring

The principles of manoeuvring of ships in calm water are presented in the following chap-
ter. The mathematical description of the manoeuvring behaviour is introduced and some
experimental methods for determining the manoeuvring characteristics are described. Ad-
ditionally, the fundamental effects of shallow water on ship manoeuvring behaviour are
briefly outlined.

4.1. Definitions

The earth-fixed coordinate system xq, 3o is oriented to point in the same direction as the
ship-fixed coordinate system at the beginning of the manoeuvre. The ship-fixed coordinate
system is placed in the centre of gravity, with the longitudinal axis x pointing forward, the
transverse axis y pointing to stbd and the vertical axis z pointing downwards. While the
trajectory of the ship is described in the earth-fixed coordinate system, all other parameters
like forces and velocities are written in ship-fixed coordinate system. The rudder angle §
is positive for port deflection, the yaw angle of the ship is positive for stbd turning. The
coordinate system in top and front view of the free-running model is shown in Figure 4.1.

Usually, the manoeuvring of ships in calm water is described in 3 (horizontal move-
ments surge, sway and yaw only) or 4 degrees of freedom (including the heeling). The
heeling of the ship is only important for high velocities and small GM values of the ship,
resulting in significant heeling angles (e.g. Kijima et al., 1997; ITTC, 2014). This study
investigates the manoeuvring motion of ships in calm water with sufficient GM values,
focusing primarily on slow velocities. Consequently, only the ship’s horizontal movements
are considered in the following.

Xo

Yo

(a) Top view (b) Front view

Figure 4.1.: Coordinate system
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The ship-fixed coordinates are functions of time and hence, the velocities obtained by
the time derivatives of the spatial variables x, y and 1. However, the velocities are indeed
relative to the earth-fixed system, but described in the ship-fixed system, which is an
accelerated and rotating reference frame and hence, no inertial system. For this reason,
the time derivative of the positional vector components includes the time derivative of
unity vectors, which is the cross product of rotational vector and unity vector. From this
derivation and applying Newton’s second law, the longitudinal force X, transverse force
Y, and yaw moment N are obtained (see Abdel-Maksoud):

X =m(t —vr — zgr?), (4.1)
Y = m(v + ur + zar), (4.2)
N = L7+ mzg(v + ur), (4.3)

where z¢ is the distance from the coordinate system and the centre of gravity and I, is
the moment of inertia around the vertical axis. Since the coordinate system here, is placed
in the centre of gravity, x¢ is zero and the last term in Equation 4.1 to Equation 4.3 can be
omitted. The term —mur of Equation 4.1 and mur of Equation 4.2 are the longitudinal and
respectively transverse components of the centrifugal force, which only appears in rotating
reference systems. The external forces X and Y and the moment N are hydrodynamic
forces and moment acting on hull, rudder and propeller of the ship.

Usually, the forces, velocities and accelerations are considered in non-dimensional form,
dividing by dynamic pressure 0.5pUZ, ship length Lpp, ship draught T, ship velocity at
the start of the manoeuvre Uy, or time Lpp/Up:

/ X / Y y N
= ———, =—— N = ——5——. (4.4)
0.5pUy LppT 0.5pUy LppT 0.5pUy L% pT
The non-dimensional form of velocities and accelerations are obtained by
, U , v , TLpp
=, =, = , 4.5
U U v U T U (4.5)
. . . 2
Y uL];p’ ’U',: UL];p 7 ./: rLI;P (46)
Us Us Us

For the non-dimensional rudder forces in transversal (Cy,) and longitudinal direction
(Cxy), the rudder area Ap is used instead of Lpp and T

XR YR

- R oy =R 47
0.5pU2AR Xr 0 5pU2 AR (4.7)

Cy

4.2. Nomoto Equation

The hydrodynamic forces are functions of velocity, acceleration, rudder angle and propeller
rotation. There are several mathematical approaches to describe the hydrodynamic forces
in dependence of this variables. One of the earliest approaches was proposed by Abkowitz
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(1964), who represented the hydrodynamic forces using a third-order Taylor series expan-
sion. Besides less precise empirical methods, e.g. Clarke et al. (1982), the corresponding
force coefficients must be be directly measured via captive model tests or obtained through
system identification of manoeuvring motions from free-running tests. These methods are
complex and expensive and not useful for the design stage of a vessel or for fast determi-
nation and comparison of manoeuvring behaviours. For this cases linear approaches are
considered.

Nomoto and Taguchi (1957) adopted a simplified mathematical approach to consider ma-
noeuvring motion, particularly to more easily assess the turning and steering behaviour of
a new vessel in the design stage. Based on the linearised equation of motion, he decoupled
the longitudinal motion from the transverse and yaw motion of the ship by considering
the velocity at the start of the manoeuvre, Uy, for the equations of Y and N. Hence, the
deceleration of the ship caused by steering is neglected. Based on these decoupled linear
equations for transverse and yaw motion eliminating the drift velocity, the second order
Nomoto equation for yaw motion can be derived:

T\Toit + (Ty + To)i +7 = Ky 6 + Ky Ts6 (4.8)

T and 75 denote course stability and time response for manoeuvring. While the former is
related to response to midship rudder, the latter is related to adaptation of drift velocity
and yaw rate after steering. K is an index for steady turning motion and 73 defines the
donation of steering speed to begin of a turning motion. Neglecting the cross-coupling
terms N,v and Y,r, the first order Nomoto equation is obtained (Nomoto and Taguchi,
1957; Lewis, 1989):

Ty 7m+1r=Knb, (4.9)
with

(Izz _Ni“) N(5
ez ) Ky =-2.
N, NN,

For the case of a sudden rudder helm at straight-ahead cruise, the solution of Equation 4.9

Tn=T+1T,-T;5 = (4.10)

is

r(t) = Ky 6(1 —e /TN, (4.11)

With sufficient time passed, the differences of the solutions between Equation 4.8 and
Equation 4.9 vanish (Motora, 1960). K is a ratio of turning moment and hydrodynamic
damping coefficient, representing an index for turning ability, and T is a ratio of mass
moment of inertia and hydrodynamic damping coefficient, representing an index of steering
response to change from one steady condition to another. Motora (1960) pointed out that
Ty is very similar to 77 (10 % to 20 % deviation) and therefore also represents the course
stability of the ship. The Nomoto indices are usually stated in non-dimensional form:
Ty Uy

Ty = Ky =

Ky Lpp

o (4.12)
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Based on the two Nomoto coefficients K and T, Norrbin proposed a ’course change
quality number’ P, also referred to as 'Norrbin parameter’ (Nomoto and Norrbin, 1969):

P = Ky .
277,

(4.13)

Since P is a ratio of K}, and T}, the yaw damping coefficient is shortened out and hence,
the Norrbin parameter cannot evaluate those manoeuvring abilities which are strongly
related to yaw damping effects, like the course stability. Thus, P is only a good parameter
of evaluating the manoeuvrability for ships with good course stability. For ships with low
course stability, Nomoto and Norrbin (1969) proposed an additional measure to consider,
like the slope of yaw rate depending on ruder angle. Nomoto and Taguchi (1957) already
pointed out that the coefficients K and T can be determined by the results of Zig-Zag
manoeuvre. This is accomplished by integration of the rudder angle § and course angle v
of a Zig-Zag manoeuvre (Journée and Pinkster, 2002).

4.3. Manoeuvring Tests

This section provides brief descriptions of free-running standard manoeuvring tests as well
as captive model tests. Further definitions and detailed information are given by the IMO
(2002) and ITTC (2002, 2014, 2021).

4.3.1. Free-running Tests

A well-established method to determine the manoeuvrability of a vessel are the IMO
standard manoeuvring tests. These standard manoeuvres are performed at sea trials for
sea-going vessels before the ship is handed over to the owner by the shipyard. Beside the
stopping manoeuvre, which is used to determine the stopping ability of the vessel, the two
required manoeuvring tests are the turning circle and Zig-Zag manoeuvre. Furthermore,
there are additional optional standard manoeuvres like the spiral manoeuvre or Dieudonné
test, and the pull-out manoeuvre to assess the yaw stability of the vessel, see ITTC (2002).

The Zig-Zag manoeuvre is a standard test used to determine the manoeuvring character-
istics of a ship, see Figure 4.2. After reaching a steady approach speed Up, the manoeuvre
is initiated when the rudder is commanded to move to stbd or port towards a prescribed
angle. This rudder position is maintained until the ship reaches the desired course. At
this point, the rudder is moved in the opposite direction. The ship now returns to its
original course. As soon as the ship reaches the same deviation from the initial course in
the opposite direction, counter rudder is applied again. This process is repeated several
times. Relevant parameters of the Zig-Zag manoeuvre are:

o Inital turning time (¢,): Time from the start of the manoeuvre to the desired heading
deviation.

o Yaw-checking time (¢s): Time interval from the application of counter rudder to the
time of maximum heading angle.
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o Overshoot angle («): Difference between the heading angle at which counter rudder
was applied and the maximum heading angle reached.

When the overshoot or maximum deviation angle is reached, the yaw rate of the ship is
crossing the zero point and the trajectory is at its turning point. The maximum yaw rate
is not necessarily at the point of counter rudder deflection but somewhat earlier as the
increasing drift angle of the ship is decreasing the effective rudder inflow angle and there-
fore the magnitude of rudder transversal force, which mainly contributes to the increase
in yaw rate.

v sl te RUDDER ANGLE ( 5 )
LEFT ————— e _.é....-.._....\
(PORT) t, \ OVERSHOOT (o)}
10° ’f ¥ h

. 4
5 ;_{!'\ \ !
“ti:_;l—r_ ]{..1\_.._._-_.._ .
1 ) f L :
o f [ 1 :
10 3

p ¥
L} 4
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L;F \ # % ¥ © [ SO NN
b —t, HEADING { v )

RIGHT T
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Figure 4.2.: Zig-Zag manoeuvre according to ITTC (Source: ITTC, 2002)

The turning circle manoeuvre is initiated under the same initial conditions. After trav-
elling straight-ahead at a constant speed, the rudder is set to a certain angle to stbd/port
and kept constant, see Figure 4.3. The turn is maintained until a constant yaw rate is
achieved. Relevant turning circle parameters are:

e Advance: Longitudinal distance from manoeuvre initiation to 90° heading.

e Transfer: Transversal distance from manoeuvre initiation to 90° heading.

e Loss of speed: Difference between approach and steady turning speed.

o Tactical diameter: Transversal distance from manoeuvre initiation to 180° heading.

o Turning circle radius (TCR): Steady turning circle radius.

o Drift angle (8): Adjusted drift angle under steady turning circle conditions.

The turning circle can be divided into three different phases (Lewis, 1989): A first phase,

where mainly accelerations occur, a second phase characterised by both accelerations and
velocities, with all terms of the equations of motions being effective, and a third steady-

state phase of the turning circle, where the accelerations v and 7 are equal to zero and the
ship is turning with a constant radius.

Since the manoeuvrability of the ships can be easily derived from these tests, they are
widely used for free-running model tests, as well. As the impact of scaling effects on
manoeuvring behaviour is not yet fully understood, the model should be chosen as large
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Figure 4.3.: Turning circle manoeuvre according to ITTC (Source: ITTC, 2002)

as possible, subject to the geometric constraints of the test basin. The model’s loading
condition should correspond to that of the full-scale vessel, particularly with respect to
the aft and forward draught, as well as the GM, while the radii of gyration around the
transverse and vertical axis &y, and k., are set to values close to 0.25 Lpp (ITTC, 2021).

The manoeuvring model tests are carried out in accordance with the Froude scaling law.
Consequently, the drag resistance of the model ship is overestimated, which is the most
relevant scaling effect affecting the model tests. In the absence of a friction correction
force being applied to the free-running model, as is customary in towing tests, the model
ship is not operating at the full scale propulsion point, requiring a comparatively higher
propeller rotation rate n to achieve the desired velocity. Due to the higher wake at the
propeller and higher thrust loading factor, the velocity at the rudder in the propeller
stream is comparatively higher for model ships. Conversely, the velocity outside of the
propeller stream is lower due to the higher wake of the model ship. For single screw ships,
it is assumed that both contradictory effects roughly cancel each other out (Oltmann,
1978). Several authors have investigated the scaling effects on manoeuvring behaviour
using captive (Motora and Couch, 1961; Bogdanov et al., 1987b) or free-running model
tests (Shiba, 1960; Nomoto, 1966; Martinussen and Linnerud, 1987), which are described
in more detail in chapter 2. Summarising the results for the latter, the free-running models
are generally capable of capturing the main manoeuvring behaviour of a vessel, particularly
for slender ships and higher rudder angles, but usually show slightly higher course stability
than the full-scale vessel. Another effect that is usually neglected in free-running model
tests, refers to the reduced n during full-scale manoeuvres, which result in high speed losses
due to the engine’s response. For model ships, n is typically kept constant throughout
the manoeuvre, since reductions in propeller rotation rate of only 10 to 15 % are usually
observed in diesel-powered engines (Lewis, 1989).

As already mentioned, the hydrodynamic derivatives described in section 4.2 can be
determined by system identification of the manoeuvring results, but the most widely used
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method is the captive model test.

4.3.2. Captive Model Tests

In contrast to the free-running model tests, the model in captive tests is fixed to a car-
riage and towed. The first, and still most easy to accomplish, captive manoeuvring tests
used the towing carriage of the towing tank without additional subcarriages, which could
superimpose further motions, performing stationary towing tests under straight-ahead
condition or as oblique towing test with drift angle to obtain those coefficients related
to surge, drift and rudder motion. Further pure stationary tests are the circular tests
with rotating arms to obtain derivatives in dependence on yaw, rudder and drift motion.
However, both methods are only capable of capturing coefficients depending on the ve-
locity. Furthermore, the circular tests requires additional expensive rotating arm tanks.
In order to detect all needed hydrodynamic derivatives, including those related to accel-
eration, and to utilise the available typically long and slender towing tanks, the Planar
Motion Mechanism (PMM) or later Computerized Planar Motion Carriage (CPMC) was
developed. The first CPMC was commissioned by the HSVA (Grim et al., 1976), which
allowed to be flexibly controlled by using own computer program codes. Those carriages
are equipped with independent motor controls for longitudinal, transverse and rotational
movements. This allows pure motions of each variable independently, as well as a wide
range of combined planar motions (ITTC, 2014), such as pure surge, sway, yaw, and com-
bined sway /yaw and drift /yaw motions, with and without rudder motions or heeling angle.

Once the hydrodynamic derivatives are obtained, either by captive or free-running model
tests, other manoeuvres can be simulated. External or environmental effects, such as
towing and wind forces acting on the ship, can then be superimposed or included in the
equation of motion as additional external forces. Shallow water by contrast, changes the
manoeuvring behaviour entirely and requires separate model tests, performed in shallow
water, in order to obtain another set of hydrodynamic coefficients. The basic principles of
the changed manoeuvring behaviour in shallow water are described in the next section.

4.4. Influence of Shallow Water on Manoeuvrability

Despite the fact that the majority of seagoing vessels operate primarily in deep water, the
requirements for manoeuvring behaviour are significantly higher in coastal areas and ports,
where confined water is usually present. According to ITTC (2017), ’confined water’ is
referred to as the combination of ’restricted water’ with an effective horizontal boundary,
such as banks, and ’shallow water’ with an effective vertical boundary, which is focused
on here.

In deep water, the flow around the manoeuvring ship can be considered as three-
dimensional. In shallow-water conditions, the flow under the keel is disturbed and the
flow around the ship becomes increasingly two-dimensional as the UKC decreases, with
more water flowing along the sides of the vessel. As a result the pressure distribution along
the ship’s hull is changed significantly, leading to a substantial increase in hydrodynamic
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derivatives, as described in more detail in chapter 2 (e.g. Fujino, 1968; Toxopeus, 2013;
Wang et al., 2023).

For a simplified illustration of the shallow-water effect the hull of a manoeuvring ship can
be considered as a hydrofoil, similar to the rudder, as an ineffective hydrofoil, however, as
the aspect ratio of the hull is approximately 27"/ L, with the waterline acting as a symmetry
plane. For a stbd turning circle, the port side can generally be considered as the pressure
side and the stbd side as the suction side, with the inflow velocity —U, see Figure 4.4.
However, due to the superposition of the ship’s yaw and drift motion, this can be different
for the forward part of the ship, where the yaw motion is in the opposite direction to the
drift motion. Due to the low aspect ratio, most of the transverse flow, acts as wingtip flow
under the keel, equalising the pressure (similar to the creation of a wingtip vortex on an
aeroplane).

Pressure side

 ——

-U
\ -
r Keel —

Suction side

Figure 4.4.: Sketched principle of manoeuvring ship hull as hydrofoil for stbd turning

This changes as the water depth decreases. In extreme shallow-water conditions, the
aspect ratio of the hull hydrofoil increases, theoretically to oo for prevented flow under
the keel at h/T = 1.00, which transforms the hull into an effective hydrofoil. The wing
tip flow under the keel is restricted what prevents the pressure equalization under the
keel. As a result, the ship’s sway motion v is drastically damped, resulting in a significant
reduction in the drift angle of the manoeuvring ship. The ship’s turning ability is thereby
inhibited (e.g. Schmidt-Stiebitz, 1958a) and its course stability increased (e.g. Lee and
Hong, 2017). Due to increased course-keeping and decreased turning ability, the overshoot
angles of Zig-Zag manoeuvres usually decrease significantly in shallow water. As the drift
angle of a ship is the main factor contributing to increased resistance during turning
manoeuvres, there is a significant decrease in the speed loss of the ship compared to deep
water, usually resulting in larger turning circles. Similar to the ship’s hull, the aspect
ratio of the rudder is increased as well, theoretically up to oo, resulting in greater rudder
effectiveness and forces in shallow water. However, the increased hydrodynamic forces
of the hull usually dominate by far. Some exceptions are described in chapter 2 for wide
twin-screw ships, which demonstrated reduced turning circles in shallow water (Yoshimura
and Sakurai, 1989; Yasukawa and Kobayashi, 1995). Furthermore, the propeller inflow is
strongly affected by the higher wake of the ship in shallow water, leading to a higher thrust
loading factor. The resultant increase in thrust is often not sufficient to meet the increased
resistance in shallow water. Consequently, the propeller typically operates at a higher
revolution rate to attain the same speed as in deep water. Both effects lead to a higher
rudder inflow in the propeller stream, resulting in increased rudder forces. Conversely, the
counteracting effect of the higher wake outside the propeller stream reduces the rudder
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inflow velocity, resulting in reduced rudder forces in this area. Usually, the former effects
of increased rudder forces are dominating (e.g. Bogdanov et al., 1987a).
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5. Experimental Investigations

The free-running manoeuvring tests with the model ships were carried out in the test
facilities of the BAW in Hamburg. The shallow-water tank is 100 m long and 35 m wide.
Water levels can be set up to a maximum of 0.6 m.

5.1. Model Ships

Figure 5.1.: Perspective view of the DTC aft ship with twisted rudder and propeller

The experimental investigations were conducted with two distinct ship types at a model
scale of 1:60, a container ship and a bulk carrier. The Duisburg Test Case (DTC) is a
benchmark ship representing a typical 14,000 TEU post-Panamax container ship (Moctar
et al., 2012). The vessel is equipped with a twisted leading edge rudder with a Costa
bulb, see Figure 5.1. The Japan Bulk Carrier (JBC) is a capesize bulk carrier that has
also been designed as a benchmark ship for CFD validation (Hino et al., 2016). The main
dimensions of both ships at full scale and model scale are listed in Table 5.1. Perspective
views of the DTC and JBC are shown in Figure 5.2.

Table 5.1.: Main dimensions of the model ships

DTC JBC

Main Particular Symbols Full Scale Model Scale Full Scale Model Scale
Length btw. Perpendicular Lpp [m] 355.00 5.92 280.00 4.67
Breadth at Waterline By [m] 51.00 0.85 45.00 0.75
Draught at midship T [m] 14.50 0.242 16.50 0.275
Displacement Volume V [m?] 173467.00 0.803 178369.90 0.826
Block coefficient cp [+ 0.661 0.661 0.858 0.858
Wetted hull surface S [m?] 22032.00 6.12 19556.10 5.43
Long. centre of Gravity Teg [m] 174.06 2.90 147.13 2.45
Metacentric height GM [m] 3.60 0.060 5.30 0.088
Moment of Inertia Kap/Bui [-] 0.41 0.41 0.40 0.40
Moment of Inertia Kyy,K../Lpp [-] 0.23 0.23 0.25 0.25
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Two draughts were selected for the DTC: the design draught of 14.5m and the partial
draught of 12.5m. The latter was tested not only on an even keel, but also trimmed by
stern. For the JBC, two draughts were investigated as well: the design draught of 16.5m
and a partial draught of 13.8 m. The partial draught of the JBC is examined for even keel,
trim by stern and trim by bow. The investigated loading conditions for the model ships
are shown in Table 5.2 and Table 5.3.

Table 5.2.: Main dimensions of the DTC at the investigated floating conditions (full scale)

Main Particular Symbol  Design Partial even Partial trimmed
Draught at APP Tapp [m]  14.50 12.50 13.50
Draught at midship Ty [m] 14.50 12.50 12.50
Draught at FPP Trpp [m]  14.50 12.50 11.50
Trim angle Y [deg] 0.0 0.0 0.318
Displacement Volume V [m?3] 173467 143640 143640
Long. centre of Gravity = x., [m]  174.06 176.10 171.84

Metacentric height GM [m] 3.6 4.9 4.9

g

-
T X

Figure 5.2.: Perspective views from the front, rear and side of the DTC (top) and JBC (bottom)

The selected h/T ratios are 2.00, 1.50, 1.20, 1.15 and 1.10. Additionally, a number of
deep-water tests were performed outdoors for the DTC only. The test speeds were set to
6,9, 12 and 15knots. An additional speed of 19 knots was investigated for the DTC. This
range reflects the actual operational conditions in the area of interest. On the river Elbe,
a maximum speed of 12kn applies for navigation in large sections of the waterway. In
contrast, a typical speed for port manoeuvres is approximately 6 kn. Thus, 9 kn represents
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Table 5.3.: Main dimensions of the JBC at the investigated floating conditions (full scale)

Main Particular Symbol  Design Partial even Partial Aft Partial Fwd
Draught at APP Tapp [m] 16.50 13.80 14.60 13.00
Draught at midship Ty [m] 16.50 13.80 13.80 13.80
Draught at FPP Trpp [m]  16.50 13.80 13.00 14.60
Trim angle ¥ [deg] 0.0 0.0 0.327 -0.327
Displacement Volume V [m®] 173467 147096 147096 147096
Long. centre of Gravity = x4 [m]  147.13 148.56 146.16 150.90

Metacentric height GM [m] 5.3 6.1 6.2 6.0

Figure 5.3.: The DTC model ship during a manoeuvre in the BAW shallow-water basin

Table 5.4.: Manoeuvre matrix for the DTC at design conditions

Draught [m)] 14.50
float. cond. even keel

h/T Deep water 2.00/1.50 1.20 1.15 1.10
TC 45° stbhd - 6, 9kn 6, 9kn 6, 9kn 6, 9kn
TC 45° port - 6, 9kn 6, 9kn 6, 9kn 6, 9kn
TC 35°stbd | 15, 19kn 6,9, 12, 15, 19kn 6,9, 12, 15kn 6, 9, 12, 15kn 6, 9kn
TC 35° port | 15,19kn 6,9, 12, 15, 19kn 6,9, 12, 15kn 6,9, 12, 15kn 6, 9kn
7 35-20 stbd - 6,9, 12, 15kn 6,9, 12kn 6,9,12,15kn 6,9, 12kn
7 35-20 port ; 6,9,12, 15kn 6,9, 12, 15kn 6,9, 12, 15kn 6, 9, 12kn
7 20-10 stbd | 15, 19kn 6,9, 12kn 6,9, 12kn 6,9, 12, 15kn 6,9, 12kn
Z 20-10 port | 15, 19kn 6,9, 12kn 6,9,12kn 6,9, 12, 15kn 6,9, 12kn
7 20-20 stbd 6 kn 6 kn - - -
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an intermediate level, while 19 kn is the highest possible speed for the DTC for the chosen
configuration, without skin friction correction force. However, the design speed is actually
25kn. Figure 5.3 shows the DTC during a manoeuvre in the BAW shallow-water basin.

Table 5.5.: Manoeuvre matrix for the DTC at partial draught

Draught [m)] 12.50
float. cond. even keel 2 m trimmed

h/T 2.00 1.20 1.10 2.00 1.20
TC 45° stbd 6, 9kn 6, 9kn 6, 9kn 6, 9kn 6, 9kn
TC 45° port 9kn 9kn 9kn 9kn 9kn
TC 35° stbd | 6,9, 12, 15, 19kn 6,9, 12kn 6, 9kn 6,9, 12, 15, 19kn 6,9, 12kn
TC 35° port 9kn 9kn 9kn 9kn 9
7 35-20 sthd | 6,9, 12, 15, 19kn 6,9, 12, 15kn 6,9, 12kn | 6, 9, 12, 15, 19kn 6, 9, 12, 15kn
7 35-20 port 9kn 9kn 9kn 9kn 9kn
7 20-10 stbd | 6,9, 12, 15, 19kn 6, 9, 12, 15kn 6, 9kn 6,9,12,15, 19kn 6,9, 12, 15kn
7 20-10 port 9kn 9kn 9kn 9kn 9kn

The models are free-running model ships equipped with a steering gear and an electric
motor and are operated by remote control. For each manoeuvre, the model ship is ac-
celerated to the specified speed at the target propeller rotation rate. At the start of the
manoeuvre, the rudder must be in the neutral position and the ship’s yaw rate must be
close to zero. This prevents the measurement runs from being influenced by varying input
conditions. Various manoeuvres were conducted at different rudder angles. The rudder
angular speed of 22.5 degrees/s, which corresponds to 2.9 degrees/s in full scale, was set

for all manoeuvres.

Table 5.6.: Manoeuvre matrix for the JBC at design conditions

Draught [m)] 16.50
float. cond. even keel

h/T 2.00 1.50 1.20 1.15 1.10
TC 45° stbd 6, 9kn 6, 9kn 6, 9kn 6, 9kn 6, 9kn
TC 45° port 9kn 9kn 9kn 9kn 9kn
TC 35°sthd | 6,9, 12, 15kn 6,9, 12, 15kn 6,9, 12, 15kn 6,9, 12kn 6, 9kn
TC 35° port 9kn 9kn 9kn 9kn 9kn
Z 35-20 sthd | 6, 9, 12, 15kn 6, 9, 12, 15kn 6, 9, 12, 15kn 6, 9, 12kn 6, 9kn
7 35-20 port 9kn 9kn 9kn 9kn 9kn
Z 20-10 sthd | 6, 9, 12, 15kn 6, 9, 12, 15kn 6, 9, 12, 15kn 6, 9, 12kn 6, 9kn
7 20-10 port 9kn 9kn 9kn 9kn 9kn
Z 20-20 stbd 12, 15kn 12, 15kn 12, 15kn 12kn -

The manoeuvres presented and discussed here are the 35° and 45° turning circle, and the
20-10, 35-20 and 20-20 Zig-Zag manoeuvres. Table 5.4 to Table 5.7 provides an overview
of these manoeuvres. Tests at higher speeds were only possible at moderate shallow-water
conditions. The JBC’s port manoeuvres and the DTC’s partial draught port manoeuvres
were only carried out at a speed of 9 knots. For h/T = 1.10, the trimmed conditions were
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Table 5.7.: Manoeuvre matrix for the JBC at partial draught

Draught [m] 13.80
float. cond. even keel aft trimmed fwd. trimmed

h/T 2.00 1.20 1.10 2.00 1.20
TC 45° stbd 6, 9kn 6, 9kn 6, 9kn 6, 9kn 6, 9kn 6, 9kn 6, 9kn
TC 45° port 9kn 9kn 9kn 9kn 9kn 9kn 9kn
TC 35° stbd | 6,9, 12, 15kn 6,9, 12kn 6,9kn | 6,9, 12, 15kn 6,9kn | 6,9, 12, 15kn 6, 9, 12kn
TC 35° port 9kn 9kn 9kn 9kn 9 9kn 9kn
7 35-20 stbd | 6,9, 12, 15kn 6,9, 12kn 6, 9kn | 6,9, 12, 15kn 6, 9kn | 6,9, 12, 15kn 6, 9, 12kn
7 35-20 port 9kn 9kn 9kn 9kn 9kn 9kn 9kn
7 20-10 stbd | 6,9, 12, 15kn 6,9, 12kn 6, 9kn | 6,9, 12, 15kn 6, 9kn | 6,9, 12, 15kn 6, 9, 12kn
7 20-10 port 9kn 9kn 9kn 9kn 9kn 9kn 9kn
7 20-20 stbd 12, 15kn 12kn - 12, 15kn - 12, 15kn 12kn
7 10-10 stbd 12, 15kn 12kn - 12, 15kn - 12, 15kn 12kn

not achievable.

5.2. Experimental Setup

The model ships are equipped with extensive measuring equipment for different measuring
parameters. A fully equipped model ship is shown in Figure 5.4.

MRU Octans

Box with measuring Battery GPS antenna
equipment driving unit Measuring computer

Prisma and
GPS antenna Ballast Battery WIFI antenna Ballast
weight measurement weight
equipment

Figure 5.4.: Fully equipped model ship with measurement applications

A motions reference unit (MRU), a fibre optic gyro compass, was used to measure the
rotational motion of the model ship, such as roll, pitch and yaw motion. The rudder
forces and moments are captured with a 6-DoF sensor. The sensor is located in the
sensor box above the rudder blade. A 3-DoF thrust measuring unit, mounted on the
propeller shaft, measures the thrust forces. A rotating torque sensor on the shaft is used
to measure the torque provided to the propeller. The rudder angle is set and recorded
via an actuator and magnetic angle sensor. Translatory motions, such as surge, sway and
heave, are measured externally via a ’total station’ positioned next to the shallow-water
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basin. This tachymeter automatically tracks the electronic prisma aboard the model ship.
Figure 5.5 shows the transmitting prisma for the deep-water model tests outdoors during
a manoeuvre. The diagram in Figure 5.6 illustrates the data acquisition on the model ship
and provides details of the various measuring instruments, including their data rate and

their respective accuracy.

Figure 5.5.: Total station measurement during a deep-water manoeuvre outdoors

6-axis force-torque sensor 3-axis-force sensor Rotating torque sensor Engine control Angle sensor
Type: ME K6D40 Typ: ME K3D60A 100N Typ: Lorenz DR 2477 (engine) Typ: posirot PRAS3-H-
SON/SNm Accuracy: 0.5 % Messbereich: £+ 5V, + 5 Typ: Mattke 120-11-CW-M12R5
Accuracy: 0.5 % Nm VSR0250/L3.30.0 Accuracy: < 0.1%
Accuracy: 0.25% Data rate: analogue
Measuring amplifier /\/ Measuring card
4\\// ) g ame //\\£ Measuring amplifier N Type: National Instruments 9207
— Type: ME GSV- === |Type: ME GSV-4 USB SubD37 on 9185 chassis
Rudder forces | 8DS CAN open X . Torque, RPM,|
bD44HD Thrust Resolution: 0.05 / 24Bit Q:+t5V—-x5Nm
and moments | SY Rudder angle )  60°
Resolution: 0.05 / delta: 0.004 - 0.02 A — + 60
24Bit 25 Hz n:0-10V — £ 1500 rpm
40 Hz (25) Hz

30 Hz Position data with GPS time
NMEA / Type: Trimble SPS930 with prisma
10 Hz Trimble active Track 360 Target

.\‘ Accuracy: £(4 mm + 2 ppm)

LabView “s ﬂﬂa

- ﬁi Data rate: 20 Hz
— =
10 Hz Quinsy 10 Hz
NMEA
T 10 Hz
NMEA ‘
o A
Time in 10 Hz GPS time (for synchronisation
Position and time with position data)
Type Octans Subsea Type: Javad Sigma 1
Accuracy: heading £ 0.1°, Data rate: 5Hz, gps sync puls 1/s

pitch,roll: + 0.01°
Data rate: 10 Hz (intern bis
200Hz)

Figure 5.6.: Central data acquisition diagram
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6. Numerical Investigations

In addition to the comprehensive conduction of model experiments, numerical simulations
were performed for selected cases of both model ships. All simulations were performed in
model scale as well, enabling direct comparisons of the results. In the following sections the
numerical approach, computational domain, verification and validation of the numerical
results are introduced.

6.1. Computational Domain

All Simulations are carried out using RANS-based CFD calculations with the commercially
available Software Simcenter STAR-CCM+ of the version 2302. A rectangular numerical
towing tank was created using the CAD models with the same dimensions for all setups,
except for the vertical direction, which was adjusted according to the specific h/T ratio.
Figure 6.1 illustrates the principle boundary conditions and the distance to the ship used
for the simulations. A velocity inlet was set at the front and the side faces, while a pressure
outlet was chosen at the back end of the calculation area. For deep-water conditions, the
bottom was discretised as a velocity inlet, while for all other setups it was discretised as a
wall to account for shallow-water effects. For the top boundary, which is set at the water
line, a symmetry plane was used, and hence the ship considered as a double body model,
neglecting the free surface. This simplification was adopted to reduce computational cost,
as the free-running manoeuvres already represent complex and costly unsteady simulations
involving a discretised rudder and propeller model, as well as the model’s free motion. As
the considered advance speeds of 6 and 9kn are small, the wave resistance represents an
insignificant proportion of the total force and can be neglected. The body motion was
enabled by the dynamic fluid body interaction model (DFBI), where the ship is movable
in 3 degrees of freedom, surge, sway and yaw. The background region moved horizontally
in accordance with the surge, sway and yaw motions of the ship.

"Velocrir'fry Jﬁlet - lo.
2.5 Lo / City Tnje

= 25Lep

etry Plane T ~ 4/
m — o
251y = -
Q o \/ 1oclty Inl '
*f‘flg ,

Figure 6.1.: Principle boundary conditions used for the numerical simulations
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Table 6.1.: Boundary conditions

Location Boundary Distance to model APP at WL
Front Velocity Inlet 2.5 Lpp
Back Pressure Outlet 3.5 Lpp
Sides Velocity Inlet 2.5 Lpp
Top Symmetry Plane 0
Bottom Wall h

The propeller forces were modelled using a virtual disc. The propeller induced momen-
tum at the mid of the actual propeller plane is achieved by considering an additional source
term to the momentum equation (Siemens, 2023). In order to model the actual propeller
effect, the kr-kg curves of the model propellers based on open water model tests (Moctar
et al., 2012; Hino et al., 2016) are used to calculate the forces based on the propeller inflow.
The inflow of this body force propeller method was captured at the inflow velocity plane.
This method uses the local velocity of each cell to calculate forces and advance coefficient
J. Furthermore, the induced velocity correction method is applied, which is based on the
approach described by Neitzel et al. (2015). This is necessary in order to account for the
induced velocities of the propeller. For open water propeller tests, the thrust and torque
are measured at a constant propeller rotation rate and varying inflow velocity (v4). The
inflow velocity v, is without induced velocity. In the comparison with the propulsion
test and open water diagram, this v4 is then also used indirectly, as the effective wake
is determined via the thrust (or torque) identity. However, if the kr is now determined
in a running simulation of a ship surging straight ahead with running propeller (thrust
initially unknown, only inflow and propeller rotation n known) using the inflow velocity
v4 unadjusted for the propeller-induced velocities together with the open water diagram
leads to incorrect values. The J becomes too high and the k7 or thrust too small. To
calculate the corrected advance velocity accounting for the propeller-induced velocities an
iterative approach is applied (Neitzel et al., 2015): The local advance coefficient for each
control volume at the inflow plane Jj,.q is

Va,local
Jiocal = Wv (6.1)

with v4 jocqr being the advance velocity and vro.q the tangential velocity for a control
volume at the inflow plane. The latter is necessary to account for oblique flow and set
equal to the tangential velocity at the propeller plane. For the initial solution, the advance
velocity is set equal to the inflow velocity at the propeller vy jocqi to obtain the initial
solution for the thrust:

k-

Tiocal = 72
local

pD%v%,local . (62)

Based on momentum theory a relation of the propeller inflow velocity and advance velocity
can be derived:

2vp,locozl

VA, local = s & .
14 /148 ke
™ Jl200al
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As shown in Equation 6.1 the advance velocity is part of the advance coefficient, and hence
an iterative procedure has to be applied for the solution of the advance velocity according
to Equation 6.3 to obtain the correct propeller thrust.

To control the rudder deflection freely and independently of the ship, the grid area
around the rudder was discretised using the overset technique. Table 6.2 summarizes the
different regions of the domain and its grid type. As the background was moving according
to the model ship motion, they were combined in one region using a trimmed cell mesh.
A polyhedral mesh was used for the rudder, in order to capture its complex geometry
more accurately. In total 11.9 and 8.7 million cells were used for the mesh of the DTC
and JBC, respectively. Figure 6.2 and Figure 6.3 show some key perspectives of the grids
that were used. The boundary layer along the ship hull was arranged with 36 prism layers
to resolve the velocity profile properly. The resolution of the near-wall region was set up
with a dimensionless wall distance y™ < 1 for all simulations. The turbulence models used
were the Standard k- low-Re model for the DTC and k-w-SST model for the JBC (see
section 3.2) as these were found to meet the validation model data best for each ship. A
second-order upwind scheme was used for the convective term and a first-order backward
Euler method to calculate implicitly the transient terms of the equations. The time step
of the simulations was chosen in a way that the Courant number, representing the number
of cells by which a field quantity moves per time step, was smaller than one for the major
part of the domain. For the aft part of the ship, at the propeller and rudder region the
Courant number was allowed to exceed the value of one, since the fine cells at the rudder
would require an unreasonable small time step for the extensive simulation.

Table 6.2.: Grid sizes

Region Grid Type DTC Total cells in Mill. JBC Total cells in Mill.
Tank and Ship  Trimmed 10.9 8.0
Rudder Polyhedral 1.0 0.7
Total - 11.9 8.7

T
:

NN SN NS R
||||||||||||||||||

Figure 6.2.: Different perspectives of the computational mesh for the DTC
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Figure 6.3.: Different perspectives of the computational mesh for the JBC

6.2. Uncertainty Analysis

Numerical methods applied for solving the Reynolds-Averaged-Navier-Stokes equations
are based on model assumptions and discretise the solution domain into spatial grid cells
(see also chapter 3). Both the modelling approach and the discretisation process may
introduce errors and uncertainties. The estimation of the uncertainty of the numerical
discretisation is referred to as verification, and of the modelling error as validation, which
needs experimental data for comparison.

The verification can be divided into code verification and solution verification (ITTC,
2024). Code verification is considered to be the responsibility of the developer and as
the used CFD solver Star-CCM+ is widely recognised by scientific and commercial user
worldwide, no significant coding errors are expected. Solution verification, on the other
hand, describes the uncertainty of the same computational model, which can provide
different solutions due to different meshes or iteration numbers.

Validation refers to the estimation of the uncertainty in numerical models, which is
based on the comparison of numerical results with experimental results. The validation of
the numerical simulations is conducted for some straight-ahead propulsion tests as well as
for the actual manoeuvres.

6.2.1. Verification

The uncertainty analysis of the used grids was made according to Stern et al. (Xing and
Stern, 2010; ITTC, 2024). The grid convergence study was carried out using three different
grids, the used medium sized grid, a coarse grid and a fine grid. The refinement ratio used

was r = /2.

Table 6.3.: Grids used for the convergence study
Grid DTC Number of Grid Points in Mill. JBC Number of Grid Points in Mill.

Coarse 5.5 3.9
Medium 11.9 8.7
Fine 20.8 14.5
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For the DTC the verification study was made according to available shallow-water re-
sistance tests for the speed of 6 kn and three different water depths: deep-water, moderate
shallow-water of h/T = 2.00 and shallow-water condition of h/T = 1.20. For the JBC
the same h/T ratios were investigated for the speed of 9 kn. Furthermore, for both ships
a grid convergence study was performed for a 35° turning circle manoeuvre at the speed
of 9kn and the h/T ratio of 1.50. Table 6.3 shows the used grids and the number of grid
points for the turning circle manoeuvre. The same grids were used for the resistance tests,
but with a symmetry plane along the ship and without the rudder being discretised. Due
to variation of water depth, the grids of other h/T ratios result in slightly different grid
cell numbers.

The convergence behaviour according to Stern et al. can be obtained by the ratio of
the changed results between medium S, and fine grid S1, €91 = So — 51, and between the
coarse and medium grid 3o = S3 — So:

R = 821/632 . (6.4)

The solution has, depending on magnitude and sign of R, one of the four different be-
haviour:

e Monotonic convergence, for 0 < R < 1
e Monotonic divergence, for R > 1
e Oscillatory convergence, for —1 < R <0

e Oscillatory divergence, for R < —1

The correspondent order of accuracy prg and estimated error dgrp can be obtained by

i ln(€32/€21)
PRE = Tin() (6.5)
€21
L (6.6)

The distance metric to the asymptotic range P is defined for this method as the ratio of
estimated order of accuracy prg to theoretical order of accuracy pip:

p="LEE (6.7)
DPth

Based on statistical analysis of analytical or numerical benchmarks by Xing and Stern
(2010) the factor of safety F'S is then calculated as a function of P by

PS(P) = 2.45-0.85P, 0<P<I1 68)
16.4P — 148, P>1 ' '

With this safety factor, the uncertainty Upg can finally be estimated by

Ups = FSORE - (6.9)

- 45 -



Numerical Investigations

Table 6.4.: Grid convergence study for the DTC based on resistance tests

Coarse Medium  Fine
Water Depth Cra(1073) [ €21 £32 R ORE Urs
Deep Water  4.5682  4.5555  4.5547 0.0009 0.0126 0.0689 0.0001 0.0031
h/T =2.00 4.8829 4.8617 4.8617 0.0001 0.0211 0.0039 3.1867E-07 0.00004
h/T =1.20 5.8492 5.8156  5.7991 0.0165 0.0336 0.4915 0.0159 0.032

Table 6.4 shows the results of the uncertainty analysis for the DTC. Since 0 < R < 1
applies for all water depths, the solutions of the investigated grids converge monotonically.
The estimated uncertainties correspond to approximately 0.07 %, 0.0008 % and 0.55 % of
Crar for deep water, h/T ratio of 2.00 and 1.20, respectively.

Table 6.5.: Grid convergence study for the JBC based on resistance tests

Coarse Medium  Fine
Water Depth CTM(IO*:") H €921 €32 R ORE Urs
Deep Water  4.6362 4.6591  4.6743 -0.0152 -0.0229 0.6637 -0.0300 -0.0585
h/T = 2.00 4.9570 49725 4.9853 -0.0128 -0.0155 0.8274 -0.0613 -0.1360
h/T =1.20 7.0061 7.0587  7.0972 -0.0385 -0.0526 0.7322 -0.1053 -0.2177

The uncertainty analysis based on the resistance test of the JBC is presented in Ta-
ble 6.5. Again, the solutions of the grids converge monotonically, as 0 < R < 1 applies
for all investigated water depths. The estimated uncertainties correspond to -1.25 % for
deep-water, -2.73 % for moderate-shallow and -3.06 % for shallow-water Cys value.

Even though the direct calculations of the manoeuvres demand time-consuming and
extensive simulations, for one manoeuvre at the shallow-water case of h/T = 1.50 grid
studies are performed for both model ships. The results of the grid studies of this 35°
turning circle manoeuvre are shown in Table 6.6 and Table 6.7.

Table 6.6.: Grid convergence study for the DTC based on a 35° turning circle manoeuvre at h/T =

1.50
Parameter Coarse  Medium Fine €91 £32 R ORE Urs Convergence type
Advance [Lpp| 2.5410  2.5098  2.5450 -0.0352 0.0312 -1.1277  0.3107 0.8070  Oscillatory Diverging
Transfer [Lpp] 1.5663  1.5743  1.5726  0.0017 -0.0080 -0.2145  0.0005 0.0101  Oscillatory Converging
too [-] 4.0241  4.0283  4.0287 -0.0004 -0.0042 0.0970  0.0000  -0.0018 Monotonically Converging
Tactical Diameter [Lpp] 3.5466  3.5604  3.5549  0.0056 -0.0138 -0.4024  0.0038 0.0253  Oscillatory Converging
TCR [Lpp) 1.7115  1.6817  1.7010 -0.0193 0.0298 -0.6454 -0.0351 -0.0671 Oscillatory Converging
Steady Surge [-] 0.5879  0.5599  0.5769 -0.0170 0.0280 -0.6075 -0.0263  -0.0484  Oscillatory Converging
Steady Thrust [-] 0.0292  0.0295  0.0294 0.0002 -0.0003 -0.5516  0.0002 0.0004  Oscillatory Converging
Steady Drift [°] 8.2505  8.1641  8.1307 0.0334 0.0865 0.3857  0.0209 0.1621  Monotonically Converging
Steady Drift 90° [°] 8.3733  7.8150  8.3466 -0.5316 0.5584 -0.9521 -10.5600 -25.2360 Oscillatory Converging
Steady Sway [-] -0.0852  -0.0803 -0.0824 0.0021 -0.0049 -0.4262 0.0016 0.0084  Oscillatory Converging
Steady Yaw Rate [-] 0.3471  0.3374  0.3427 -0.0052 0.0096 -0.5422 -0.0062 -0.0105 Oscillatory Converging
Yaw Rate 90° 0.3713  0.3676  0.3726 -0.0049 0.0037 -1.3450  0.0192 0.0539  Oscillatory Diverging
Steady Rudder Trans. Force [-] -0.0084 -0.0085 -0.0085 0.0000 0.0001 -0.0959  0.0000 0.0000  Oscillatory Converging
Rudder Trans. Force 90° [-] -0.0080 -0.0082 -0.0082 -0.0001 0.0002 -0.4110 -0.0001  -0.0003 Oscillatory Converging

The chosen verification parameters relate to turning circle conditions at 90° heading
change and steady-state condition. These are beside the standard turning circle param-
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Table 6.7.: Grid convergence study for the JBC based on a 35° turning circle manoeuvre at h/T =

1.50

Parameter Coarse Medium  Fine £91 €39 R ORE Ups Convergence type
Advance [Lpp] 2.0073  2.3618  2.3242 0.0376 -0.3545 -0.1060 0.0045 0.1705 Oscillatory Converging
Transfer [Lpp] 1.2657  1.3988  1.3888  0.0099 -0.1330 -0.0746 0.0008 0.0373 Oscillatory Converging
too [-] 3.1819  3.6061  3.5690 0.0371 -0.4242 -0.0874 0.0036 0.1523 Oscillatory Converging
Tactical Diameter [Lpp] 2.7586  2.8877  2.8665 0.0212 -0.1291 -0.1643 0.0042 0.1165 Oscillatory Converging
TCR [Lpp] 1.2829 1.2863 1.2853  0.0010 -0.0034 -0.3005 0.0004 0.0060 Oscillatory Converging
Steady Surge [-] 0.5105  0.4805  0.4859 -0.0054 0.0300 -0.1799 -0.0012 -0.0305 Oscillatory Converging
Steady Thrust [-] 0.0293  0.0297  0.0296 0.0001 -0.0004 -0.3239 0.0001 0.0008 Oscillatory Converging
Steady Drift [°] 5.9979 6.3360 6.1838 0.1522 -0.3381 -0.4503 0.1247 0.5085 Oscillatory Converging
Drift 90° [°] 6.1221  5.9276  5.8908 0.0369 0.1945 0.1895 0.0086 0.2116 Monotonically Converging
Steady Rudder Trans. Force [-] -0.0117 -0.0120 -0.0122 0.0002 0.0003  0.7379  0.0007 0.0014 Monotonically Converging
Rudder Trans. Force 90° [-] -0.0135 -0.0157 -0.0154 -0.0003 0.0022 -0.1373 0.0000 -0.0015 Oscillatory Converging
Steady Yaw Rate [-] 0.3611 0.3978  0.3950  0.0027 -0.0367 -0.0750 0.0002 0.0104 Oscillatory Converging
Yaw Rate 90° 0.4770  0.4668  0.4650 0.0018 0.0102 0.1742 0.0004 0.0100 Monotonically Converging

eters, rudder and propeller forces, as well as the velocities. For the JBC, the R only
assumes values between -1 and 1, and hence shows converging behaviour for all parame-
ters. Nevertheless, only the drift angle and yaw rate at 90° heading change and the steady
rudder transverse force show monotonically convergence, while the other variables are of
oscillatory convergence type, with R close to zero, however.

For the DTC, it is similar, demonstrating only for 99 and steady drift angle monoton-
ically convergence, while most of the other parameters show oscillatory convergence. For
two parameters related to 90° heading change, the advance and yaw rate at 90°, it shows
slight oscillatory divergent characteristics. However, the R is only approximately 12 % and
35 % below the limit of -1. As these two terms represent transient parameters, it confirms
the challenges of applying the classic grid convergence study to transient problems, such
as direct manoeuvring simulation, as already stated by Carrica et al. (2016).

6.2.2. Validation

The validation of the numerical results is based on the model experiments conducted in the
BAW shallow-water basin. The 35° turning circle and Zig-Zag 35-20 manoeuvre at speeds
of 9kn are chosen for validation purpose for both ships. Furthermore, for the DTC some
additional resistance and propulsion tests at speed of 6 kn are used to compare resistance
and propeller thrust in deep, intermediate shallow and shallow water. For the JBC, the
propeller thrust of the straight-ahead tests in the BAW model basin at speed of 9kn are
compared to simulation results.

The EFD and CFD results for the resistance and propulsion tests of the DTC are pre-
sented in Table 6.8. As expected, the results for higher water depth are closer to the model
test results, but all differences are below 10 %. The resistance is slightly underestimated,
with the deviation increasing as the water depth decreases. The highest deviation is the
resistance in shallow-water conditions, with approximately 9%. However, as the total
resistance of the model ship at this low speed is only about 3 N, the absolute deviation
is only small. The propeller thrust is slightly underestimated as well, which is consistent
with the lower resistance for the CFD case.

As already mentioned, for the JBC, only the propeller thrust can be used as a validation
parameter for non-manoeuvring cases. However, results for a greater variety of shallow-
water conditions were available for comparison here. Table 6.9 summarises the results of
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the straight-ahead tests for model experiments and CFD simulations. Except for the h/T

ratio of 2.00, again the propeller thrust is slightly underestimated. However, for the JBC,
the deviations are even smaller than for the DTC, with differences below 5% for all water
depths.

Table 6.8.: Results of the DTC resistance and propulsion tests for EFD and CFD

Resistance Propulsion
EFD CFD EFD CFD
h/T er(1073) crp(1073) Deviation cr [%] k1 kr Deviation kr [%]
4.00 4.6181 4.5556 -1.35 0.2727 0.2624 -3.77
2.00  5.1620 4.9109 -4.86 0.3010 0.2810 -6.64
1.20  6.4608 5.8742 -9.08 0.3407 0.3232 -5.13
Table 6.9.: Results of the JBC straight-ahead tests for EFD and CFD
EFD CFD
h/T  kp kr  Deviation kp [%]
2.00 0.1935 0.1973 1.98
1.50 0.2109 0.2074 -1.63
1.20 0.2132 0.2128 -0.17
1.10 0.2271 0.2204 -2.96
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Figure 6.4.: Comparison of EFD and CFD trajectories for the 35° turning circle manoeuvre with

an initial speed of 9kn for the DTC
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Figure 6.5.: Validation plots for turning parameters related to 90° heading change with an initial
speed of 9kn for the DTC

The validation for the direct manoeuvring simulation was made by comparing the main
manoeuvring parameters and significant dynamic parameters, like the yaw rate and rudder
force. Figure 6.4 to Figure 6.6 show the results of the experimental tests (EFD) and
the simulations (CFD) for the 35° turning circle manoeuvre to port and stbd. The CFD
trajectories are generally in good agreement with the EFD data, see Figure 6.4. In contrast
to the experiments, in CFD the turning circles could be completed even in extreme shallow-
water conditions.

For these water depths, only those parameters were comparable related to 90° of heading
change, which are presented in Figure 6.5. As can be seen, transfer, yaw rate and time
for 90° heading change are in good agreement with model test data, for all shallow-water
conditions. Only for the manoeuvre at h/T" ratio of 1.15 to stbd side, the transfer shows
higher deviations of approximately 14 %. The advance is slightly overestimated for port
side for the h/T ratio of 1.20, and generally slightly underestimated for stbd side, particu-
larly for extreme shallow water with deviations of 11.55 %. Generally, however, the curve
progression and hence, the dependence on water depth of the parameters are well met.

This also applies for those parameters related to steady conditions, see Figure 6.6. The
tactical diameter and steady yaw rate are met precisely, with deviations of less than 5%
for all comparable water depths, except for yaw rate at h/T ratios of 2.00 and 1.20 to port
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side. The rudder transverse force shows slightly higher deviations, especially for moderate
shallow water of up to approximately 20 %. The steady surge velocity only shows some
higher deviations for the manoeuvre at h/T = 2.00 to port side and the general curve
progression is met, including the trend reversal in the transition to shallow-water condi-
tions. This directional trend reversal, which is described in subsection 7.1.1, affecting the
turning circle radius and tactical diameter in particular, is also well represented by CFD
simulations. The steady drift angle to port side shows the highest deviations from the
model test results, with partly over 20 % for h/T = 1.20. However, the absolute values
approach each other as the water depth decreases, with deviations less than 1° in shallow-
water conditions. For turning circle manoeuvre to stbd side, the steady drift angle is well
met for all conditions.

The simulation of direct turning circle manoeuvres is quite complex and its evaluation
includes many parameters. For this reason, the overall validation of the manoeuvring sim-
ulation was made by a validation table, containing all relevant parameters, see Table 6.10.
The mean error was computed as the average of the absolute values of the errors for all
parameters, without applying any weighting. For the h/T ratio of 1.15, valid model test
data is only available for stbd direction. As can be seen the overall error of all turning
circle manoeuvre parameters is close to, or even below, 5%, and hence the turning circle
manoeuvres of the DTC were able to be modelled generally in good agreement by the
chosen CFD setup.

Table 6.10.: Differences between CFD and EFD results of the 35° turning circle manoeuvre in %

for the DTC
Parameter h/T =200 h/T=150 h/T=120 h/T=115 h/T=1.10
Advance stbd -2.48 -5.66 -0.53 -4.01 -11.55
Advance port -1.30 0.50 7.11 - 1.14
Transfer stbd -4.90 -3.87 -0.90 -14.38 -3.76
Transfer port -3.13 1.58 0.18 - 2.85
tgo stbd -2.82 -4.47 0.04 -2.67 -6.01
tgg port -1.13 1.57 2.36 - 3.39
Yaw Rate 90°stbd -2.55 2.20 -0.58 5.99 3.68
Yaw Rate 90°port -0.75 -0.55 -2.41 - -8.84
Tactical Diameter stbd 1.03 -1.46 0.56 -1.46 -
Tactical Diameter port -4.03 2.10 1.81 - -
TCR stbd 5.64 -0.99 2.99 - -
TCR port -2.96 4.60 4.24 - -
Steady Drift stbd 3.64 6.37 3.75 - -
Steady Drift port 16.28 18.26 27.12 - -
Steady Surge stbd 2.09 -2.35 -1.31 - -
Steady Surge port -11.40 4.79 -5.08 - -
Steady Yaw Rate stbd -0.60 -0.21 0.05 - -
Steady Yaw Rate port -8.54 -0.94 -8.43 - -
Steady Rudder Trans. Force stbd -20.76 -15.58 3.66 - -
Steady Rudder Trans. Force port -17.59 -9.32 3.01 - -
Mean Error 5.68 4.37 3.81 5.70 5.15

Besides the turning circle manoeuvre, for the DTC a Zig-Zag 35-20 manoeuvre to stbd
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Figure 6.6.: Validation plots for steady-state turning parameters with an initial speed of 9kn for

the DTC
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was simulated for all investigated shallow-water conditions. Figure 6.7 shows the curve
progressions of the most important Zig-Zag parameters as a function of the h/T ratio,
as well as the yaw rate and transverse rudder force as a function of time for model tests
and CFD simulations. Generally, the deviations of the overshoot angles and yaw-checking
times decrease for rising overshoot number. The overall curve progression is well met
by the CFD results, except for extreme shallow-water conditions at third overshoot po-
sition. The overshoot angles with supporting rudder to both directions, port and stbd,
are slightly overestimated by CFD. The initial turning time shows similar curve progres-
sion and generally slightly underestimated values, especially for h/T ratio of 1.10 with
deviations of 11.44%. The Nomoto coefficients, calculated with the first two overshoot
angles, are in good agreement with the model test data, with maximum deviations of ap-
proximately 12 %. The trend reversal of T}, within extreme shallow water however, is not
reflected by CFD results. As no steady condition is comparable for Zig-Zag manoeuvres,
the curve progression as a function of time is used for comparisons of the yaw rate and
rudder transverse force. The highest deviation, again, for the yaw rate is observable for
the first maxima, related to the first overshoot, particularly for extreme shallow-water
conditions of h/T = 1.10, where the CFD simulations shows significantly larger slope
than EFD curve progression, resulting in approximately 11 % higher yaw rate maxima.
However, the further progression is well met by CFD results for all water depths. This is
also the case for the rudder transverse force. Here, both extreme shallow-water conditions
show the highest maximum deviations of approximately 10 %. Similar to the turning circle
manoeuvre, a validation table summarize the most important parameters of the Zig-Zag
manoeuvre, see Table 6.11. Overall, the deviations are slightly higher as for the turning
circle manoeuvres, but all parameters show deviations less than 20 % and mostly below
10 %, resulting in mean errors for all water depths below 10 %.

Table 6.11.: Differences between CFD and EFD results of the Zig-Zag 35-20 manoeuvre in % for

the DTC

Parameter h/T =200 h/T=150 h/T=120 h/T=115 h/T =1.10
Overshoot 1 12.99 17.81 16.58 12.15 17.84
Overshoot 2 11.65 6.73 3.13 -0.27 -10.18
Overshoot 3 6.59 5.02 11.83 6.28 -9.16
Yaw-checking Time 1 1.64 7.95 -0.82 4.59 5.77
Yaw-checking Time 2 4.23 6.49 7.27 6.29 -0.85
Yaw-checking Time 3 -1.37 0.00 -1.51 5.56 -6.08
Initial turning time 5.08 0.21 -5.11 -3.92 -11.44
Mean Error 6.22 6.32 6.61 5.58 8.76

For the JBC, the validation of the turning circle was carried out for stbd direction only.
The turning circle trajectories again, are in good agreement with model test data, see
Figure 6.8. The curve progressions of parameters related to 90° of heading change as a
function of h/T ratio are well met, with exceptions for the transfer at h/7T = 1.10 and
time and yaw at h/T = 1.15, while the total deviation is well below 10 % for all of these
parameters.
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Figure 6.7.: Validation plots for the Zig-Zag 35-20 stbd manoeuvre with an initial speed of 9 kn for

the DTC
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Figure 6.8.: Comparison of EFD and CFD trajectories for the 35° turning circle manoeuvre with
an initial speed of 9kn for the JBC

The dependency on water depth of those parameters related to steady-state conditions
of the turning circle is in good agreement as well. The progression of each parameter,
except for the tactical diameter within extreme shallow-water regime, is well met by CFD
calculations, showing even the rise in the yaw rate in extreme shallow water after a steady
decrease until the h/T of 1.20, albeit with a lower gradient. The deviations of tactical
diameter, turning circle radius and yaw rate are mostly below 5% and overall clearly be-
low 10 %, see Table 6.12. The still relatively high mean error values of up to 11.74 % are
caused by the high relative deviation of the drift angle, which is, however, constantly un-
derestimated by max. 0.5°, except for h/T = 2.00, see Figure 6.10. Due to the significant
decrease in drift angle with decreasing water depth, down to a value of approximately 1°,
this rather constant deviation of 0.5° leads to a distinct deviation of over 54 %. Excluding
this parameter from the calculation of the mean would result in mean values of only 2.73,
3.26, 2.85, 6.19 and 6.99 % for h/T ratios of 2.00, 1.50, 1.20. 1,15 and 1.10, respectively.

In addition to the turning circle manoeuvre, a Z 35-20 manoeuvre to stbd was simulated
for all investigated shallow-water conditions with the JBC, see Figure 6.11. Similar to the
DTC, the first overshoot position exhibits highest deviations of partly over 10 %, while
yaw-checking times and overshoot angles for the second and third maxima differ by less
than 10 % and mostly even by less than 5%. The overall curve progressions with dimin-
ishing overshoot angles and yaw-checking times with decreasing water depth down to h/T
ratio of 1.15 and the increase again for h/T = 1.10 are well met by CFD results. This is
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Figure 6.9.: Validation plots for stbd turning parameters related to 90° heading change with an
initial speed of 9kn for the JBC

Table 6.12.: Differences between CFD and EFD results of the 35° turning circle manoeuvre in %

for the JBC

Parameter h/T =2.00 h/T=150 h/T=120 h/T=115 h/T=1.10
Advance stbd -2.67 2.84 4.27 5.49 5.95
Transfer stbd 4.04 8.12 3.21 3.72 -3.44
tgo stbd -2.88 1.95 2.15 7.23 6.77
Yaw Rate 90° stbd 2.21 0.83 -1.47 -7.39 -5.90
Tactical Diameter stbd -0.82 4.08 0.58 0.74 -3.67
TCR sthd 0.53 -0.12 -0.76 -1.65 -5.24
Steady Drift stbd 4.14 -4.50 -18.97 -31.46 -54.51
Steady Surge stbd -2.72 -0.87 -7.08 -8.41 -11.54
Steady Yaw Rate stbd 3.04 4.26 -3.29 -7.10 -6.97
Steady Rudder Trans. Force stbd 5.64 -6.28 -2.82 -13.95 -13.42
Mean Error 2.87 3.39 4.46 8.71 11.74

also true for the Nomoto indices Ty an Ky, where the trend of the CFD curves agrees well
with the model test results, showing, however, a slightly higher increase in T, and decrease
in K, in the transition from the h/T of 1.15 to 1.10. The initial turning time for the h/T
of 1.20 is slightly overestimated and for 1.15 underestimated, resulting in a trend reversal
here for the CFD simulation. The values, however, only differ by less than 5 %. The curve
progressions over time for yaw rate and transverse rudder forces agrees well with model
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test results. Both yaw rate and rudder forces, are slightly underestimated by CFD results.
For the transverse force, valid model test data is only available for h/T ratios of 2.00, 1.50
and 1.10. Table 6.13 illustrates the errors in the CFD results, revealing an overall good
agreement with model test data, with mean values less than 10 %, and mostly close to 5 %.

Table 6.13.: Differences between CFD and EFD results of the Zig-Zag 35-20 Manoeuvre in % for

the JBC
Parameter h/T =200 h/T =150 h/T=120 h/T=115 h/T =1.10
Overshoot 1 -0.10 -17.22 -8.38 -6.57 -12.55
Overshoot 2 8.24 -1.55 1.81 -5.69 -9.06
Overshoot 3 8.82 -2.87 -1.58 -8.99 -0.64
Yaw-checking Time 1 -3.85 -14.66 -14.94 -10.41 -6.98
Yaw-checking Time 2 3.05 -2.06 -2.75 0.41 -3.97
Yaw-checking Time 3 1.50 -7.11 -3.61 -1.91 -2.47
Initial turning time -0.63 -6.92 4.77 -3.57 3.27
Mean Error 3.74 7.48 5.41 5.36 5.56

In summary, the chosen numerical setup has been shown to accurately reproduce the
manoeuvring behaviour of the investigated ships in shallow water. Solution verification
was performed for resistance tests and a full turning circle manoeuvre for both model ships.
Except for two transient parameters of the DTC, all compared quantities demonstrated
convergence. Validation of resistance, propulsion, and direct manoeuvres indicates overall
good agreement with experimental data. For the turning circle, the numerical results
capture the directional asymmetry of the DTC as well as the trend reversal in yaw rate
of the JBC, though the latter is less pronounced than in the experiments. In the Zig-
Zag manoeuvres, the deviation of parameters decreases with increasing overshoot number.
Overall, mean errors are around 5%, confirming the reliability of the simulations and
supporting their application in detailed hydrodynamic analysis.
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7. Results and Discussion

The results of the shallow-water manoeuvres are presented, interpreted and discussed
below. In addition to the measured forces, trajectories and motions of the model ship,
the typical parameters of the individual turning and Zig-Zag manoeuvres are evaluated in
particular. To ensure a systematic presentation, each aspect is examined individually and
considered for both model ships. Firstly, the influence of shallow water and depth Froude
number on the manoeuvring behaviour in the design state is examined. In the subsequent
stage of the investigation, the impact of the modified floating condition in shallow water
is examined.

7.1. Influence of Depth Froude Number and h/T Ratio on
Manoeuvring Behaviour at Design Condition

Most of the manoeuvres were performed in the design floating condition, as well as at
partial draught for both model ships, see Table 5.4 to Table 5.7. The results for the design
conditions will be analysed first. Owing to the breadth of the dataset, encompassing a wide
range of water depths and velocities for this condition, and the resulting complexity of their
interdependent effects on manoeuvring behaviour in shallow water, two complementary
plotting approaches are adopted. One representation relates the measured parameters to
the depth Froude number in order to highlight how the dependence on velocity changes
with water depth. For each h/T ratio, a second-order polynomial regression curve is
included to indicate the overall trend with respect to the depth Froude number; these
plots are presented primarily in the following section. The second representation plots the
parameters directly against the ratio hA/7T, which allows a clearer identification of direct
water-depth effects, particularly in extreme shallow conditions; these figures are provided
in the appendix. Both types of plots are referenced in the main text.

For the description of the influence of shallow water, a standardised written reference
for the various stages of shallow water is used in terms of the ratio h/T according to ITTC
(2014, 2021) and PIANC (1992). The ITTC definition of 'deep water’ (h/T > 4.00) is
used (ITTC, 2002, 2014), also referenced here as the h/T of 6.00, in the context of the
described tests. Finer subdivisions of shallow water is made according to PIANC (1992):

e h/T > 4.00 is 'deep water’,
e h/T =2.00 and 1.50 are ’intermediate’ or 'moderate shallow water’,
e h/T =1.20 is ’shallow water’, and

e h/T =1.15 and 1.10 are ’very’ or ’extreme shallow water’.
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7.1.1. Turning Circle Manoeuvres

Turning circle manoeuvres were performed at 35° and 45° rudder angles. The speed range
for the 35° manoeuvre varies from 6 to 19 knots, depending on the model ship and under
keel clearance available. With the DTC additional model tests were carried out in deep
water at 15 and 19 knots. The turning circle test at 45° rudder angle was carried out for 6
and 9 knots to stbd and port side. It should be noted that, at the lowest water levels, not
all manoeuvres could be accommodated into the BAW manoeuvring basin, see Figure 7.1.
Apart from advance and transfer, all typical parameters of the turning circle according
to ITTC are obtained during the steady phase. Therefore, the description and analysis
of the steady phase of the turning circle, together with all standard parameters, will be
presented first.
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Figure 7.1.: Trajectories of the 35° turning circle manoeuvre for the DTC

Figure 7.1 and Figure 7.2 show the trajectories of the 35° turning circle manoeuvres at
design draught for all investigated speeds to stbd and port. In general, it can be seen that
the tactical diameter and turning circle radius increase significantly with decreasing h/T
ratio. A more detailed picture of these parameters is shown in Figure 7.3 and Figure A.1.
Both figures show a steadily increasing tendency of the tactical diameter as h/T decreases.
For the DTC, even the gradient of the curves increases steadily with decreasing the under
keel clearance. Overall, the turning ability of the ships, measured by the distance required
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Figure 7.2.: Trajectories of the 35° turning circle manoeuvre for the JBC

for turning, is decreasing significantly with reducing water depth.

Generally, the increase in tactical diameter and turning circle radius shows only small
differences across the different ship speeds. This is highlighted by the nearly horizontal
regression curves over the depth Froude number for the DTC, see Figure 7.3. However, for
the JBC, with beginning shallow-water conditions of h/T = 1.20, the speed influence is
clearly visible. With increasing speed, both the tactical diameter and turning circle radius
increase over the depth Froude number, so that the case of 15kn for h/T = 1.20 assumes
the greatest value for both parameters, even compared to lower velocities at the most
extreme case of h/T = 1.10. Hence, the widely known low impact of speed on turning
circle parameters does not necessarily apply to shallow water conditions, as shown here
for the JBC.

For the JBC, the advance and transfer exhibit comparable dependence on speed and
both increase with decreasing h/T ratio, see Figure 7.4 and Figure A.2. The advance
however, shows this trend already at moderate shallow water conditions. The transfer of
both ships increases similarly, approximately doubling from moderate to extreme shallow-
water conditions. The DTC, again, shows only minor speed dependencies under moderate
shallow water. At shallow and extreme shallow water, however, a pronounced increase in
advance is observed at depth Froude numbers from 0.25 to 0.38, for stbd side. Compar-
ing the advance along constant speed curves, the DTC exhibits a significantly stronger
increase, particularly at shallow- and extreme shallow-water conditions, see Figure A.2.
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Following predominantly small changes in advance from shallow to extreme shallow water,

a pronounced increase in advance is observed for both ships in the transition from h/T

ratios of 1.15 to 1.10. For the DTC, this transition represents the largest increase across all

investigated h/T ratios, highlighting the influence of the extreme shallow-water condition
of h/T = 1.10 on the initial turning ability.
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Figure 7.4.: Advance and transfer of the 35° turning circle manoeuvre

The observed increase in turning-circle parameters is primarily attributable to the sig-

nificant increase in hydrodynamic damping as the under-keel clearance decreases, which
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in turn reduces the drift angle. This reduced drift angle substantially affects the ship’s
resistance and, consequently, its velocity during the manoeuvre. Figure 7.5 and Figure A.3
shows the steady drift angle and the steady surge velocity in relation to straight-ahead
speed at the beginning of the manoeuvre. For the DTC, the steady advance speed and drift
angle demonstrates a similar progression as a function of h/T for all velocities, except for
shallow water (h/T = 1.20), where a steep increase in advance speed can be found. Dur-
ing the port and stbd turning manoeuvre, the steady advance speed at 15 knots increases
significantly over the depth Froude number compared to the lower ship speeds. Compar-
ing the surge speed over the depth Froude number, a clearly decreasing trend is observed
along the regression lines for constant h/T ratios, followed by an increase at higher depth
Froude numbers, see Figure 7.5. The depth Froude number at which the increase occurs is
strongly dependent on the h/T ratio, occurring at lower values for smaller h/T. Further-
more, the magnitude of the increase also grows with decreasing h /T, resulting in a greater
curvature of the polynomial regression curves. Since the drift angle exhibits consistent
trends and only a limited dependence on the depth Froude number, this phenomenon can-
not be attributed to it. Rather, it can be associated with the progression of the regression
curves for the rudder forces at constant h/T ratios, see Figure 7.6a, which closely follow
the same trend over the depth Froude number as the steady-state velocity. This indicates
that the altered rudder—propeller interaction at the stern is strongly dependent on velocity
and h/T. As a result, the rudder force exhibits a highly non-linear response, which directly
correlates with the observed velocity loss during the turning manoeuvre.
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Figure 7.5.: Steady drift angle and surge velocity of the 35° turning circle manoeuvre

These effects are reflected quantitatively in the rudder forces: at 15kn, the longitudinal
and transverse forces increase by more than 100 % for the stbd manoeuvre and by approx-
imately 40 % and 70 %, respectively, for the port side, within an h/T range of 1.50-1.20.
At lower advance speeds, the stbd forces rise less sharply, while the port-side forces remain
nearly constant, further illustrating the velocity- and h/T-dependent non-linear behaviour
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of the rudder forces, see Figure A.4a.
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Figure 7.6.: Steady rudder transverse and longitudinal force of the 35° turning circle manoeuvre

Figure 7.7 and Figure A.5 show the propeller thrust during the steady phase of the
turning circle manoeuvre. Generally, the steady propeller thrust is initially decreasing
within moderate h/T ratios for both ships. For the further progression, again, the higher
velocities show a different behaviour than the lower velocities. For the DTC the 15kn
and for the JBC the 12 and 15kn cases, show a significant increase in steady thrust in
the transition from moderate shallow to shallow water, whereas at lower velocities, there
are only slight changes. Two opposing effects and one additional effect generally influence
the propeller thrust of a manoeuvring ship in shallow water. On the one hand, the thrust
loading factor, and thus the thrust, increases with increasing wake fraction for decreasing
h/T ratio. On the other hand, the thrust loading factor, and thus the thrust, decreases
with higher advance speed as the water depth decreases. In addition, the thrust changes
with decreasing h/T, due to the propeller experiencing a decrease in oblique flow. At lower
velocities, the thrust appears to correspond more closely to the lesser loaded propeller due
to the higher speeds associated with a decreasing h/T. The higher wake fraction at ship
speeds of 15 knots or 12 and 15 knots, respectively, is responsible for a higher propeller
loading at h/T of 1.20, and thereby for a completely different propeller inflow, as the
thrust rises significantly from an h/T" of 1.50 to 1.20.

Based on the observed trends of drift angle, a pronounced non-linearity in the speed
dependence is evident, when transitioning from moderate shallow to shallow water, par-
ticularly for the JBC. This results in significantly higher relative speeds in steady-state
condition of the turning circle at 15knots for both ships. This effect is likewise evident
in the propeller thrust and rudder forces. The trends in velocity along the regression
curves become increasingly non-linear with decreasing UKC and, in the case of the DTC,
are closely correlated with the changes in rudder forces, reflecting the h/T- and speed-
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Figure 7.7.: Steady yaw rate and propeller thrust of the 35° turning circle manoeuvre

dependent variation in rudder—propeller interaction. Consequently, the non-linear response
of the propeller directly governs the corresponding velocity loss during manoeuvring, high-
lighting the critical role of the stern flow conditions and rudder configuration in shallow
water.

The steady yaw rate is generally decreasing in the transition from moderate shallow-
water to shallow-water conditions, particularly for the DTC, and again, increasing for
extreme shallow-water conditions for the JBC, see Figure 7.7 and Figure A.5. This increase
is significant, as the yaw rate shows similar or even exceeding values compared to the h/T
ratio of 2.00. The DTC’s speed dependency on yaw rate, illustrated by the regression lines,
exhibits a similar pattern to that of the surge velocity: the yaw rate decreases at lower
depth Froude numbers before increasing at higher values, with the point and magnitude
of the increase both growing as h/T decreases, resulting in more pronounced curvature of
the regression curves. This behaviour is, again, strongly correlated with the rudder forces,
as the transverse component exhibits a similar trend along the depth Froude number, see
Figure 7.6a.

For the DTC no steady values are available at extreme shallow-water conditions, as
no complete turning circles were achieved for this conditions. To compare the results
obtained for each ship in extreme shallow-water conditions, the transient phase of the
turning circle can be investigated. One possibility is to check the maximum yaw rate,
which is clearly achieved before reaching 90° of heading change within phase two of the
turning circle, see Figure 7.8 and Figure A.6. It can be seen that the maximum yaw rate
reveals similar behaviour in moderate shallow- and shallow-water conditions, but entirely
different behaviour in extreme shallow-water conditions. While the DTC exhibits steadily
decreasing maximum yaw rates for constant speed, with even steeper gradients in extreme
shallow water, the JBC shows a significant increase in the maximum yaw rate in extreme
shallow-water conditions, up to 16 %, with the gradient becoming more pronounced at
higher depth Froude numbers. An explanation of this particular manoeuvring behaviour
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Figure 7.8.: Maxiumum yaw rate at the 35° turning circle manoeuvre

of the JBC, is given in subsection 7.1.2, analysing the transient phase of the turning motion
together with the Zig-Zag manoeuvre, where yaw accelerations are still present, with the
use of CFD results.

Overall, the trend reversal of yaw rate for the JBC in extreme shallow water is remark-
able. The DTC’s dependency of yaw rate on depth Froude number mirrors that of the
steady surge velocity during turning and is closely associated with the rudder forces, re-
flecting the altered rudder—propeller interaction at the stern.

A remarkable aspect concerning the standard manoeuvring parameters of the turning
circle, relates to the asymmetric turning behaviour in dependence on the water depth for
the DTC, leading to a trend reversal of the tactical diameter and turning circle radius
in the transition from moderate shallow- to shallow-water conditions, see Figure 7.3a
and Figure A.1b. Comparing the turning circle to stbd and port side for the DTC, it
is noticeable that at moderate shallow water, the port turning circles still have smaller
diameters, but from h/T = 1.50 downwards, a trend reversal takes place. Particularly in
the transition from h/T" of 1.50 to 1.20, the port parameters increase significantly stronger.
This means that the DTC model ship’s manoeuvrability is affected differently by shallow-
water conditions depending on whether it is turning to stbd or port. Main influence factors
are the rotational direction of the propeller and its interaction with the rudder. The trend
reversal is mainly due to the lower forward speed during the manoeuvre to stbd compared
to port in this case, as the yaw rate for stbd turning generally keeps lower values than
that for port side, see Figure 7.5a and Figure 7.7a. The propeller-hull and propeller-
rudder interaction is significantly altered in shallow water. One contributing factor is the
restriction of vertical inflow towards the propeller, which modifies the propeller-induced
asymmetric pressure distribution on the hull. Moreover, the increased and altered wake
fraction in shallow water changes the inflow distribution along the vertical direction of the
propeller, thereby affecting both the asymmetric force component of the propeller and the
asymmetric propeller-inflow to the rudder. Presumably due to the altered propeller-rudder
inflow comparable resultant transverse rudder forces are observed for stbd and port turns
at h/T = 1.20, but with a significantly higher rudder longitudinal force, see Figure 7.6a.
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At the same time, for 35° turning circle, there is a higher drift angle for stbd compared
to port, see Figure 7.5a. As a result, the model ship is decelerated more strongly in the
stbd than in the port turning circle, and manoeuvres with similar yaw rates result in a
smaller turning circle. The asymmetries in both drift angle and surge velocity grow with
increasing depth Froude number. Furthermore, for A/T" < 1.50, higher thrust is observed
during port-side manoeuvres, which may additionally explain the increased steady-ahead
speed, see Figure 7.7a. The trend reversal can be seen even more clearly and already for
an h/T ratio of 1.50 for the 45° turning circle manoeuvre, see Figure 7.9.
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Figure 7.9.: Tactical diameter and turning circle radius of the 45° turning circle manoeuvre

The JBC is not subjected to that kind of strong changed asymmetric turning behaviour
with dependence on the water depth, as most of the parameters are considerably smaller for
the port side than for the stbd side, which is reflected in lower drift angles, higher velocity
losses (Figure 7.5b and Figure A.3b), and higher yaw rates (Figure 7.7 and Figure A.5)
for port side direction. However, it also shows a trend reversal for the initial turning
behaviour, most obvious for the advance coefficient, showing higher values for port side in
extreme shallow-water condition, see Figure 7.4b and Figure A.2b.

In summary, shallow water has a significant impact on the asymmetric turning be-
haviour of the ships investigated. The propeller-rudder interaction changes such that a
trend reversal occurs with decreasing water depth, resulting in port turning-circle param-
eters exceeding the corresponding stbd values. In case of the DTC this rather affects the
steady-state parameters, and in the case of the JBC the transient advance parameter.

Having considered primarily the steady phase, phase 3, of the turning circle, the transient
phases 1 and 2, are described below, particularly those aspects which differ from those of
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the steady phase of the turning circle. To provide a general overview, CFD results for
the unsteady progression of the turning circle manoeuvre, the transient phases and the
transition to a steady condition are described in dependence on the h/T ratio, using the
different forces acting on the DTC and JBC as a function of the heading. Figure 7.10
and Figure 7.11 show the transversal forces acting on the model ship hulls during a 35°
stbd turning circle manoeuvre, divided into hydrodynamic, rudder, centrifugal and inertia
(acceleration) forces, obtained by CFD Simulations.

At the start of the manoeuvre (phase 1), essentially only accelerations are present,
generated by the rapidly increasing rudder force. During this relatively short phase, neither
yaw nor sway velocity has yet developed. Therefore, centrifugal forces are negligible and
drift acceleration is mainly determined and generated by the rudder forces. Due to the
barely existing lateral speed, the hydrodynamic forces are also insignificant. As the water
depth decreases, the accelerations are increasingly damped by the hydrodynamic lateral
forces already at slightest heading deflections. With decreasing UKC, these forces have
ever greater gradients at the beginning, so that even at a heading of 0.5° the deep-water
acceleration is three times the acceleration at h/T ratio of 1.10, for both ships. This
considerably higher inertia force is balanced by higher centrifugal, lower hydrodynamic,
and similar rudder forces at the beginning, compared to shallower water conditions.
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Figure 7.10.: Force components acting on the DTC during a 35° stbd turning circle manoeuvre
with an initial speed of 9kn at design condition, nondimensionalised according to
Equation 4.4
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Figure 7.11.: Force components acting on the JBC during a 35° stbd turning circle manoeuvre
with an initial speed of 9kn at design condition, nondimensionalised according to
Equation 4.4

Due to higher damping forces in shallow and extreme shallow water in phase 2, the
inertia forces already intersect the abscissa at heading values between 15° and 30° and
change its effective direction towards small values, converging to zero at heading values
of 70°-80°. In moderate shallow and deep water, inertia forces intersect the x-axis only
at 35° to 55° and converge to zero. After initially higher hydrodynamic transverse forces
in shallow and extreme shallow water, these are below the deep-water values. However,
the most extreme case of h/T = 1.10 shows a significant lower gradient similar to deep
water due to considerably lower transverse velocity and intersects the deep-water curve
before its maximum at approximately 25°. Hydrodynamic force at an h/T ratio of 1.50
remains above the deep-water values up to an angle of approximately 40°. The curves for
an h/T ratio of 2.00 remain above the hydrodynamic transverse forces in deep water for
the entire manoeuvre. In an angle range of approximately 75°-110°, the deep-water curve
intersects the other shallow-water curves and assumes a minimum. Thus, for phase 2, the
hydrodynamic forces in moderate shallow water, particularly for the h/T ratio of 2.00,
assumes the highest values, while the shallow- and extreme shallow-water curves assume
values below the deep-water curve. Following an initial increase in rudder forces that was
similar across all shallow-water conditions, the rudder forces in shallow-water and extreme
shallow-water conditions, are significantly higher than the values in deep and moderate
shallow water. For the JBC again, the rudder force at h/T ratio of 1.15 reveals slightly
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higher values compared to 1.10. The centrifugal forces increase significantly stronger
in deep and moderate shallow water due to higher yaw rates and have similar maxima.
Conversely, at the h/T ratio of 1.10, the maxima of centrifugal force are approximately 40 %
(DTC) and 30 % (JBC) lower compared to deep-water values and converges faster to its
steady value than in moderate shallow water and deep water. The curve for the h/T ratio
of 1.10 of the JBC shows a significantly delayed progression, compared to 1.15 and 1.20.
For the DTC, the centrifugal force in shallow and extreme shallow water remain below,
and in moderate shallow water above deep-water values. For the JBC, moderate shallow
water behave similar. However, the centrifugal forces in shallow- and extreme shallow-
water conditions intersect the curves for moderate shallow- and deep-water conditions at
around 90° of heading change and assume significantly higher values than in deep water
and moderate shallow water, which corresponds to the increased yaw rates of the JBC in
extreme shallow water (Figure 7.7). Overall, for the majority of phase 2, the hydrodynamic
transverse forces were significantly reduced in both shallow and extreme shallow water
and were counterbalanced by lower and shorter-acting effective inertia forces together
with reduced centrifugal forces. Conversely, the hydrodynamic forces in moderate shallow
water are significantly increased compared to deep-water conditions.

In steady conditions (phase 3), the hydrodynamic forces show a significantly different
dependence on the h/T ratio for the two investigated model ships. For the DTC, in
the steady region of the hydrodynamic transverse forces only the three areas of deep
water, h/T=2.00 (8 % above the deep-water value) and the remaining shallow-water states
(approximately 12 % above the deep-water value) can be identified in ascending order. By
contrast, the hydrodynamic damping force of the JBC in steady-state conditions vary
significantly in dependence on the h/T ratio. Under extreme shallow-water conditions,
the values are approximately twice those observed in deep water. While the rudder forces
are similar to the DTC values, the centrifugal forces are significantly higher, opposing
the higher hydrodynamic forces. Under extreme shallow-water conditions, the centrifugal
forces are approximately double those observed for the DTC. This corresponds to the
increased yaw rate, which increases the JBC’s centrifugal force in extreme shallow water,
while the DTC showed decreased yaw rates for the same water depths.

In the third phase of the turning circle, both ships experience increased hydrodynamic
forces in shallow and extreme shallow water, after exhibiting the lowest values in phase
2. Under steady conditions in phase 3, the deep-water hydrodynamic force curve attains
a minimum across all investigated water depths. The bulk carrier shows a considerably
higher hydrodynamic transverse force than the container ship in shallow and extreme shal-
low water; this increase is balanced by proportionally higher centrifugal forces.

A shallow-water effect during the transient phase 2 of the turning circle can be observed
in the transition from deep water to intermediate shallow water, particularly with respect
to the advance coefficient. Since the deep-water trials were only performed at 15 and 19
knots, only these velocities are compared to each other. Figure 7.1 shows the trajectories
for deep-water turning circle trials at 15 and 19 knots. As illustrated in Figure 7.1 and
Figure 7.12, the transfer coefficient and turning circle radius increase only slightly from
deep water to intermediate shallow water and rapidly at h/T of 1.50 and lower. Conversely,
the advance coefficient (Figure 7.12) initially shows a clear decrease of up to 7% in the
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transition from deep water to 2.00. For stbd turning circles, the advance coefficients then
increase in the transition to 1.50 by approximately 7-10%. In the port case, however, the
advance continues to decrease slightly. Here, it first increases significantly at 15 knots in the
transition to 1.20 by approximately 22 % and thus, above the deep-water values. The curve
progressions of speed and drift angle at 90° heading change do not clarify this phenomenon,
as the speed for moderate shallow water, as expected, does not drop so sharply and the
drift angle in this region, similar to the further progression, decreases moderately, see
Figure 7.12. Remarkable are the considerably larger transverse and longitudinal rudder
forces at 90° heading change for the port case at both speeds 15 and 19 knots and the
reversed order of magnitude between transverse and longitudinal forces. There is only
little change in the rudder transverse and longitudinal force in the transition to moderate
shallow water. It is only rising slightly at the A /T of 1.50 and rising significantly at the h/T
of 1.20. The curve progression of the yaw rate for the 19 knots manoeuvre (Figure 7.12)
however, reveals a significant higher maxima at an h/T of 2.00 compared to deep water,
being approximately 10-15% higher for port and stbd direction, respectively. Further
progression sees the yaw rate of h/T = 2.00 remain at a higher level, settling at a level
similar to, but slightly higher than, that in deep water for a steady condition. The curve
for the h/T of 1.50 for port side has a similar progression to that in deep water, with a
slightly higher maximum, levelling out on a similar value than in deep water for steady-
state condition. Conversely, the stbd side shows already a strongly delayed progression
with a similar maxima than deep water being slightly lower for steady conditions than in
deep water.

The higher maximum yaw rates observed in the initial stage of the turning circle, par-
ticularly for h/T = 2.00, lead to an improved initial turning behaviour and are likely
caused by changes in the hydrodynamic pressure distribution along the hull; however, this
hypothesis can only be verified through CFD simulations.

As the turning motion is strongly dependent on the hydrodynamic yaw moment, the
change of the distribution of the yaw moment over the heading angle is described first.
Figure 7.13 shows the results of CFD simulations regarding hydrodynamic yaw moment
for the 35° stbd turning circle manoeuvre in dependence on the heading angle for four
different sections of the ship: the aft section before the aft shoulder of the ship, the aft
midship section until midship frame, the forward midship section until forward shoulder
and the fore section at the bow of the ship. The proportions of the total hydrodynamic
yaw moment are changing drastically as a function of the heading in dependence on water
depth. In the following, the three cases, deep water, and h/T ratio of 2.00 and 1.10 shall
be considered in particular. It should be noted that a negative yaw moment (in stbd case)
counteracts the turning motion, and vice versa.

The yaw moment at the aft section of the ship is growing fast and strong in deep and
moderate shallow water, with maxima at around 35° heading change and contributes the
largest proportion to the damping of the ship’s yaw motion. By contrast, in extreme
shallow water, the absolute yaw moment at the stern is increasing only slightly and, with
amounts of only approximately one third of the fore ship yaw moment in steady case,
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Figure 7.12.: Turning circle parameters and steady-turning values of drift angle 3, speed loss u/Uy,
and non-dimensional rudder transverse (Cy,) and longitudinal (Cx,) force coeffi-
cients at 90° heading change, and the time history of the non-dimensional yaw rate
r’ with an initial speed of 19kn for the 35° turning circle manoeuvre in deep and
shallow water. For comparison, the values for port manoeuvres of 3, v’ and Cy,, are
multiplied by —1.

makes only a small contribution to the damping of the turning motion. In the initial stage
of e.g. 15° heading, the yaw moment of the aft section is only approximately 12 % of the
fore section yaw moment. Conversely, in deep-water conditions, the proportion of damping
of the turning motion of the fore section is higher than that of the aft section only up to
a heading angle of 5° (10° for h/T = 2.00 and 15° for h/T = 1.50) and assumes positive
values from a heading of approximately 15°, and starts to contribute to the turning motion
of the ship. For the h/T ratio of 2.00, the yaw moment at the fore ship section counteracts
the turning motion of the ship until a heading of approximately 30° and remains close to
zero for steady-state condition. In the aft midship section, the hydrodynamic force damps
the ship’s turning motion during the initial stage and then diminishes to near zero. In
shallow and extreme shallow water on the other hand, its magnitude increases initially
and remains at moderate negative values. The hydrodynamic force acting on the forward
midship section contributes to the turning motion of the ship in all water depths. It
initially increases most in shallow- and extreme shallow-water conditions, but is greatest
in moderate shallow water at a heading range of approximately 15° to 70°. By contrast, in
the case of deep water, this yaw moment only increases slightly and remains at significantly
lower values than in other water depths. In steady-state conditions, the moment is of
comparable magnitude to that of the fore ship, with both contributing similarly to the
amplification of the turning motion.

Generally, the yaw moment counteracting the turning motion of the ship is strongly
shifting from the aft ship section to the fore ship section, with decreasing water depth.
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Figure 7.13.: Calculated hydrodynamic yaw moment as a function of heading angle for different
ship sections of the DTC for a 35° stbd turning circle manoeuvre with an initial speed
of 9kn, nondimensionalised according to Equation 4.4

In moderate shallow water, the proportion of the fore section counteracting the turn-
ing motion increases and changes only slightly for the mid aft section. In contrast, the
contribution of the mid-fore section to the amplification of the turning motion increases
compared to deep-water conditions.

Since the transient phase is relevant only for investigating changes in advance coefficients
as a function of the water depth, the case of a 15° heading change is used as illustration
for further investigations. Figure 7.14a shows the hydrodynamic lateral forces for this case
along the longitudinal direction of the ship, referenced by frame positions. As can clearly
be seen here, the stern-heavy lateral force distribution in deep water clearly shifts to a
bow-heavy distribution in extreme shallow water. However, the increase at the bow clearly
exceeds the decrease at the stern, which leads to a significantly greater hydrodynamic
moment counteracting the rotation in very shallow water. However, for the transition from
deep-water to moderate shallow-water conditions, the yaw moment supporting the turn
initially increases in the forward midship area. This is due to the significantly increased
hydrodynamic transverse forces in this region in front of the centre of gravity (at frame
9.8), even in moderate shallow water. At the same time, the negative transverse force
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damping the turning motion at the bow increases by a similar amount to that by which
the positive force damping the turning motion at the stern decreases in moderate shallow
water and shows a similar zero crossing as in deep water close to frame 18.5.

Comparing the total transverse forces and the transverse forces in the fore and in the aft
ship as a function of the h/T ratio (Figure 7.14b), the initial increase in fore-ship forces in
the transition to moderate shallow water is notable. This generally leads to an increased
assisting hydrodynamic moment in moderate shallow water, resulting in improved turning
ability.

However, considering the yaw moment in the same way in Figure 7.15b, it becomes clear
that the balance of forces in the bow and stern is decisive as the forward yaw moment is
decreasing steadily with decreasing water depth. Generally, the damping yaw moment of
the ship is shifting from the aft part to the forward part of the ship with decreasing h/T
ratios. While in deep and moderate shallow water the forward part of the ship actually
contributes to the turning motion of the ship, in shallow and extreme shallow water it adds
to the damping moment. For the h/T ratio of 1.10, hydrodynamic yaw moments of aft
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and forward parts are almost of equal size. The aft part of the hydrodynamic yaw moment
has a damping effect on the turning motion for all h/T ratios. However, particularly from
deep water down to an h/T ratio of 1.20, the aft yaw moment increases significantly (less
negative) by about 35%, stays constant for h/T ratios 1.20 and 1.15, and drops about
another 16 %, showing a similar value than the forward part at h/T of 1.10.

It is evident that, despite the occurrence of an increase in lateral damping during the
initial transition from deep to moderate shallow water, the total yaw moment of the fore
ship experiences a decrease, see Figure 7.15b. However, due to the described increased
positive distribution of the lateral force in the forward midship section, the yaw moment
of the fore ship, which actually supports the turning motion of the ship, decreases only
slightly in moderate shallow-water and significantly in the transition to shallow-water con-
ditions. Concurrently, the opposing yaw moment of the aft ship increases significantly (less
negative) in the transition to moderate shallow water. Combined, the absolute value of
the total damping yaw moment of the ship decreases in moderate shallow water, which
leads to a higher initial turning ability of the ship compared to deep-water conditions.

Considering the hydrodynamic yaw moment as a function of the ship’s length in Fig-
ure 7.15a, the significantly increased assisting yaw moments in the ranges of the sections
3-5.5 and 10-18.5 can be identified as the main factor influencing the variation of hy-
drodynamic yaw moments when transitioning from deep to moderate shallow water. In
moderate shallow water, the changed peaks of yaw moments at the stern and the bow
are roughly cancelling each other out. In shallow and extreme shallow water, however,
the increased peak at the bow is dominating the decrease at the stern by far, as the zero
crossing in the fore midship section is shifting significantly backwards to frame 17.

This significantly increased countermoment at the bow in extreme shallow water is also
clearly visible in the pressure distribution, see Figure 7.16. The stagnation point of the
flow is shifting to the stbd side of the bow in extreme shallow water, showing a significantly
increased area of positive pressure towards the forward shoulder of the ship, which means
that the supporting yaw moment occurs only considerably further aft and weaker in this
water depth. Conversely, in moderate shallow water, the pressure distribution at stern and
bow looks similar to that in deep water, while the negative pressure in the midship section
of the ship is already increased significantly. Due to the already significantly restricted
region for the flow below the keel for moderate shallow water and the simultaneously still
existing effective drift angle, a strong negative pressure region forms around the ship on
the suction side, such that the hull acts as a short-winged hydrofoil. This negative pressure
further increases under extreme shallow-water conditions; however, the negative pressure
on the theoretical pressure side increases as well. As a result, the total net force acting on
the midship section changes only slightly for water depths below moderate shallow-water
conditions (see also Figure 7.14a).
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7.1.2. Zig-Zag Manoeuvres

Zig-Zag manoeuvres were performed for a heading change of 20° with 35° rudder deflec-
tion (Z 35-20) and 10° heading change with 20° rudder deflection (Z 20-10), initiated in
both port and stbd directions. The manoeuvres were carried out for a speed range of 6 to
15 knots. For design condition, all A/T ratios of 2.00, 1.50, 1.20, 1.15 and 1.10 were inves-
tigated. Depending on the water level, not all speeds were executable at all h/T ratios.
For the Z 20-20 manoeuvre, deep-water tests at velocities of 6 knots were also conducted
with the DTC. The analysis made is mainly focusing on the first two overshoot angles.
This is due to the fact that the range of the first overshoot angles is most likely to be
relevant to safety in real operation.
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Figure 7.17.: Trajectories of the Z 35-20 manoeuvre for different initial speeds at design condition

Figure 7.17 shows the measured tracks of the first 3 overshoot angles for all investigated
h/T ratio and velocity combination for the Z 35-20 manoeuvre. For the trajectory, it can
be clearly seen that both, h/T ratio as well as advance speed, have a significant impact.
Nevertheless, these two parameters influence the trajectory in a distinct manner. Whereas
the speed particularly affects the value of the maximum transverse motion ¥4z, which
still occurs at similar longitudinal positions, the h/T ratio rather affects the shape of
the trajectory and shifts the longitudinal positions x4, where the Y., takes place. In
extreme shallow-water conditions, higher velocities lead to a considerable shift of x4, to
higher x-values, compared to other h/T ratios. The higher the h/T ratio, the sharper the
shape of the trajectory. The lower the h/T ratio, the higher the x-positions of maxima and
minima of y-values. ¥4, decreases as the h/T ratio is reduced to 1.15-1.20, then increases
again for smaller values, as observed in most cases. These observations are particularly
evident for the DTC.

Overall, the trajectory-based analysis reveals that the speed predominantly affects yq44,
causing it to increase, while the h/T ratio primarily affects x4, which increases with
decreasing h/T. Generally, Ymq, is decreasing with decreasing water depth. By contrast,
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under extreme shallow-water conditions, especially at h/T = 1.10, the influence of speed

extends to both parameters, leading to a trend reversal of increasing ¥,,q. values, partic-

ularly for higher velocities.
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Figure 7.19.: Yaw-checking times for the 35-20 Zig-Zag manoeuvre at design condition

Considering all standard Zig-Zag parameters as a function of the under keel clearance

(Figure 7.18 to Figure 7.20 and Figure B.1 to Figure B.3), it becomes apparent that the

overshoot angles and yaw-checking times become smaller with decreasing water depth, but
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Figure 7.20.: Initial turning time for the 35-20 Zig-Zag manoeuvre at design condition
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Figure 7.21.: Yaw rate and drift angle of the 35-20 Zig-Zag manoeuvre with an initial speed of 9kn
at design condition. For comparison, the values for manoeuvres with an initial port
rudder are multiplied by —1.

the initial turning times increase. This demonstrates that the ships become increasingly
course stable and have an increased yaw-checking ability, but a decreased initial turning
ability as water depth decreases. Course stability is the ability of a ship to maintain a given
course with minimum effort and is strongly connected to the yaw-checking time (Nomoto,
1963). Yaw-checking ability refers to the ability of a ship to counteract a turning motion or
to respond to counter-rudder while turning and is reflected by the overshoot angles. The
initial turning or course-changing ability on the other hand, refers to the turning response
of the ship to reach a desired change of course and can be quantified by the dimensionless
initial turning time.

This observation can be illustrated using the ship’s turning rate. Figure 7.21 shows
the yaw rate of the first and second overshoot angle of the Zig-Zag 35-20 manoeuvre at a
speed of 9kn at design draught. It may be noted that the port values are multiplied by -1
for easier comparison of both directions. At zero, the manoeuvre begins to stbd/port, the
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yaw rate builds up to a certain point, where the first opposite rudder is applied and the
yaw rate drops to the other side. It can be observed that the turning rate builds up more
slowly as the water becomes shallower. At h/T = 1.10, the yaw-rate gradient decreases by
50-70 % compared to h/T = 2.00. This is reflected in the increased initial turning time,
see Figure 7.20 and Figure B.3. At the same time, the shallower the water, the less total
turning rate is built up. For the DTC, the yaw rate at h/T = 1.10 is less than the half of
that at h/T = 2.00 for both sides. For the JBC it is approximately 25 % lower. Therefore,
the turning rate can also be reduced again more quickly by a course-stable vessel, as
can be seen from the smaller overshoot angles and yaw-checking times, see Figure 7.18,
Figure B.1, Figure 7.19 and Figure B.2, which includes all examined velocities and h/T
ratios.

Port manoeuvre at first overshoot and stbd manoeuvre at the second overshoot exhibit
the higher maximum yaw rates (Figure 7.21), revealing the stronger rudder effect of port
deflection for the DTC. During the first yaw-checking phase, asymmetry intensifies as water
depth decreases and the depth Froude number rises, further accentuating the asymmetric
course-changing ability, see Figure 7.20a. For the JBC, by contrast, a trend reversal is
evident with decreasing water depth: the yaw-rate gradient associated with the initial
port rudder deflection decreases markedly more than that for the stbd side. This leads to
higher yaw-rate gradients and thus improved course-changing ability for stbd manoeuvres,
see Figure 7.20b and Figure 7.21b.

In general, the h/T ratios of 1.20 and 1.15 adopt similar progressions and maxima of
the yaw rate, whereas the h/T ratio of 1.10 shows markedly lower values and a strongly
delayed curve progression. This trend is observed for both investigated model ships. The
shallow-water effect on asymmetric initial turning behaviour is pronounced, leading to an
increase or even reversal of the initial asymmetry at decreasing water depths for the DTC
and JBC, respectively.

The overshoot angles (Figure B.1) reveal another conspicuous feature. Three different
sections can be identified in the graphs: The moderate shallow-water regime (h/T of 2.00
and 1.50) with relatively small changes of maximum 20 % for both ships, and the depth to
draught ratio from h/T = 1.20 to 1.15, where the curve is also flat and the overshoot angles
differ only slightly (maximum of approximately 20 % for the DTC and 10 % for the JBC)
and the extreme shallow-water condition of 1.10 with maximum change of approximately
30% for the DTC and 20% for the JBC, compared to the h/T of 1.15. For the JBC
however, the overshoot angles are even increasing again in most cases for this water depth,
emphasising again the changed influence on the manoeuvring behaviour for the h/T ratio
of 1.10. In terms of the shallow water effect, these three conditions — moderate shallow
water (h/T from 2.00 to 1.50), the h/T ratio range from 1.20 to 1.15 and the extreme
shallow water of h/T = 1.10 — are therefore particularly distinct and show decreases up
to 50 % (for the transition from moderate shallow water to shallow water).

When the two model ships are compared, similar overshoot angles are evident in moder-
ate shallow water, but the DTC shows a significantly stronger reduction when transitioning
to shallow and extreme shallow water, attaining overshoot angles which are roughly half
of those of the JBC at h/T = 1.10. Generally, the three identified shallow-water regimes
become more clearly recognisable with increasing speed, indicating a distinctly non-linear
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velocity effect in shallow water. For the DTC, it is also dependent on the rudder direction,
showing a stronger decrease from moderate shallow water to shallow water (h/T" from 1.50
to 1.20) for counter rudder to stbd. In shallow and extreme shallow-water, the difference
between directions diminishes or even reverses The dependency on speed, illustrated by
the regression lines in Figure 7.18, reveals an increasing trend at higher depth Froude
numbers, with the slope generally decreasing for lower h/T ratios, but increasing again at
h/T = 1.10.

The yaw-checking time for the first overshoot angle (Figure 7.19 and Figure B.2) shows
a similar progression, with a strong decrease from moderate shallow water to shallow
water for both model ships. Even though the initial stbd manoeuvres show smaller first
overshoot angles in moderate shallow water, the yaw-checking time is higher in this region
for the DTC. This changes again in the region of shallow and extreme shallow water from
h/T ratios of 1.20 to 1.10, showing a trend reversal or similar values of yaw-checking time.
The higher yaw-checking times coincide with the later zero crossings of the yaw rate after
reaching the maximum, see Figure 7.21a. One reason for this apparent contradiction is
the difference in drift angle between port and stbd manoeuvre. As shown in Figure 7.21a
the drift angle for port side is approximately 25 % (h/T = 2.00) and 35% (h/T = 1.50)
higher than stbd side for first overshoot in moderate shallow water. This difference is
getting smaller for h/T ratios of 1.20 (20 %) and 1.15 (5 %) and again slightly higher in
extreme shallow water of 1.10 (25%). Comparing the first overshoot angles of port and
stbd direction, the size ratios show a similar progression. This indicates that the overshoot
angles are strongly influenced by the drift angles. A further indication for this statement
is provided by the comparison of the trajectories, which shows that the stbd transverse
offset for the first maxima is always (up to 20 %) higher than port side even though the
initial slopes of the curves are similar. For the JBC, the yaw-checking time for port side is
always higher than for stbd side, showing a better yaw-checking capability for port counter
rudder. In contrast to the overshoot angles, yaw-checking times exhibit negligible changes
in sensitivity to depth Froude number with decreasing h/T.

Overall, the overshoot angles and yaw-checking times demonstrate a similar dependence
on water depth, revealing three different regions to consider in particular (moderate shallow
water, h/T of 1.20 and 1.15, and h/T = 1.10), especially for the DTC, which become in-
creasingly distinguishable at higher speeds. Unlike the overshoot angles, the yaw-checking
times exhibit little change in speed sensitivity with decreasing h/T'. The trend reversal of
both parameters at h/T = 1.10 for the JBC is remarkable. The directional dependence
of both parameters for the DTC is decreasing with reduced water depth. The overshoot
angles are noticeably affected by the drift angles.

Despite higher drift angles, the rudder transverse force for port deflection stays higher
than stbd deflection for all h/T ratios, shown in Figure 7.22a. For better comparison
of both directions, the port rudder transverse forces are multiplied by —1. The maxima
of both directions are similar, but the rudder transverse force decreases faster for stbd
deflection. For the first rudder angle, the maxima and further progression is higher for
lower h/T ratios, with the highest values at h/T of 1.15 for the DTC.

For the JBC, again, only for a few manoeuvres to stbd valid rudder data were avail-
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Figure 7.22.: Rudder transverse force for the 35-20 Zig-Zag manoeuvre with an initial speed of 9 kn
at design condition. For comparison, the values for manoeuvres with an initial port
rudder are multiplied by —1.

able, see Figure 7.22b. However, for the first maxima it shows the same progression in
dependence on the water depth as the DTC. For the DTC, at the first counter rudder, the
maximum is highest for higher h/T ratios, probably due to the significantly higher drift
angles prior to the counter rudder in moderate shallow water, leading to higher effective
rudder angles. For the JBC on the other hand, the maximum in extreme shallow water is
highest again, as probably the higher propeller loading and therefore higher rudder inflow
in the propeller stream is dominating in this case. In addition, the further progression,
again, is higher in extreme shallow-water conditions for both ships. One reason for this
is the higher drift angle to the opposite side, resulting in lower rudder inflow angle in
moderate shallow water. The rudder transverse force coefficients show a time delay with
decreasing h/T ratios, showing, despite lower overshoot angles and transverse offsets, the
increasing execution time for the Zig-Zag manoeuvre.

The non-dimensionalised initial turning time (Figure 7.20 and Figure B.3) increases
significantly with decreasing h/T ratio, especially when transitioning from 1.15 to 1.10
for both ships. The speed dependency illustrated by the regression lines for decreasing
water depth does not exhibit a clear monotonic trend, owing to scatter between individual
curves, which partly arise from the uneven distribution of test velocities across the h/T
ratios. This ambiguity is more evident for the JBC, whereas the DTC nonetheless suggests
an overall tendency toward increasing slope with decreasing UKC.

The increase in initial turning time for the transition from h/T ratio of 1.15 to 1.10 is
significant for both ships, especially for the JBC as the increase follows up an only small
change in the transition from 1.20 to 1.15, displaying the highest gradient in the curve
progression for h/T = 1.10. Generally, the influence of velocity becomes increasingly pro-

nounced as water depth decreases.

Other parameters for assessing manoeuvrability are the Nomoto indices, which are based
on a first order differential equation, focusing on the yaw motion only. They can be
determined from results of Zig-Zag manoeuvres, see section 4.2. The non-dimensionalised
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Figure 7.23.: Nomoto coefficients K and T4 for the 35-20 Zig-Zag manoeuvre at design condition

Nomoto coefficients, calculated for the range of first two overshoot angles, are shown in
Figure 7.23 and Figure B.4. Higher K -values correspond to higher yaw rates, hence for
better turning behaviour. Lower T -values in contrast, correspond to faster responsiveness
to the rudder, hence a higher course stability. Nomoto (1963) pointed out that these indices
enables a more differentiated quantification of manoeuvring behaviour as the overshoot
angle, which is nearly proportional to KT at fixed rudder angle. Hence, for a measured
overshoot angle, it can not be distinguished whether it is achieved by large Ky and small
T) or vice versa. One of the reasons for this is, that lower turning ability necessarily
leads to lower rotational rate at target angle which in turn can be reduced more easily
with counter rudder. As the h/T ratio decreases, both Nomoto parameters are steadily
falling, which implies a decreasing turning behaviour and an increasing course stability for
both model ships in shallow water. Overall, higher velocities show poorer manoeuvrability
(higher T\-values and lower K'\-values), particularly in extreme shallow-water conditions,
while the lowest velocity of 6kn reveals the highest manoeuvring ability.

In the transition from h/T ratio of 1.15 to 1.10, the K still decreases significantly for
the DTC and slightly for the JBC, meaning still decreasing turning ability, whereas the
T) is remaining on the same level or is mostly even increasing again, meaning no im-
provement or even deterioration of course-keeping ability in this range of extreme shallow
water, see Figure B.4. Only for 15kn for the DTC this increase is already observable for
the transition to h/T = 1.15. Hence, for the Zig-Zag 35-20 of the DTC the steep decrease
of overshoot angles within extreme shallow-water regime is not associated with a higher
yaw-checking ability but can be explained by a decrease in K and a rather constant
progression of T};. This observation reinforces the presence of a pronounced transition
between h/T of 1.15 to 1.10, revealing a trend reversal from improving to deteriorating
course-keeping ability, accompanied by a continued degradation of turning ability.

Another Zig-Zag manoeuvre was performed for 10° heading change with 20° rudder
deflection angle. Overall, the trajectory of the Zig-Zag 20-10 manoeuvre (Figure 7.24)
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Figure 7.24.: Trajectories of the Z 20-10 manoeuvre for different initial speeds at design conditions
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Figure 7.25.: Yaw rate and drift angle of the 20-10 Zig-Zag manoeuvre with an initial speed of 9 kn
at design condition. For comparison, the values for manoeuvres with an initial port
rudder are multiplied by —1.

show smaller transverse offsets ¥;,q, than the 35-20 manoeuvre. However, the 20° rudder
angle shows a significant different yaw-checking capability of port and stbd deflection,
which is noticeable in a strong asymmetry of the path, especially for the DTC. Immediately
after the start of the manoeuvre, the DTC is turning faster to port side, recognizable by
the slope of the trajectory and the curve progression of the yaw rate, see Figure 7.25.
The first counter rudder to stbd then results in a significantly larger y-offset motion to
port than port counter rudder on the stbd side, shifting the trajectory on the port side
in both the y- and z-direction. For the Z 35-20 manoeuvre in contrast, the initial slope
of the trajectory for both sides are similar, resulting in a generally higher ymq., to stbd
side. The asymmetry for Z 20-10 trajectory is generally stronger for higher h/T ratios and
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Figure 7.26.: First (positive) and second (negative) overshoot angles of the Z 20-10 manoeuvre at
design condition

speeds. For the JBC, the asymmetry of both sides can only be investigated for 9 knots, as
this speed was conducted for the port side only. The asymmetric trajectory is dependent
on the water depth here. While for an h/T ratio of 2.00 the trajectory of the stbd side
shows approximately 20 % higher x;,,, and approximately 50 % higher v, for the first
maximum, it shifts to the port side for an h/T ratio of 1.10, showing approximately 10 %
higher z,,,, and approximately 30 % higher y,,4. at the port side compared to stbd for
the first maximum. As the JBC has a symmetric rudder this asymmetric behaviour has
to be only influenced by changed propeller-rudder interaction during the manoeuvre with
decreasing water depth.

As with the Z 35-20 manoeuvre, Ymq, is generally increasing with higher h/T ratios and
speeds. For the DTC, the 15 knots manoeuvre was executed at an h/T ratio of 1.15 only,
showing a similar track as the 12 knots manoeuvre at h/T ratio of 1.10 with high s
and Ymae values. For the JBC, this similar track is also the case comparing h/T of 1.15 at
12 knots with h/T of 1.10 at 9knots, as well as h/T of 1.20 at 15knots with h/T" of 1.10
at 6knots, highlighting again the significant decrease in manoeuvrability at h/T ratio of
1.10.

Considering the ¥4, in the transition from moderate shallow to shallow water, it shows
for all cases an initial decrease. In dependence on the direction and speed it then decreases
further in the transition to h/T ratio of 1.15, or already increase again. For the transition
to h/T ratio of 1.10 it increases in all cases, revealing a trend reversal of required lateral
space to perform the manoeuvre in extreme shallow-water regime.

Overall, the trajectory analysis confirmed the observed trend of increasing ¥q, for
the Z 35-20 manoeuvre with increasing water depth and speed, with pronounced effect
of speed in extreme shallow water. Nevertheless, the Z 20-10 manoeuvre demonstrates a
higher asymmetry, which is reduced for decreasing water depth and even leads to a trend
reversal for the JBC, revealing a stronger shallow-water effect on asymmetric manoeuvring
behaviour for 20° rudder angle compared to 35°. The h/T ratio of 1.10 is pronounced,
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by showing particularly high x,,., values even for low velocities and a trend reversal of

required lateral space.

Figure B.6 present the overshoot angles of the Zig-Zag 20-10 manoeuvre as a function
of the h/T ratios for all examined velocities. Similar to the Zig-Zag 35-20 manoeuvre,
moderate shallow water (h/T of 2.00 to 1.50) represents a distinctive region compared
to shallow and extreme shallow water (h/T ratio of 1.20 to 1.10), showing significantly
higher overshoot angles and a relatively constant progression between h/T of 2.00 and 1.50,
especially for higher velocities for the DTC. In contrast to Zig-Zag 35-20 manoeuvre, the
first overshoot angles of the DTC show, for most of the cases, a rather constant decrease
in the range of h/T = 1.20 downwards. The second overshoot angles in the transition from
1.15 to 1.10 are rather stagnant. The Overshoot angles for the JBC in contrast, show,
similar to the Zig-Zag 35-20 manoeuvre, a trend reversal in the transition from 1.15 to
1.10, leading to increasing overshoot angles in this region.

Generally, higher velocities again lead to larger overshoot angles, with this effect di-
minishing as water depth decreases, as illustrated by the reducing slopes of the regression
lines in Figure 7.26. For the DT'C however, compared to the Z 35-20 manoeuvre, the curve
progressions appear to be governed more by the initial direction, indicating a stronger di-
rectional dependence of the rudder deflection on the manoeuvre. For constant velocities,
yaw-checking capacity of 20° port rudder is significantly stronger than stbd rudder with
diminishing effect for decreasing water depth. Conversely, in extreme shallow water, the
JBC shows a trend reversal, leading to higher overshoot angles for counter rudder to port,
which is also reflected in the higher y,,4, of the trajectory for this case.

The curve progression of the initial turning time of the Z 20-10 manoeuvre (Figure 7.27
and Figure B.5) looks similar to that of the Z 35-20 manoeuvre. Generally, higher velocities
leads to higher non-dimensionalised initial turning times, with increasing tendency in
extreme shallow water conditions, especially for the DTC. Both model ships show only
little change or even decrease in the transition from h/T of 1.20 to 1.15 but the highest
gradient when transitioning to h/T" = 1.10. The disparity between port and stbd increases
with decreasing water depth, reinforcing the asymmetric course-changing ability.
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Figure 7.27.: Initial turning time for the 20-10 Zig-Zag manoeuvre at design condition
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Figure 7.28.: Yaw-checking times for the 20-10 Zig-Zag manoeuvre at design condition

The yaw-checking time for the first overshoot angle (Figure 7.28 and Figure B.7) in
contrast, is generally decreasing as water depth reduces due to lower built-up yaw rate in
shallower water, which can therefore also be diminished more quickly, see Figure 7.25. In
contrast to the Z 35-20 manoeuvre, the manoeuvres of the DTC with counter rudder to
stbd show for constant speeds over all h/T ratios significantly higher yaw-checking times
than port counter rudder, which matches quiet well with the higher first overshoot angles
for initial port direction. Furthermore, the overshoot angles are considerably less affected
by the drift angle (see Figure 7.25), which attains significantly smaller values compared
to Z 35-20 manoeuvre. For the JBC, there are also higher yaw-checking times for counter
rudder to stbd, at least until extreme shallow-water conditions, showing a trend reversal
here, which agrees also well with the progression of the overshoot angles.

In general, the Z 20-10 manoeuvre demonstrates the same distinct regions for overshoot
and yaw-checking times as Z 35-20 but less pronounced in extreme shallow water regime,
particularly for the DTC. The JBC shows the same trend reversal of increasing overshoot
angles and yaw-checking time in the transition to h/T = 1.10. The parameters show
higher dependence on direction. Port counter rudder reveals greater yaw-checking capac-
ity across all h/T ratios. Only for the JBC, there is a trend reversal in extreme shallow
water, matching the trend reversal for the trajectory here. This transition to h/T = 1.10
is again emphasised by the steepest increase in initial turning time and the largest direc-
tional disparity.

The curve progressions of yaw rate (Figure 7.25) for the first overshoot angle confirms
the strong influence of the direction with decreasing h/T ratio. For the DTC at h/T of
2.00, the stbd direction shows a similar slope and maximum of the curve as port direction.
This difference increases significantly with decreasing h/T ratios, which reveals a strong
direction-dependency on the shallow-water influence on the initial course-changing ability
with 20° rudder angle. For the JBC, this relation of directional dependence on water depth
is more pronounced, showing even a trend reversal from higher maxima (approximately
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20 %) of initial port direction at h/T of 2.00, equalizing at h/T of 1.50 and shifting to an
even considerably lower maximum of approximately 35 % at h/T of 1.10.

The curve progression of the rudder transverse force of the Z 20-10 manoeuvre (Fig-
ure 7.29) is similar to the Z 35-20 manoeuvre, with about 30-70 % lower transverse forces.
Again, the h/T ratio of 1.15 shows the highest rudder transverse forces for the first over-
shoot for both ships. Rudder deflection to port causes constantly higher values than rudder
deflection to stbd for the DTC.
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Figure 7.29.: Rudder transverse force for the 20-10 Zig-Zag manoeuvre with an initial speed of 9 kn
at design condition. For comparison, the values for manoeuvres with an initial port

rudder are multiplied by —1.
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Figure 7.30.: Heading and rudder angle for the 20-20 Zig-Zag manoeuvre with an initial speed of
6 kn in deep and moderate shallow water for the DTC at design condition

As already mentioned, for the DTC, there were also Zig-Zag manoeuvres performed in
deep-water conditions in order to analyse the influence of moderate shallow water sep-
arately. Figure 7.30 shows the curve progressions of heading and rudder angle for the
first two overshoot angles. As shown above, the overshoot angles and yaw-checking times
constantly decreases and initial turning time increases continuously for declining shallow-
water conditions. However, when it comes to the transition from deep to moderate shallow
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water, it is initially the other way around. The first overshoot angle increases by 12 %,
the yaw-checking time by 20 %, and the initial turning time decreases by 18 %.

Thus, in the transition from deep water to moderate shallow water, the DTC demon-
strates increased initial turning ability and less yaw-checking ability, which presumably
results in higher yaw instability. The reason for the changed initial turning behaviour
was already described and explained in subsection 7.1.1, based on the results of CFD
simulations. The further progression of the Zig-Zag manoeuvre for the DTC shall now be

investigated in a similar manner.
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Figure 7.31.: Force components acting on the DTC during a 35-20 Zig-Zag manoeuvre with an
initial speed of 9 kn at design condition, nondimensionalised according to Equation 4.4

The dependence of the manoeuvring behaviour on water depth is further investigated
through an analysis of the hydrodynamic forces and moments acting on the DTC during
the 35-20 Zig-Zag manoeuvre, based on CFD simulation results. The transverse force
components as a function of time for the first two overshoot angles are shown in Fig-
ure 7.31. Following the initial rudder setting at ¢ = 0, the total hydrodynamic forces
exhibit similar initial slopes across all investigated h/T ratios, resulting however in sub-
stantially reduced accelerations and centrifugal forces for decreasing water depths due to
higher damping. At lower water depths, the surge velocity is less reduced as a result
of smaller drift angles. Consequently, the decrease in yaw rate dominates the centrifu-
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gal force (m - wu-7r) (see Equation 4.2) for most shallow-water cases. Only the moderate
shallow-water condition (h/T = 2.00) shows marginally higher centrifugal forces for the
majority of the manoeuvre when compared to deep water. Both moderate shallow-water
conditions show significantly higher hydrodynamic transverse forces than in deep water,
reaching their maxima at similar times. Shallow-water and extreme shallow-water con-
ditions show significantly delayed maxima. The maximum hydrodynamic forces at h/T
ratios of 1.20 and 1.15 are still slightly higher than in deep-water conditions, while in
extreme shallow water of h/T = 1.10 it is even lower. This is mainly due to the strongly
decreased transverse force at the fore ship (see Figure 7.32c) as a result of the increased
negative transverse force at the bow section, see the transverse force distribution along the
ship length at position of first counter rudder in Figure 7.33c. While in deep and moderate
shallow water the acceleration is still significant at first counter rudder, which can also be
seen in the high slope of hydrodynamic forces, it is close to zero for h/T ratios of 1.20
and 1.15 and even negative for 1.10, resulting in stagnating hydrodynamic forces before
counter rudder. For the second overshoot angles, this conditions is reached even sooner
and can be observed for all shallow-water conditions.

Considering the total forces at fore, aft and whole ship at the onset of the first counter
rudder (Figure 7.33c), the force distribution is as expected similar to those of the 35°
turning circle at 15° heading change (see Figure 7.14b). The total hydrodynamic transverse
force and yaw moment initially increase in moderate shallow water, but significantly and
steadily decrease in shallow- and extreme shallow-water conditions, showing the minimum
transverse force and yaw moment at h/T of 1.10, mainly due to the negative peak at the
bow of the model ship, see Figure 7.32c and Figure 7.33c. The increase in pressure at the
bow for decreasing water depth is primarily caused by the enlarged positive pressure area
at the stbd side and the shifting of the stagnation point to stbd due to the increased yaw
to drift ratio at the fore ship, see top of Figure 7.34.

At the instant of the first overshoot however, the total yaw moment is decreasing sig-
nificantly in the transition from moderate shallow to shallow water, but stagnates for a
further decrease in water depth as the yaw moment at the aft ship increases to a similar
amount as it decreases at the fore ship, see Figure 7.32b. While the total transverse forces
at this stage of the Zig-Zag manoeuvre are greatly reduced and only about 5% of those
at first counter rudder setting (Figure 7.32a), the absolute hydrodynamic yaw moment
still assumes values of 60-70 % of those at the onset of first counter rudder (Figure 7.32b).
This is due to the significantly changed pressure distribution along the hull, which can be
seen in the third row of Figure 7.34. For the midship section, the pressure distribution
increasingly looks point-symmetrical with respect to the main frame with decreasing water
depth. Compared to the transverse force distribution at the time of the first counter rud-
der, the absolute values of the extrema as a function of h/T are twisted, see Figure 7.33a.
In deeper water, there is now a strong peak at the bow with a twisted sign and only a
minimal peak at the stern. In the bow area, the forces acting against (counter-)turning
are now significantly stronger in deeper water as the drift motion is considerably more
pronounced, shifting the stagnation point at the bow to the port side, see third row of
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Figure 7.32.: Summed hydrodynamic forces and moments on the fore ship, aft ship, and entire hull
of the DTC for the Z 35-20 manoeuvre with an initial speed of 9kn
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Figure 7.34. While in deep and moderate shallow water, the hydrodynamic damping yaw
moment is mainly due to the strong peak at the bow, this peak considerably decreases as
the water depth reduces, becoming a plateau at h/T ratio of 1.10 (Figure 7.33b), as the
hydrodynamic transverse force shows a slightly decreasing progression for the fore ship
(Figure 7.33a) due to the central stagnation point in extreme shallow water, see third
row of Figure 7.34. While the peak magnitudes in the stern region are negligible, the
aft midship area behind the main frame experiences the greatest damping forces under
shallow-water and extreme shallow-water conditions. This is also reflected in the yaw mo-
ment. The total yaw moment acting against the yaw-checking behaviour (positive values)
is significantly reduced in shallow water and extreme shallow water (Figure 7.32b and
Figure 7.33b). Here, the areas that cause counter-moments are particularly closer to the
midship area, where it is significantly reduced in deep-water conditions. Conversely, in
moderate shallow water, these areas are also already significantly increased, particularly
in the rear midship area, while the bow peak remains pronounced.

Finally, this ensures that the damping moment in the stern area in moderate shallow
water initially increases significantly, and more than it decreases in the fore ship area (see
Figure 7.32b), so that the total moment in the transition from deep water to moderate
shallow water increases overall. Consequently, the DTC exhibits greater overshoot angles
(approximately 10 %), increased yaw-checking times (approximately 5 %), and increased
T} (approximately 20 %) and K}, (approximately 18 %) at an h/T ratio of 2.00 compared
to deep-water conditions, similar to the described Zig-Zag 20-20 model experiment.

This initial increase can also be seen for the average total yaw moment for the same
transition, see Figure 7.32f. The time averaged values represent the mean hydrodynamic
forces and moments acting on the ship during the yaw-checking phase of the Zig-Zag ma-
noeuvre, from the onset of the first counter rudder until the overshoot angle is reached.
Hence, the transverse force and yaw-moment distributions along the ship frames, shown
in Figure 7.33e and Figure 7.33f, do not correspond to instantaneous values but rather
illustrate the average hydrodynamic effects during this phase. The actual pressure distri-
butions of the mid of the yaw-checking phase for three different water depths are shown
in row 2 of Figure 7.34. The average hydrodynamic transverse forces for the yaw-checking
phase (Figure 7.32e) show only little dependence on the water depth, only changing by a
maximum of approximately 12 % for the total force. The transverse force at the aft body
is small due to the increased negative pressure at the mid aft section of the ship, seen in
row 2 of Figure 7.34. Conversely, the distribution of the transverse forces is significantly
different in dependence on the water depth, which can already be seen by the signifi-
cantly reduced average yaw moment (Figure 7.32f), counteracting the turning motion in
this phase, with a maximum decrease of approximately 75%. The mean yaw moment
at the aft ship decreases as the water depth is reduced, eventually approaching zero for
h/T = 1.10.

Figure 7.33e provides a more detailed picture of the average transverse force distribution
during the yaw-checking phase. The force distribution is generally similar to that at the
onset of the first counter rudder, particularly the forward midship section and the aft
peak, but with lower absolute values. However, distinct regions of the distribution differ
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considerably. This is, on the one hand, the significantly increased negative transverse force
at the aft shoulder for all h/T ratios, which opposes the counter-turning motion, and on
the other hand, the diminishing peak at the bow for A/T = 2.00 and twisted peak for
deep-water condition, which, on average, generates a positive yaw moment opposing the
counter-turning motion.

In shallow and extreme shallow water, the negative pressure peak at the fore ship,
which supports the counter-turning motion, dominates this phase on average. This effect
ultimately causes the significantly reduced average damping yaw moment observed in Fig-
ure 7.32f. In addition to the lower built-up yaw rate at smaller h/T ratios, this reduction
is another reason for the reduced overshoot angles of the DTC in shallow water.

Following the same approach as for the DTC, the 35-20 Zig-Zag stbd manoeuvre of the
JBC is examined. For the JBC, the decreased yaw-checking and course-keeping ability in
the transition from h/T of 1.15 to 1.10 is notable, resulting in increased overshoot angles,
yaw-checking times and T} values, and is examined in more detail using CFD simulation
results. Furthermore, the increased yaw rate in extreme shallow-water condition, observed
for the turning circle (Figure 7.8b) is investigated. Asshown in subsection 6.2.2, both trend
reversals within extreme shallow-water conditions are captured by CFD calculations.

The reason for the increased built-up yaw rate, has to be found in the transient phase
of the turning circle, when accelerations are still present. To illustrate the description
of the hydrodynamic force progression in the transient phase of the turning circle, the
situation immediately prior to the first counter-rudder movement is used to explain this
manoeuvring behaviour. Firstly, considering the summed hydrodynamic moments at the
fore and aft, as well as the whole ship (Figure 7.35d), the curve progression at the time
right before the first counter-rudder is applied, shows a consistently decreasing trend for
the fore ship and vice versa for the aft ship. Overall, this results in a decreasing total yaw
moment (i.e. higher negative) down to h/T" = 1.20, which means an increased counteracting
moment against the turning motion of the ship. As the aft ship moment increases at a
similar rate as the fore ship moment decreases during the transition to extreme shallow
water, the total counteracting moment rather stagnates here, even though the rudder
forces are still increasing, see Figure 7.11. For the transition from h/T of 1.15 to 1.10, the
hydrodynamic yaw moment at the aft ship even increase significantly stronger, resulting in
an increased total yaw moment (i.e. less negative), which means less damping yaw moment.
Considering the hydrodynamic force distribution at this position in the turning motion
(Figure 7.36¢), similar to the DTC, a strong shift of hydrodynamic forces from the aft to
the fore ship is observable. However, there are some distinct differences compared to the
DTC. First of all, the change of hydrodynamic forces below h/T ratios of 1.50 is higher
in the midship and fore section of the JBC. Due to the significant decrease (i.e. higher
negative) of the transversal force at the bow, the fore ship moment decreases significantly
in the transition from moderate shallow to shallow water, resulting in the overall increased
damping moment, see Figure 7.35d. This decrease at the bow becomes only slightly more
pronounced with further reduction in water depth. At the same time, the drastic and
steady decrease in transversal force at the aft ship with decreasing water depth is not as
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pronounced as for the DTC, showing even an initial increase for the transition from deep
to moderate shallow water for the JBC. However, for lower water depth, this force at the
aft section decreases considerably, attaining even negative values at h/T = 1.10.

Due to this decrease in transversal force at the aft ship, the yaw moment in extreme
shallow water is significantly increased at the aft (Figure 7.36d). Simultaneously, the
transverse force at the bow decreases only slightly, leading to the overall increase (i.e. less
negative) in the total hydrodynamic yaw moment (Figure 7.35d). As a result, the damping
to the ship’s turning motion is reduced, which explains the observed higher built-up yaw
rate at h/T = 1.10 during the turning circle.

For the yaw-checking phase of the first overshoot angle, this increased (less negative)
yaw moment remains on average (Figure 7.35f). In this phase, however, a negative yaw
moment assists the counter-turning motion of the ship, resulting on average in higher
yaw-checking capability for h/T ratios of 1.20 and 1.15. While the transversal forces at
the fore ship show a rather constant progression in shallow and extreme shallow water
(Figure 7.35¢), the forces at the aft ship decrease significantly in the transition to the h/T
of 1.10. A corresponding decrease at the aft ship is also evident at the position where the
overshoot angle is reached (Figure 7.35a). Figure 7.36a reveals the change of maxima at
the aft ship around frame 2, again, as the reason for this decrease. In deep water down to
an h/T of 1.15, this peak increases steadily, but exhibits a significant decrease when tran-
sitioning to an h/T of 1.10. On average, during this yaw-checking phase (Figure 7.36e),
the maximum value of h/T = 1.15 at the aft is only similar to that in deep-water con-
ditions. However, there is still a considerable decrease in the transition to h/T of 1.10.
Conversely, at the fore ship, the transversal force, on average, assumes higher negative
values for lower water depths, resulting in higher yaw-checking capability at the fore ship
in shallower water, see Figure 7.36f and Figure 7.35f. Comparing the position of rudder
execution and overshoot, the forces at the fore ship shows, similar to the DTC, a trend
reversal of absolute extrema in dependence on water depth. This is due to lower drift angle
in shallower water, shifting the stagnation point at the bow from port to midship with de-
creasing water depth at overshoot position, see third row of Figure 7.37. This consistently
improving yaw-checking capability at the fore ship with decreasing water depths, however,
is in case of h/T = 1.10 clearly dominated by the decreased yaw-checking capability at the
aft ship, ultimately leading to the observed increased overshoot and yaw-checking times
for this extreme shallow water regime.

Examining the overall pressure distribution at various positions of the yaw-checking
phase (Figure 7.37) reveals a considerable increase in negative pressure distribution when
transitioning from moderate shallow water to shallow water, while the actual negative
pressure peaks remain at similar positions. For the transition from shallow to extreme
shallow water, the difference in pressure distribution is relatively small. Differences are
particularly observable for the bow section, as already described above, and the aft section.
While the port side shows only little differences for pure turning motion and yaw-checking
phase (row 1 to 3 of Figure 7.37), the stbd side reveals a significantly larger area of negative
pressure at the aft in shallow-water condition, leading on average to considerably higher
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the JBC
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positive forces in shallow water compared to h/T = 1.10.

This change in pressure distribution in the stern region is the main reason for the
significant change of transverse force at the aft ship, resulting in the higher built-up yaw
rate for the turning motion and the overall decreased yaw-checking capability of the JBC
in this extreme shallow-water condition.

7.2. Influence of Floating Condition on Manoeuvring Behaviour
in Shallow Water

The following chapter investigates the impact of altered floating conditions on shallow-
water manoeuvring behaviour. In addition to the design conditions, the DTC was also
examined with a partial draught of 12.50m on an even keel and trimmed 2m by stern.
For the JBC, the partial draught of 13.80m on even keel as well as 2.60m trimmed by
bow and stern was considered, see also Table 5.2 and Table 5.3 in section 5.1. For these
off-design conditions, the manoeuvres were not carried out to the same extent as in the
design state. The h/T ratios of 2.00, 1.20 and 1.10 were considered only. Likewise the
JBC in design conditions, the port manoeuvres for the DTC were now also carried out at
9 knots only, while the stbd manoeuvres were examined at the same range of velocities as
in design conditions. It is worth noting that the h/T ratio always refers to mean draught.
Therefore, due to the increased draught at the stern, it was not possible to examine the
trimmed conditions at h/T of 1.10.

7.2.1. Turning Circle Manoeuvres

The 45° turning circle manoeuvre was carried out at 6 and 9 knots in stbd direction and
only for 9 knots in port direction. Therefore the analysis of this manoeuvre is focusing on
the speed of 9 knots. Figure 7.38a shows the trajectories of the different floating conditions
for h/T ratios of 2.00, 1.20 and 1.10 for the DTC.
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Figure 7.38.: Trajectories of the 45° turning circle manoeuvre with an initial speed of 9kn for
different floating conditions

In general, it is noticeable that the port turning circles for the partial draught are
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larger than the stbd turning circles for both floating conditions in all tested h/T ratios,
and already for an h/T of 1.20 no longer fit into the manoeuvring basin. For the design
condition, this was only the case at smaller h/T ratios. The described trend reversal
between stbd and port for design condition with decreasing water depth, is not present for

partial draught, as port side manoeuvre parameters are already slightly higher than those
to stbd in moderate shallow-water conditions.
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Figure 7.39.: Advance, transfer, tactical diameter and TCR of the 45° turning circle manoeuvre
with an initial speed of 9kn for different floating conditions

For the port turning circle, only parameters with a 90° heading change can be analysed
for smaller h/T ratios, see also Figure 7.39a. While the advance at h/T = 2.00 shows
hardly any influence of the changed trim and is even slightly smaller than that on even
keel at partial draught, the effect becomes clearly noticeable at h/T" = 1.20. At h/T of
1.10, only the effect of the draught modification can be assessed. For partial draught, the
advance increases, and this effect becomes more pronounced as h/T decreases.

The influence of trim shows a similar, albeit significantly smaller, effect for the stbd
direction. The turning circle radius at partial draught is approaching the value of the
design condition with decreasing h/T ratio and gets even smaller at h/T of 1.10, so that
it even fits completely within the basin at this extreme shallow-water condition. In the
stbd direction, the influence of the draught difference on the turning circle manoeuvre
with decreasing h/T thus has the opposite effect as in the port direction. Conversely, the
transfer is similarly influenced by the altered floating conditions in both directions. Both
parameters increase the most for the trim change.

The change of floating condition for the JBC has different influence on both sides of
turning direction as the water depth reduce, see Figure 7.38b and Figure 7.39b. For stbd
direction the partial draught on even keel overall shows smaller values for the geometric
standard parameters compared to design condition for all water depths, demonstrating
a similar curve progression. For port direction, the parameters are similar to or slightly
higher than those in the design condition, showing a trend reversal for the advance co-
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efficient in the transition from moderate shallow to shallow water. In extreme shallow
water with partial draught, an even higher advance value is assumed, amplifying the trend
reversal for the advance between the stbd and port sides.

The trimmed condition by stern shows overall higher values of turning circle parameters
than those at the even keel condition, and generally slightly higher values for stbd and
significantly higher values for port compared to design condition. The opposite is true
for trimmed condition to bow, showing generally lower standard parameters for port and
significantly lower values for stbd direction compared to even keel conditions. The dif-
ference between the two trimmed conditions increases significantly in the transition from
moderate shallow to shallow water.

The difference in drift angle for these two floating conditions of the JBC changes in a
similar manner from approximately 30 % in moderate shallow-water to 115 % in shallow-
water conditions, see Figure 7.40b. Overall, trim by stern results in smaller drift angles,
whereas trim by bow leads to larger drift angles, corresponding to the highest and low-
est turning-circle parameters, respectively. In extreme shallow water, the trend reversal,
seen for standard parameters, can also be observed for the drift angle, where the design

condition for port assumes the minimum for all cases.
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Figure 7.40.: Yaw rate and drift angle of the 45° turning circle manoeuvre with an initial speed of
9kn for different floating conditions

The drift angle of the DTC for stbd direction (Figure 7.40) is only slightly smaller at
partial draught on an even keel, compared to design state at an h/T of 2.00 as well as
for an h/T of 1.20. When trimmed by stern, the DTC shows the smallest drift angles as
well, which for h/T = 2.00 are approximately 20 % and 1.20 approximately 50 % below
the design values. At the same time, it is evident that the effect of the h/T is significantly
greater than the effect of the draught difference.

The situation is different for the trim, at least in shallow water. At h/T = 1.20, the
DTC at trimmed condition has approximately the same drift angle as at 1.10 on an even
keel at partial draught, although the turning circle radius is approximately 15 % smaller.
This is similar for the drift angle of the JBC, but in this case both conditions show not
only similar drift angles, but also similar parameters for steady conditions. It is evident
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that the impact of drift angle, strongly influenced by the trim, has a significant impact
on the parameters of the turning circle, as lower drift angles results generally in bigger
turning circles and vice versa. Moreover, the effect of trim on the drift angle increases
with decreasing water depth.

Nevertheless, the drift angle has only little influence on the steady yaw rate of the
model ships, see Figure 7.40. Both model ships show the highest maximum of yaw rate in
moderate shallow water. For the JBC, the forward-trimmed condition yields the highest
yaw rates, both at the peak and under steady-state conditions. However, there is generally
little difference across all the investigated floating conditions of maximum 20 % within the
same h/T ratio.

For the DTC, the yaw rate is generally more influenced by the limited water depth, par-
ticularly in the transition from moderate shallow to shallow water. The curve progression
of the yaw rate with design draught, initially shows the greatest maximum, with the ex-
ception of the case h/T = 1.10 in the stbd direction. However, in steady-state conditions,
the partial draught has a rotation rate that is similar or mostly slightly higher, see Fig-
ure 7.40. Nevertheless, the yaw rate curves are similar overall across all floating conditions.
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Figure 7.41.: Trajectories of the 35° turning circle manoeuvre for different floating conditions

Generally, the 35° turning circle shows similar influence of floating conditions as the
45° turning circle, albeit to a lesser extent, see Figure 7.41 and Figure 7.42. For the JBC,
especially the trim by stern condition shows less difference compared to even keel condition
and less amplification with decreasing water depth, showing only slightly higher or even
less tactical diameter for aft trimmed condition in shallow water compared to even keel in
extreme shallow water. The relationship between drift angle and yaw rate is comparable
to that of the 45° turning circle, see Figure 7.43, showing again the minimum drift angle
in extreme shallow water for design conditions.

For the DTC, the change of floating conditions also have lesser influence on the turning
circle parameters than for 45° turning circle manoeuvre. However, there is still different
influence of the directions on the turning circle parameters in dependence on the water
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Figure 7.43.: Yaw Rate and drift angle curve progression of the 35° turning circle manoeuvre with
an initial speed of 9kn for different floating conditions

depth. Under even-keel conditions at partial draught, the advance coefficient exhibits a
stronger increase on the port side than on the stbd side as the water depth decreases,
resulting in a trend reversal in extreme shallow water. Independent of floating condition,
at h/T = 2.00 all turning circle parameters (see Figure 7.41a) of the stbd turning circles
are clearly higher compared to port. This changes already for an h/T of 1.20, showing
higher transfer and turning circle radius for design and partial draught on even keel for port
side. For trimmed condition however, the stbd turning circle parameters remain higher
than those for port, indicating the influence of the floating condition on this shallow-water
effect.

In summary, the draught modification increase the asymmetric turning behaviour with
decreasing water depth. The effect of improving turning ability for stbd side and dete-
riorated turning ability to port side increase with decreasing water depth, most obvious
for the advance coefficient. For the DTC, the asymmetry in the advance increases for the
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45° turning circle, whereas for the 35° turning circle a trend reversal occurs, such that
the advance for the port turn exceeds that for the stbd turn at h/7" = 1.10, which is not
the case under design conditions. For the JBC, an increasing asymmetry of the advance
coeflicient is likewise observed with decreasing water depth. The impact of trim, in which
trim by stern leads to deteriorated turning ability and trim by bow has the opposite ef-
fect, increases with decreasing water depth. The asymmetry between the two different
trim conditions, investigated only for the JBC, is amplified as the water depth is reduced.
The effect of trim on the drift angle increases with decreasing water depth.

7.2.2. Zig-Zag manoeuvres

The analysis of the altered floating conditions for the Zig-Zag manoeuvres focuses on the
speed of 9 knots only. The DTC exhibits similar dependency on water depth on dynamic
manoeuvring behaviour when operating at partial draught on even keel or aft trimmed
condition, albeit to a slightly different extent. The curve progressions of the overshoot
angle for Z 35-20 and Z 20-10 (see Figure 7.44) resemble each other. The overshoot angle
generally decreases for the partial draught and even more for the aft trimmed condition.
The predominantly parallel curve progression reveals a relative constant influence of the
modified floating condition in moderate shallow and shallow water. The first Z 35-20
overshoot angle initially to port, for example, demonstrates a difference between design
and trimmed condition of about 18 % for h/T of 2.00 and 16 % at an h/T of 1.20. With
the exception of the first overshoot angle for initial port manoeuvre, the influence of the
altered floating condition then becomes even smaller at an h/T" of 1.10, with differences
smaller than 10 %.

The overshoot angles of the JBC show generally low influence of the pure draught
modification, showing a similar curve progression with decreasing overshoot angles in the
transition to shallow water and an increase in the transition to extreme shallow water.
Overall, forward trimmed condition exhibits the highest and aft trimmed condition the
lowest overshoot angles. For the Z 35-20 manoeuvre, the curve progressions are mostly
parallel to each other for all floating conditions, showing only little influence in dependence
on the water depth. For the Z 20-10 manoeuvre, the partial draught on even keel exhibits
a trend reversal relative to the design condition, as the overshoot angles for the design
condition decrease more sharply in the transition from moderate shallow to shallow water.

The first and second yaw-checking time (Figure 7.45) shows the same principal curve
progression as the overshoot angle for both model ships. For the DTC, again, the yaw-
checking time is similarly influenced by the changed floating condition between h/T of
2.00 and 1.20 and less influenced for 1.10 with the same exception as for the overshoot
angles.

In moderate shallow and shallow water, the initial turning time for reduced draughts
generally shows values that are similar to or slightly lower than those for design conditions,
see Figure 7.46. The trim by stern has only a minor effect. The trimmed condition to bow,
exhibits generally the lowest initial turning time, with increasing effect with decreasing
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(right) manoeuvre with an initial speed of 9kn for different floating conditions

water depth.

In extreme shallow water of h/T = 1.10, this relation changes for both manoeuvres
and both ships. The initial turning time for partial draught is increasing significantly
compared to design condition, leading to significantly higher turning times for partial
draught of maximum 25 % difference for the DTC, and 41 % for the JBC compared to
design condition.

The curve progression of DTC’s yaw rate for the Z 20-10 manoeuvre (Figure 7.47) il-
lustrates the trend reversal of worse turning ability in extreme shallow water for partial
draught. At the h/T of 2.00 and 1.20 the partial draught shows a faster increase of the
yaw rate and, with the exception for the case of initial stbd direction at /T of 1.20, larger
maxima. This changes for both directions at the h/T of 1.10, showing lower slope and
maxima of the curve. The results indicate that variations in draught have a decreasing
influence on overshoot angle and yaw-checking time as water depth reduces, particularly
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for the DTC. Furthermore, a significant increase in initial turning time is observed in ex-
treme shallow water conditions. These results imply that the relative h/T ratio is not the
dominant parameter. Rather, it appears that absolute under-keel clearance has a greater
impact on the vessel’s manoeuvring performance.
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Figure 7.46.: First initial turning time of the Z 35-20 (top) and 20-10 (bottom) manoeuvre with
an initial speed of 9kn for different floating conditions

The curves of K and T (Figure 7.48) provide an even more differentiated insight into
the changed manoeuvrability in shallow water for the considered draughts. The Nomoto
coefficients are considerably lower for partial draught than for the design condition in
moderate shallow water. This is particularly true of the T}, which is related to course-
keeping ability. This difference already decreases in the transition to shallow water. For
the transition to extreme shallow water, the T of partial draught already increase again
or stagnate, while this has only been observed for the design draught at the transition
from h/T of 1.15 to 1.10. As a result, the partial draught has similar or even higher T}
values for h/T = 1.10. At the same time, Ky exhibits a slightly larger decrease for partial
draught in the transition to extreme shallow water, attaining still lower values compared
to design draught. For the Z 20-10 manoeuvre of the JBC, unfortunately, there are no
data available for the Nomoto coefficients in extreme shallow water.

The curve progression of the Norrbin Parameter P, as presented in section 4.2, sum-
marises this finding, see Figure 7.49. In the transition from moderate shallow to shallow
water, P demonstrates an only slightly decrease for the DTC and even an increase for the
JBC, particularly for the Z 35-20 manoeuvre for aft trimmed condition, which generally
shows the highest P value across all conditions of both ships. Except for the Z 20-10 ma-
noeuvre of the JBC, the differences of P between design and partial draught stay rather
constant in moderate shallow and shallow water. In the transition from shallow to extreme
shallow water, however, P shows a remarkably stronger decrease for partial draught, at-
taining similar or even smaller values than for design draught.
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Figure 7.47.: Yaw rate of the Z 20-10 manoeuvre with an initial speed of 9kn for different floating
conditions for the DTC
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Figure 7.48.: Nomoto coefficients K and T}, for the Z 35-20 (top) and 20-10 (bottom) manoeuvre
with an initial speed of 9kn for different floating conditions

Another indication of this fact are the curve progressions of the trajectory for both Z
manoeuvres, see Figure 7.50. In general, it can be observed that the transverse motion
of the DTC and JBC at partial draught is reduced or similar to design draught condition
in moderate shallow and shallow water. The transverse motion of the aft trimmed condi-
tion is similar to that of the partial draught or even stronger reduced, while the forward
trimmed condition shows the highest 1,4, values, even compared to design condition. For
the h/T of 1.10, however, the transverse motion increases significantly stronger for the
partial draught for both model ships, compared to design condition (with the exception
of Z 20-10 to port for the DTC).

Overall, the results of the Zig-Zag manoeuvres for different floating conditions indicate
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Figure 7.49.: Norrbin Parameter P for the Z 35-20 (top) and 20-10 (bottom) manoeuvre with an
initial speed of 9 kn for different floating conditions
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Figure 7.50.: Trajectories of the Z 35-20 (top) and 20-10 (bottom) manoeuvre with an initial speed
of 9kn for different floating conditions

that in extreme shallow water the h/T ratio alone is no longer sufficient to characterise the
manoeuvring behaviour. Whereas for moderate shallow and shallow water the initial turn-
ing time under even-keel conditions at partial draught are significantly lower compared to
design condition, they increase considerably stronger in extreme shallow water exceeding
the values for design conditions. This trend reversal is also obvious for z,,4: and Ymaz
of the trajectory. A particularly strong measure of the effect of extreme shallow water
under partial-draught conditions is the Norrbin parameter, with partial-draught values
being consistently higher than those of the design conditions under moderate shallow- and
shallow-water conditions, but exhibiting a considerably stronger decrease when transition-
ing to extreme shallow water.
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8. Summary, Conclusion and Outlook

8.1. Summary

Shallow water significantly affects the manoeuvring performance of vessels, making its
understanding crucial for navigational safety. Increasing ship sizes further amplify the
operational challenges in confined and shallow-water environments.

Consequently, substantial research has been conducted on this topic over the past
decades. Free-running and captive model tests, revealed increased hydrodynamic damp-
ing on the ship hull, resulting in increased course stability and decreased turning ability.
Recent studies have demonstrated that RANS-based CFD can accurately reproduce such
model test results. However, most investigations focus on stationary conditions and pri-
marily capture qualitative changes in hydrodynamic coefficients. The fundamental mech-
anisms governing the redistribution of hydrodynamic hull forces with decreasing water
depth is largely unresolved. Existing free-running studies have mostly addressed moder-
ate shallow-water conditions, leaving the influence of extreme shallow water (h/T < 1.20)
insufficiently understood. Similarly, the role of the depth Froude number has been largely
neglected, as most previous studies were conducted at a single speed, limiting understand-
ing of speed-dependent shallow-water effects.

Accordingly, this study systematically investigated ship manoeuvring over a broad range
of speeds and water depths, including extreme shallow-water conditions, with additional
variations in draught, trim, and turning direction. Global manoeuvring performance was
linked to water-depth-dependent changes in local flow through detailed analysis of hull
pressure distributions obtained from CFD simulations. Despite advances in numerical
methods, model tests remain the state of the art. Therefore, a combined model test-CFD
approach was adopted: model tests were used both for validation and for the detection
and analysis of characteristic shallow-water effects, while CFD provided detailed insight
into the associated forces and flow mechanisms governing manoeuvring behaviour.

The free-running model tests of the container ship (DTC) and bulk carrier (JBC) at
model scale of 1/60 were conducted in the BAW shallow-water basin. Turning circle
and Zig-Zag manoeuvres were performed across five shallow water conditions and up to
five ship speeds, considering design and partial draughts under even-keel and trimmed
conditions. The tests captured trajectories, rudder angles, ship orientation, rudder forces,
and propeller thrust using comprehensive measurement equipment.

Additional numerical simulations were performed for all examined h/T ratios at model
scale for a speed corresponding to 9kn at full scale. Verification studies included resis-
tance tests in moderate shallow and shallow water and a full free-running turning circle
manoeuvre at h/T = 1.50. Most parameters exhibited convergent behaviour, with only
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two transient parameters showing noticeable deviations for the DTC.

Comparison with model test data demonstrated good agreement across all parame-
ters, with mean errors predominantly around 5 %. The most important depth-dependent
changes in manoeuvrability were captured, even for extreme shallow water conditions.

The model test results presented revealed different shallow-water effects on the manoeu-
vring behaviour of the investigated model ships. A key finding is the trend reversal in the
directional asymmetry between stbd and port turning as a function of the h/T ratio. For
the DTC, this affected the steady turning characteristics, and for the JBC the transient
phase of the turning motion. The disparity between stbd and port in the initial turning
ability is increased significantly with decreasing water depth for both ships. This effect is
attributed primarily to modified inflow to the rudder and the clockwise-rotating propeller.

It has been shown that RANS-based CFD simulations can reproduce the model tests
with satisfactory accuracy and capture the most important shallow-water effects. They
have provided highly valuable information for analysing the varying contribution of in-
dividual force components during a manoeuvre and the change in hydrodynamic force
and moment distribution along the ship, such as the strong shift of transversal forces
from the aft ship in deep water to the fore ship in shallow water during turning motion.
Furthermore, it could be demonstrated, how hydrodynamic transversal forces change in
dependence on water depth, and relates to the other force components, such as rudder, in-
ertia and centrifugal force. Thereby, significantly reduced hydrodynamic transverse forces
over most of phase 2 of the turning circle in shallow and extreme shallow water were
revealed. These are balanced by significantly smaller and more rapidly decaying inertia
forces and lower centrifugal forces. Hydrodynamic forces exceeded deep-water levels only
as steady-state conditions were approached, slightly for the DTC and markedly for the
JBC.

The initially improved turning and reduced course-keeping of the DTC during the tran-
sition to moderate shallow water were reproduced and explained by CFD-derived hull-
pressure distributions. Increased forward-midship transverse force together with a pro-
nounced reduction at the stern decreases the hydrodynamic yaw-damping moment, en-
hancing turning. Simultaneously, a strengthened stern yaw moment and still-pronounced
bow contribution delay yaw checking, leading to larger overshoot angles and yaw-checking
times.

Another key result concerns the pronounced influence of the extreme shallow-water
condition h/T = 1.10 compared with 1.15 and 1.20. Parameters associated with turning
ability — such as advance, initial turning time, yaw-rate gradient and K}, — continue to
increase towards h/T = 1.10. In contrast, course-keeping and yaw-checking indicators —
such as yaw-checking time and T}, — stagnate or increase again when transitioning from
h/T of 1.15 to 1.10, as also reflected by the rising overshoot angles and yaw-checking times
in the JBC Zig-Zag manoeuvres. A further trend reversal is observed in the increased
yaw rate of the JBC during turning. The calculated pressure distributions identify a
strengthened negative pressure field at the aft stbd region in extreme shallow water as the
primary cause. The resulting increase (less negative) yaw moment at the stern exceeds
the reduced yaw moment contribution at the bow, leading to reduced hydrodynamic yaw
damping and higher built-up yaw rates during turning. During yaw-checking, however, the
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increased total yaw moment more strongly opposes the counter-turning motion, thereby
degrading yaw-checking ability and course stability of the JBC at h/T = 1.10.

In moderate shallow and shallow water, partial draught generally exhibits improved yaw-
checking and course-keeping ability and similar initial turning performance compared with
design draught. However, when approaching extreme shallow-water conditions, this trend
weakens or reverses: yaw-checking times converge towards those of the design draught,
while the initial turning ability of the partial-draught condition deteriorates more strongly
and can exceed the corresponding design-draught values at h/T = 1.10. This increased
sensitivity of partial draught to extreme shallow water is also reflected in the vessel tra-
jectories, where partial draught shows reduced transverse motion at moderate depths but
larger longitudinal and transverse excursions in extreme shallow water. Consistent trends
are observed in the Norrbin parameter: while partial draught indicates superior course-
keeping behaviour in moderate shallow and shallow water, its advantage diminishes in
extreme shallow water, with the parameters approaching or even dropping below those of
the design draught.

The influence of stern trim does not change markedly between moderate shallow and
shallow-water conditions. Overall, trim by stern improves course-keeping and yaw-checking
ability — reflected in reduced yaw-checking times, overshoot angles and lower T, — but lim-
its turning ability, as indicated by increased transfer and tactical diameter. The associated
drift angles are substantially reduced compared with even-keel condition, with the relative
difference increasing as water depth decreases. Trim by bow exhibits a depth dependence
similar to even keel but with opposite manoeuvring tendencies. In this condition, course-
keeping and yaw-checking ability deteriorate — expressed by increased yaw-checking times,
overshoot angles and T — while turning ability improves, reflected by reduced turning-
circle parameters and higher Nomoto coefficient K. These trends are closely linked to
the markedly increased drift angles under bow-trimmed conditions.

By examining various speeds across different shallow-water conditions, the influence
of the depth Froude number on manoeuvrability was systematically assessed. While the
DTC exhibits a largely similar depth trend at all speeds during turning, the JBC shows
a markedly stronger increase in turning-circle parameters at higher speeds when transi-
tioning to shallow water. Steady-turning velocity and yaw-rate responses plotted against
depth Froude number display increasing non-linearity with decreasing UKC. These trends
are attributed to speed-dependent changes in propeller-rudder interaction, emphasizing
the role of stern flow conditions and rudder configuration in shallow water.

For the Zig-Zag manoeuvres, the advance speed has a significant impact on its pa-
rameters. Higher speeds generally produce larger overshoot angles, longer yaw-checking
and initial turning times, and higher transverse positions. The sensitivity of overshoot
angles to the depth Froude number decreases with decreasing h/T, while the sensitivity
of yaw-checking time remains nearly constant. In contrast, the speed dependence of ini-
tial turning time increases as the water depth decreases, with the strongest amplification
occurring in shallow and extreme shallow water. This also modifies the Zig-Zag trajec-
tory, as the longitudinal positions of extrema shift progressively with increasing speed at
lower depths. Overall, the Nomoto indices indicate that lower advance speeds yield better

manoeuvrability across all examined shallow-water conditions.
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8.2. Conclusion

The experimental and numerical results show that the established view of shallow-water
manoeuvring behaviour captures only part of the actual depth dependency, see section 1.2.
As under-keel clearance decreases into the extreme shallow-water range, the manoeuvring
characteristics diverge in their response and can no longer be described by a single mono-
tonic trend.

e Turning ability: The expected deterioration with decreasing water depth is con-
firmed, but the present investigation shows that this decline intensifies markedly
in extreme shallow water, particularly for the hull forms with low block coefficient.
The underlying mechanism is the progressive redistribution of damping forces from
the aft toward the fore ship, which shifts the yaw-moment balance unfavourably
for turning manoeuvres. For lower h/T ratios, the turning ability becomes strongly
speed-dependent, particularly for the hull forms with high block coefficient. This
challenges the common assumption that turning ability is largely insensitive to speed,
demonstrating that such independence does not hold under shallow-water conditions.
The steady yaw rate does not necessarily decrease continuously, as is conventionally
assumed, but exhibits a trend reversal in extreme shallow water for the hull forms
with high block coefficient. Consequently, turning characteristics obtained at mod-
erate clearances cannot be extrapolated toward extreme shallow water conditions.
Furthermore, the pronounced directional asymmetry of turning performance with
decreasing water depth, driven by depth-induced alterations of stern flow and the
associated propeller-rudder inflow, necessitates explicit consideration in manoeuvring
prediction.

o Initial turning/course-changing ability: The initial turning ability exhibits an even
stronger sensitivity to both water depth and speed. While earlier shallow-water
studies often reported only modest depth effects, the present results demonstrate a
rapid degradation of the initial turning response with increasing velocity, particularly
in extreme shallow water. This has direct operational implications, as it reduces the
effectiveness of evasive manoeuvres at higher approach speeds in confined waterways.
In addition, a pronounced increase in directional asymmetry of the course-changing
ability is observed with decreasing water depth, with a directional trend reversal
occurring for the hull forms with high block coefficient. This asymmetric shallow-
water behaviour represents a significant hydrodynamic effect that must be accounted
for in ship operation under shallow-water conditions.

e Yaw-checking and course-keeping ability: Increased damping in shallow water is
generally considered to improve yaw-checking and course-keeping performance. By
contrast, the results reveal a stagnation and eventual deterioration of yaw-checking
ability and course stability in extreme shallow water, most clearly at h/T = 1.10
for the bulk carrier. The pronounced design-partial draught trend reversal observed
at h/T = 1.10 in yaw-checking and course-keeping characteristics further indicates
that absolute under-keel clearance, rather than the depth-to-draught ratio alone,
governs response in this regime. Accordingly, this ratio constitutes a distinct shallow-
water condition characterised by particularly strong shifts in the hydrodynamic force
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balance between bow and stern governing yaw-checking behaviour across shallow-
water conditions. While the speed sensitivity of yaw-checking ability decreases with
decreasing under-keel clearance, the speed dependence of course stability remains
essentially unaffected.

It follows that shallow-water manoeuvring performance cannot be described by a single
global depth trend, nor assessed uniformly across manoeuvring characteristics. Instead,
each characteristic exhibits a distinct sensitivity to speed and shallow-water regime, re-
quiring a differentiated evaluation. Analysis of pressure and force distributions along the
hull shows that the governing mechanism is not adequately represented by increased global
damping alone, but by a depth-dependent redistribution of local hydrodynamic loads. By
linking these local flow modifications to the observed global manoeuvring response, the
study explains the altered manoeuvring behaviour and the identified regime-dependent
trend reversals. Extreme shallow water of h/T" = 1.10 should be regarded as a sepa-
rate hydrodynamic regime, rather than as a continuation of shallow-water trends, and
manoeuvring prediction, simulation and operational limits must account explicitly for
depth-Froude-number effects and stern-flow modification.

8.3. Outlook

This study has revealed some new effects of shallow water on manoeuvring behaviour, while
also confirming phenomena already documented in the literature. The useful applicability
of RANSE-based CFD simulations has been demonstrated, giving detailed insight of the
changed hydrodynamics in shallow water. However, this investigation related exclusively
to model ships, which may be subject to scaling effects due to the model-related too low
Reynolds number, such as flow separation, changing the pressure distribution at the hull.
Furthermore, only two different ship types were investigated and even though the key
findings could be verified for both model ships, the DTC and JBC already showed some
outlined differences on shallow-water effects. To prove the found shallow-water effect on
full scale ships and further ship types, should be part of future research.

In order to further utilise this shallow-water investigation, it would be particularly useful
to incorporate the results into ship handling simulators, which are important for improv-
ing the navigational safety of professionals as well as for the dimensioning of waterways.
Allowing the shallow-water effects to be represented accurately in simulators requires the
development of a system identification method to determine the manoeuvring coefficients
in shallow water on the basis of as few manoeuvres as possible, potentially with the use
of modern Al tools. This would increase the benefit and applicability of the experience
gained in the simulator and the reliability of the results of nautical investigations. The
large amount of data generated, evaluated and analysed in this study would be particularly
suitable for developing practical methods in this respect.
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Turning Circle Parameters as a Function of the h/T Ratio

A. Turning Circle Parameters as a Function
of the h/T Ratio
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Figure A.1.: Tactical diameter and TCR of the 35° turning circle manoeuvre at design condition
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Figure A.2.: Advance and transfer of the 35° turning circle manoeuvre at design condition
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Figure A.3.: Steady drift angle and surge velocity of the 35° turning circle manoeuvre at design
condition
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Figure A.4.: Steady rudder transverse and longitudinal force of the 35° turning circle manoeuvre

at design condition
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Figure A.5.: Steady yaw rate and propeller thrust of the 35° turning circle manoeuvre at design

condition
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Figure A.6.: Maxiumum yaw rate for the 35° turning circle manoeuvre at design condition
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B. Zig-Zag Parameters
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Figure B.3.: Initial turning time for the 35-20 Zig-Zag manoeuvre at design condition
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Figure B.5.: Initial turning time for the 20-10 Zig-Zag manoeuvre at design condition
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Figure B.6.: First (positive) and second (negative) overshoot angles of the Z 20-10 manoeuvre at
design condition
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Figure B.7.: First (top) and second (bottom) yaw-checking time for the 20-10 Zig-Zag manoeuvre
at design condition
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