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ARTICLE INFO ABSTRACT

Keywords: The International Maritime Organisation (IMO) requirements for the control of greenhouse gas (GHG) emissions
Computational fluid dynamics of shipping have raised interest in ship manoeuvrability in adverse weather conditions when compliance is
RANS solver

accomplished simply by reducing the main engine power. In response, the IMO has adopted the guidelines for
determining minimum propulsion power to maintain the manoeuvrability of ships in adverse conditions. In the
present paper, a systematic investigation on the manoeuvrability of a ship with different low advance speeds in
adverse weather conditions was conducted by means of an unsteady Reynolds-Averaged Navier-Stokes solver.
The numerical results demonstrated the contribution of low advance speeds to the course-keeping and turning
circle manoeuvre, providing a practical insight into the manoeuvring performance of a ship with minimum
propulsion power in adverse weather conditions. For the course-keeping control, the ship experienced more
aggressive steering as the propeller revolution decreased in the oblique waves, while it appeared that the dif-
ference in the rudder deflection according to the change in the propeller speed in the head, beam, and following
waves is negligible. The difficulty of the low speed turning manoeuvre was clearly noted when the direction of
the incident wave was opposite to the direction towards which the ship intended to turn. It is believed that this
paper can also be impactful in improving the guidelines of minimum powering of ships for safe navigation in
adverse weather conditions.

Ship manoeuvrability
Minimum propulsion power
Adverse weather conditions

1. Introduction

The introduction of the Energy Efficiency Design Index (EEDI) by the
International Maritime Organisation (IMO), aiming to increase energy
efficiency and reduce greenhouse gas (GHG) emissions of shipping, has
raised interest in ship manoeuvrability in adverse sea states (IMO,
2011). To achieve the stringent requirements of the EEDI regulation,
operating ships should reduce carbon dioxide (CO5) emissions. One way
of complying with these demanding EEDI requirements is to reduce the
installed main engine power, by which CO, emissions and fuel con-
sumption can be decreased. However, vessels with insufficient propul-
sion power may have poor course-keeping and manoeuvring capabilities
especially in rough seas, which can cause a serious ship safety problem
(Kim et al., 2022a). In response, the Marine Environment Protection
Committee (MEPC) has adopted the guidelines for determining
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minimum propulsion power to maintain the manoeuvrability of ships in
adverse conditions (IMO, 2021). The guidelines put forward by the
MEPC state that a vessel with minimum propulsion power should be able
to move forward with the speed of 2.0 knots (i.e., the minimum required
advance speed) through water in wind and wave directions from head to
30 degrees off-bow when operating in adverse weather conditions.
Given this, it is strongly required to evaluate the manoeuvring perfor-
mance of a ship with low advance speeds in adverse weather conditions
such as course-keeping and turning capabilities. The main aim of this
study is to provide practical insights into the manoeuvrability of a ship
performing low-speed manoeuvres in adverse weather conditions in a
broader sense, performing a systematic investigation on the subject.
Within the European funded Project SHOPERA, the experimental
investigation was focused on the manoeuvrability of the KVLCC2 and
DTC ship models in regular and irregular waves (Papanikolaou et al.,
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Fig. 1. Research methodology for the free-running CFD simulations.

Fig. 2. KCS geometry with a semi balanced rudder and an actuator disk.

Table 1
The principal characteristics of the KCS model used in this study.
Main particulars Symbols Model scale Full scale
(1:75.24)

Length between the Lgp(m) 3.057 230.0
perpendiculars

Length of waterline Ly (m) 3.0901 232.5

Beam at waterline Bw(m) 0.4280 32.2

Draft D (m) 0.1435 10.8

Displacement A(m?) 0.1222 52030

Block coefficient Cp 0.651 0.651

Ship wetted area without S (m?) 1.6834 9530
rudder

Longitudinal centre of % Lgp, fwd+ —1.48 —1.48
buoyancy

Metacentric height GM (m) 0.008 0.6

Radius of gyration Kux /B 0.49 0.49

Radius of gyration Kyy /Lep, 0.25 0.25

Kz /Lp

Propeller diameter Dp(m) 0.105 7.9

Propeller rotation direction Right hand side Right hand
(view from stern) side

Rudder turn rate (deg/s) 20.1 2.32

2015; el Moctar et al., 2016; Papanikolaou et al., 2016; Sprenger et al.,
2016). In their experiments, 6 knots as the minimum required advance
speed was selected instead of 2 knots as proposed in IMO (2021), with an
aim to consider possibly strong currents in coastal areas. A good dis-
cussion of the course-keeping and turning capabilities of a ship with
minimum propulsion power in adverse weather conditions is also
described in Kim et al. (2022d), who performed extensive free-running

model experiments for the tanker KVLCC2. In their research,
course-keeping and turning manoeuvres were carried out in long-crested
irregular head waves representing sea states 5 and 6, with three kinds of
model propulsion points corresponding to the full-scale calm water
speeds of 4.0, 7.0, and 15.5 knots. The results demonstrated that the
ship’s heading control was extremely challenging in port beam and stern
quartering waves at sea state 6 when dealing with low-speed manoeu-
vres (i.e., minimum propulsion power). Also, the ship could not be able
to perform turning manoeuvres when advancing in port beam and stern
quartering waves at sea state 6 under low-speed manoeuvres.

The use of Computational Fluid Dynamics (CFD) tools for ship
manoeuvring prediction is increasingly gaining popularity with ad-
vances in computational power and improved numerical algorithms.
Among the applications of CFD in manoeuvring problems, free-running
CFD simulations have become a high-fidelity numerical method to
evaluate a ship’s manoeuvrability due to the importance of viscous and
turbulent effects on ship manoeuvring. In the Final Report and Recom-
mendations to the 29th ITTC of the Manoeuvring Committee (ITTC,
2021b), free-running simulations by means of an unsteady
Reynolds-Averaged Navier-Stokes (URANS) solver have been stated as a
state-of-the-art method for the prediction of a ship’s manoeuvring per-
formance. In the framework of CFD-RANS simulations, manoeuvring
prediction is conducted using URANS computations coupled with the
equations of rigid body motion with full six degrees of freedom (Broglia
et al., 2015).

An important early study in this field was due to Muscari et al.
(2008), who carried out free-running CFD simulations of a self-propelled
twin-screw patrol vessel in deep unrestricted waters by means of the
numerical solution of the unsteady RANS equations. They utilised a
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Table 2

The simulation cases to which the CFD model is applied.
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Model scale (1:75.24)

Case no. Approach speed  Propeller rev.  Wave height Encounter Angle Encounter Period Free running
Uy (m/s) (RPS) H (m) 1 (degrees) T, (s) manoeuvres

1
1.1 0.119 3.37 0.0416 180 (Head sca) 1.154 Course keening control
12 0.237 4.87 0.0416 180 (Head sca) 1.090 5o D
13 0.356 6.35 0.0416 180 (Head sea) 1.033 starboard/port tu

2
2.1 0.109 3.37 0.0416 225 (Bow sea) 1.178 Course keening control
2.2 0.233 4.87 0.0416 225 (Bow sea) 1.128 3 ;’fs:rbngr’ i /gocr? tur‘; ’
23 0.346 6.35 0.0416 225 (Bow sca) 1.086 P

3
3.1 0.253 3.37 0.0416 270 (Beam sea) 1.225 Course keepine control
32 0.368 4.87 0.0416 270 (Beam sea) 1.225 3 Sjlstarboa‘r’ d/gort .
3.3 0.492 6.35 0.0416 270 (Beam sea) 1.225 porttu

4
3.1 0.235 3.37 0.0416 315 (Quartering sea)  1.342 Course keening control
3.2 0.351 4.87 0.0416 315 (Quartering sea)  1.408 350 St
33 0.479 6.35 0.0416 315 (Quartering sea)  1.489 P

5
5.1 0.276 3.37 0.0416 0 (Followingsea) 1.432 Course keenine control
52 0.391 4.87 0.0416 0 (Followingsea) 1.541 35 starh a‘r’ d/g e
5.3 0.501 6.35 0.0416 0 (Followingsea) 1.661 starboard/port tu

6
6.1 0.208 3.37 Calm sea - (Calm sea) - Course keepin ntrol
6.2 0.336 4.87 Calm sea - (Calm sea) - 3 5";‘ ferbee‘r’ (Vg Crf ) rfl ’
6.3 0.484 6.35 Calm sea - (Calmsea) - Samoardipor

Full scale
Case no. Approach speed  Propeller rev.  Wave height Encounter Angle Encounter Period Free running
U (m/s) (RPS) H (m) u (degrees) T, (s) manoeuvres

1
1.1 1.032 (2.0 knots)  0.39 3.13 180 (Head sca) 10.009 Course keenine control
12 2.056 (4.0 knots) ~ 0.56 3.13 180 (Head sea) 9.455 35° Starbon e
13 3.088 (6.0 knots)  0.73 3.13 180 (Head sea) 8.960 P

2
2.1 0.945 (1.8 knots)  0.39 3.13 225 (Bow sea) 10.218 Course keenine control
22 2.021 (3.9 knots) ~ 0.56 3.13 225 (Bow sea) 9.784 350 St
2.3 3.001 (5.8 knots)  0.73 3.13 225 (Bow sea) 9.420 P

3
3.1 2.195 (4.3 knots)  0.39 3.13 270 (Beam sea) 10.630 Course keenine control
3.2 3.192 (6.2 knots)  0.56 3.13 270 (Beam sea) 10.630 350 Starboalr’ d/go i
33 4.267 (8.3 knots)  0.73 3.13 270 (Beam sea) 10.630 P

4
3.1 2.038 (3.9 knots)  0.39 3.13 315 (Quartering sea)  11.640 Course keepine control
3.2 3.044 (5.9 knots)  0.56 3.13 315 (Quartering sea) 12214 350 Starboafr’ d/go D
33 4.155 (8.1 knots)  0.73 3.13 315 (Quartering sea)  12.916 P

5
5.1 2.394 (4.7 knots)  0.39 3.13 0 (Following sea) 12.421 Course keepine control
52 3.391 (6.6 knots)  0.56 3.13 0 (Followingsea) 13.366 350 Starboalr’ d/go O
53 4.346 (8.5 knots)  0.73 3.13 0  (Followingsea) 14.407 P

6
6.1 1.804 (3.5 knots)  0.39 Calm sea - (Calm sea) - Course keepine control
6.2 2.914 (5.7 knots)  0.56 Calm sea - (Calm sea) - 3504 tarboafr’ | /go DO
6.3 4.198 (8.2 knots)  0.73 Calm sea - (Calm sea) - P

simplified propeller model to take into consideration the rotating pro-
peller effects on the hydrodynamic forces and moments during ship
manoeuvres, by which the turning performance of the ship was esti-
mated. Broglia et al. (2013) studied the turning behaviour of a

twin-screw single-rudder model in deep calm water, simulating
free-running manoeuvres using an unsteady RANS solver. Approxi-
mately 6 million grid cells were generated in their computations,
applying a dynamic overlapping grid approach to enable complex
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Fig. 3. Schematic views of the simulation cases applied to this study.

geometries and multiple bodies in relative motion to be handled. The
flow field interaction between the ship hull and the propeller was
modelled based on the actuator disk concept. The effectiveness of
free-running CFD simulations was reported by Mofidi and Carrica
(2014), who simulated the zigzag manoeuvre of the KCS model in deep
calm water using CFDShip-Iowa, which is a piece of general-purpose
CFD software developed at the University of lowa. The numerical re-
sults obtained were validated against the available experimental data
and were found to be in satisfactory agreement with the experiments,
underscoring the reliability of free-running CFD approaches. Subse-
quently, a series of past research have attempted to apply similar ap-
proaches to predict the manoeuvrability of a ship in deep unrestricted
water (Broglia et al., 2015; Shen et al., 2015; Dubbioso et al., 2016;
Wang et al., 2016; Hasanvand and Hajivand, 2019; Hasanvand et al.,
2021; Kim et al., 2021d; Kinaci and Ozturk, 2022), demonstrating that
free-running CFD simulations are reliable in estimating the manoeu-
vring performance of a ship.

As stated above, the studies devoted to free-running CFD simulations
in calm water have demonstrated the excellence of the CFD simulations
with free-running ship models by showing good agreement between CFD
results and the experimental data available. More recently, several re-
searchers have started to focus on the ship’s manoeuvrability in various
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wave conditions by applying the Stokes wave models. The investigation
in Wang et al. (2017) was focused on the course-keeping capabilities of
the ONR Tumblehome ship model in regular waves by means of an
unsteady RANS solver. Their numerical results were compared with the
benchmark data in Tokyo 2015 CFD Workshop in ship hydrodynamics
and showed good agreement. Afterwards, Wang et al. (2018) and Wang
and Wan (2018) utilised the same RANS code, employed in Wang et al.
(2017), to perform free-running CFD simulations of zigzag and turning
manoeuvres, respectively, for the ONR Tumblehome ship in regular
waves. Similar computations were presented in Kim et al. (2021a); Kim
et al. (2021b); Kim et al. (2021c); Kim et al. (2022a); Kim and Tezdogan
(2022) with various levels of success, where both course-keeping and
turning manoeuvres were simulated for the KCS model in a wide range
of wave conditions by means of an unsteady RANS method.

As can be seen from the guideline proposed by the MEPC (IMO,
2021), an increasing demand for understanding the manoeuvrability of
a ship with minimum propulsive power in adverse weather conditions
has drawn more and more attention from academic and industrial re-
searchers. Nevertheless, due to its brevity, a very limited number of
studies dedicated to understanding the manoeuvring performance of a
ship with low advance speeds in adverse sea states exist in the open
literature (for example, the SHOPERA project and Kim et al. (2022d)). It
is no wonder that the manoeuvring behaviour of a ship can significantly
vary depending on various ship types and geometries. Thus, this paper
was motivated to evaluate the manoeuvrability of the KRISO Container
Ship (KCS) model with low advance speeds in adverse weather condi-
tions, which is the benchmark ship hull but not examined in this field
study. The main novelty of this study lies in demonstrating the contri-
bution of low advance speeds to the manoeuvring performance of a ship
(such as course-keeping and turning manoeuvres) in adverse weather
conditions, by means of an unsteady RANS solver.

In the present paper, a series of free-running CFD simulations were
systematically carried out for the KCS model advancing forward in
adverse weather conditions. The particular focus of this work lies in the
course-keeping and turning circle manoeuvres at low speeds. In order to
provide a better interpretation of the manoeuvring response, both hy-
drodynamic forces and moments acting on the ship performing a self-
propelled free manoeuvre are discussed along with kinematic parame-
ters and ship trajectories.

The remainder of this paper will continue by illustrating the research
methodology for the free-running CFD simulation in Section 2, with a
detailed description of the numerical scheme in the contained sub-
sections. Then, all of the CFD results and their analysis are provided in
Section 3. Finally, the main results drawn from this work are summar-
ised in Section 4, along with recommendations for future avenues of
research.

2. Methodology

The research methodology towards the investigation on the
manoeuvring performance of the ship with low advance speeds in
adverse weather conditions is shown in this section, along with a
detailed description of the procedure in the included sub-sections. As
presented in Fig. 1, the research procedure is composed of four steps: 1)
goal and scope, 2) numerical modelling, 3) execution of free running simu-
lations, and 4) results of analysis. The overall research goal and the se-
lection of the analysis scope are dealt with in the first step. The scope of
numerical simulations should be sufficiently well defined to represent
the general observations on the relation between the variable factors
selected and the manoeuvring behaviour of the ship. Given the scope of
the analysis, the numerical setup of a free-running CFD model is per-
formed in the second step. Special care is needed when carrying out
numerical modelling tasks. In this regard, the governing equations to be
solved should be first adopted to solve turbulent flows around the ship.
In addition to this, mesh resolution, defining the time step, boundary
conditions, etc., should be taken into consideration when developing a
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Fig. 4. The coordinate systems used in this study, adapted from Kim and Tezdogan (2022).

Fig. 5. Mesh structure of the computational domain in a typical free running
CFD model.

free-running CFD model. In the third step, the self-propulsion compu-
tation in a given environmental condition should be first carried out to
reach the target surge speed. Then, course-keeping and turning circle
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manoeuvres are performed to identify the manoeuvring performance of
the ship with low advance speeds in adverse weather conditions. In the
fourth step, all of the results obtained from the numerical simulations
including the important hydrodynamic features, the critical manoeu-
vring indices, and relevant flow fields are demonstrated and discussed in
detail.

2.1. Step 1: Goal and scope

The primary goal of this paper is to provide a practical insight into
the manoeuvring performance of a ship with low advance speeds in
adverse weather conditions. To this purpose, a systematic investigation
on the manoeuvrability of a ship performing low-speed free-running
manoeuvres in adverse weather conditions using CFD was conducted.

In this work, all the free-running simulations were performed for the
KRISO Container Ship (KCS) model with a scale factor of 75.24, which is
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Fig. 6. The schematic view of the computational domain with the applied boundary conditions.

Course-keeping
module

6DOF free-running
CFD model

‘%

PID controller

Fig. 7. The block diagram of the autopilot applied to the CFD model for the course-keeping manoeuvre.
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Fig. 8. The comparison of the trajectory and kinematic parameters experienced by the ship performing turning manoeuvres in calm water and regular head waves,

adapted from Kim et al. (2021c¢).

one of the benchmark hull forms. Fig. 2 depicts the geometry of the ship
characterised by a traditional single rudder/single propeller configura-
tion, and the main properties of the model are reported in Table 1. The
CFD simulations were carried out at eighteen different conditions, as
presented in Table 2 and Fig. 3, each indicated by their case numbers.
The encounter frequency of the wave, w,, is calculated as we — ®[1 —
(oUcosp)/gl, where o is the wave frequency, U is the ship forward
speed, p is the ship’s heading angle relative to the wave direction, and g
denotes the gravitational acceleration. Considering the guidelines by
IMO (2021), the model propulsion point corresponding to the full-scale
speed of 2.0 knots in head waves was applied to the free-running CFD
model (3.37 RPS). Additional two model propulsion points (4.87 and
6.35 RPS) corresponding to the full-scale speeds of 4.0 and 6.0 knots in
head waves were also considered with a view to identifying the

contribution of the propulsion power to the manoeuvrability of the ship.
Kim et al. (2022d) experimentally demonstrated that the manoeuvring
performance of a ship in regular waves is similar to that in irregular
waves in case the regular waves have the same mean height and the
energy period of irregular waves. Given this, the regular waves char-
acterised by the height and period equivalent to the same mean height
and the energy period of the irregular waves representing sea state 6
were applied in this work. The reason for selecting the regular waves in
this work is that the time to complete the free-running CFD simulation of
irregular waves takes approximately six times longer than that of regular
waves, as shown in Kim et al. (2021c¢); Kim and Tezdogan (2022). As for
the regular waves cases (Cases 1.1-5.3), a fifth-order Stokes wave model
was used to generate regular waves with a wave height of 0.0416m and a
period of 1.225s in model scale (the wavelength to ship length ratio
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Fig. 9. The time histories of the a) approach speed, b) ship resistance, c) pitch motion, and d) heave motion for all the cases.

A/Lpp = 0.77). These values correspond to a mean wave height of 3.13m
and an energy period of 10.63s for the sea state 6 in an irregular seaway,
as reported in Kim et al. (2022d). The wave incident angles were
selected to cover the whole range of main wave directions as follows: 1)
Head sea, 2) Bow sea, 3) Beam sea, 4) Quartering sea, 5) Following sea. It
should be highlighted that the following three manoeuvres were per-
formed per each case: 1) Course keeping control, 2) 35° starboard turning
manoeuvres, and 3) 35° port turning manoeuvres. All the free-running
simulations performed in this work were subjected to deep water
conditions.

2.2. Step 2: Numerical modelling

In this work, the free-running CFD simulations were implemented
utilising the commercial CFD code STAR-CCM+ (version 15.04) devel-
oped by Siemens PLM Software. The detailed description of the nu-
merical setup used in this work is presented in the following sub-
sections.

2.2.1. Governing equations

An Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach
was adopted to compute turbulent flows around the ship performing a
self-propelled manoeuvre. The mass and momentum conservation
equations for unsteady incompressible flows are expressed in vectorial
form as follows:

vV-U=0 (@D)]

——+V: [P(U_Ug)U] =—-Vp+V: (p'cffVU) +VU- Vi +q; 2

where V- (-) and V (-) represent the divergence and gradient operators,
respectively. U is the fluid velocity and U, is the grid velocity; p is the
static pressure; p is the fluid density; p.; = p(v+v;) indicates the effec-
tive dynamic viscosity, where v and v, stand for the kinematic and eddy
viscosity, respectively (v; is obtained from the turbulence model); q; is a
user-defined source term.

The turbulence model selected in this study was the Menter’s Shear
Stress Transport (SST) model (Menter, 1994) for the closure of the
governing equations. The SST turbulence model is a two-equation eddy
viscosity turbulence model which utilises the original k—o turbulence
model of Wilcox in the inner region of the boundary layer and switches
to the standard k-e turbulence model in the far-field. The transformation
of the two turbulence models can be achieved using blending functions
depending on the turbulence length scale. This turbulence model is one
of the most widely and successfully used turbulence models to perform
free-running CFD simulations in the open literature (Mofidi and Carrica,
2014; Carrica et al., 2016; Wang and Wan, 2018; Wang et al., 2018; Kim
etal., 2021c, 2022c). The first closure equation (Eq. (3)) is the transport
equation for the turbulent kinetic energy k, while the second one (Eq.
(4)) is the transport equation for the specific dissipation rate w. The SST
turbulence model is given by:
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in which the first blending function F; is defined as F;= tanh
4

{[min (max(o_ofwy;s}gg’);gg’i:;’;)] } with  CDy, = max(z";)ﬂVk-Vw;

1072°). y indicates the distance from the nearest wall. The

eddy-viscosity coefficient in the SST model is defined as u,( = pve)=

pak 3 where Q is the absolute value of the vorticity and F» is the

max(a, w;QF

2
second blending function defined by Fg:tanh{ [max(2 vk -500”)] }

0.090y’ y2w

The constants @ (8", B, 6k, 64, ---) of the turbulence model are calculated
from the constants, @, ,®,, as follows: ®= F;&;+ (1 — F;)®,. The SST
closure constants of the formulas can be found in Menter (1994) for
details.

2 2 ’ ’
o +v-(pwU):v1 {pt (VU+(VU)T—§V-U) —gpka,,} VU—ﬂpw2+V-[(p—i—a(,,/t,)VaJ]Jer(lfFl)%VkVaH—V-[(u+0wu1)Vw]+2p(l 7F])%Vk-Vw
t

4

The Volume of Fluid (VOF) method was adopted in this work to
capture unsteady three-dimensional free-surface flows around the ship
in either a flat or regular wave (Kavli et al., 2017; Song et al., 2020;
Terziev et al., 2020; Kim et al., 2022b). The VOF transport equation can
be expressed as (Siemens, 2020):
ooy

StV (U=, =5, 7Eﬁfav~((xipivd,i) (5)

where o; represents the volume fraction of phase i and its value varies
from 0 to 1 to describe the relative proportion of fluid in each cell (a =
0: air, 0 < & < 1: two-phase interface, @ = 1: water). S, is a user-
defined source term of phase i; % is the Lagrangian derivative of the
phase densities p;; vq; is the diffusion velocity. The VOF approach has
remarkable advantages in treating complex interface evolutions, even
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Fig. 9. (continued).

breaking and reconnecting surfaces, and in its mass conservation prop-
erties, as stated in Di Mascio et al. (2007). As reported in Peric¢ and
Abdel-Maksoud (2018), the source terms for the momentum equation
(q;) and the VOF transport equation (S, ) can be used to enable undesired
wave reflections occurring at domain boundaries to be prevented. The
VOF method has been widely adopted in the literature to position the
free surface (Tezdogan et al., 2016; Kavli et al., 2017; Terziev et al.,
2020; Kim et al., 2021c¢).

In this study, the RANS-VOF solver employed uses a finite volume
method that discretises the integral formulation of the Navier-Stokes
equations. The temporal discretisation is based on a second-order im-
plicit backward Euler scheme for the transient terms in the RANS
formulae. The convection terms and diffusive terms in the governing
equations were discretised by applying a second-order upwind scheme
and a second-order centred scheme, respectively. The pressure-velocity
coupling is realised by means of a SIMPLE-type algorithm.

2.2.2. Body-force method

The average effect of the propeller rotating behind the hull of a ship
was simulated by means of an actuator disk model based on the body-
force method. The main properties of the actuator disk model are only
briefly explained here; the interested reader is referred to Kim et al.
(2021b) and Kim et al. (2022a) for details. A number of input variables,
such as the open water curves and the geometric features, are required to
be entered into the STAR-CCM + software when modelling an actuator
disk. The thrust and torque induced by the actuator disk are computed at

each time step from the open water characteristics, taking into account
the volume-averaged velocity over the inflow velocity plane located
upstream of the disk. In other words, axial and tangential body forces are
distributed at each time step over an actuator disk of finite thickness
following the body-force method to estimate the flow field induced by
the mutual interactions between the hull, the propeller, and the rudder
(Siemens, 2020). In the authors’ previous studies (Kim et al., 2021c,
2022c), the actuator disk model designed to represent the KCS propeller
was taken into account when performing the free-running simulations of
the KCS in deep unrestricted water, waves, and shallow water, exhibit-
ing promising results.

2.2.3. Coordinate systems
Four frames of reference were taken into account for the free-running
CFD model, as presented in Fig. 4:

@ Earth-fixed coordinate frame (o, — X,Y¥0%,): an inertial frame of
reference centred at the pivot point (0,) of the computational
domain. When the simulation is initialised, the x,-axis is orthogonal
to the transverse plane of the ship (directed towards the bow), the y,-
axis is orthogonal to the longitudinal plane (directed towards the
starboard), and the z,-axis is oriented to complete a right-handed
orthogonal frame (positive downwards).

@ Ship-fixed coordinate frame (o5 - xsys2s): @ moving frame of reference
centred at the centre of mass of the ship. The x;-axis is parallel to the
ship’s longitudinal axis (positive forward), the y;-axis is parallel to
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Fig. 9. (continued).

the ship’s transverse axis (positive starboard side), the zs-axis is
directed towards downward.

@ Propeller-fixed coordinate frame (o, - X,),2p): a moving frame of
reference centred at the propeller hub. The x,-axis indicates the
propeller axis of revolution. The thrust force generated by the
actuator disk is applied in the x,-axis direction.

@ Rudder-fixed coordinate frame (o, - X;y,2.): a moving frame of
reference centred at the bottom of the rudder on the Aft Perpendic-
ular (AP). The z,-axis is oriented along the rudder axis of rotation; the
positive sign of the rudder angle means rudder deflection to the port
side.

In this study, in order to simulate the realistic behaviour of the ship
performing free manoeuvres, the Dynamic Fluid Body Interaction (DFBI)
approach was adopted to couple the equations of rigid body motion with
full six degrees of freedom with the unsteady RANS equations (Siemens,
2020). In the inertial frame of reference, the hydrodynamic forces and
moments acting on the ship are calculated by solving the RANS equa-
tions for the fluid flow. Then, 6 DOF motion equations in the non-inertial
ship-fixed coordinate system are solved to determine the new position
and attitude of the ship during manoeuvres.

2.2.4. Mesh generation

The built-in automated meshing tool in STAR-CCM+ was adopted for
mesh generation, which uses the Cartesian cut-cell method. Two
different mesh generations were applied for the free-running simulation
(Cases 1.1-5.3: regular waves, and Cases 6.1-6.3: calm water), resulting

10

in a computation mesh of circa 13 and 6 million cells in total, respec-
tively. A trimmed cell mesher was selected to generate the volume mesh,
for its good ability to produce a high-quality grid for complex mesh
generating problems. The resulting mesh was composed dominantly of
unstructured hexahedral cells with trimmed cells next to the ship model.
A surface remesher was used to generate a high-quality surface mesh,
optimising the geometry surface during volume meshing. With an aim to
improve the accuracy of the numerical solution near the surface
boundary layer, a prism layer mesh model was applied to generate six
layers of orthogonal prismatic cells adjacent to the ship hull surfaces.
The most significant changes in the flow are expected in the stern region
of the ship performing a self-propelled manoeuvre. It is the region where
the complex interactions between the propeller and rudder occur during
manoeuvres. The numerical computation therefore should be capable of
capturing as many detailed flow properties as possible, and thus a local
grid refinement was made in the vicinity of the stern. Additional re-
finements were applied to give finer grids in the areas around the bow,
the tight gap parts between the rudder blade and horn, and the free
surface region for the accuracy of capturing the flow features. It has to be
mentioned that 80 grid points per wavelength (in the x and y directions,
horizontal directions) and 20 grid points per wave height (in the z di-
rection, vertical direction) were generated on the free surface to avoid
wave dissipation for the wave simulations (Cases 1.1-5.3), according to
ITTC (2011). The free-running CFD model in waves was selected to
exhibit the final computational domain mesh, as presented in Fig. 5. A
dynamic overlapping grid approach was applied to handle the complex
motions of the ship performing a self-propelled manoeuvre, resulting in
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Fourier series analysis of the approach speed, ship resistance, pitch motion, and heave motion experienced by the ship performing the course-

keeping manoeuvres.

Case 1 (Head sea)

Case 2 (Bow sea)

Case 1.1 Casel1.2 Casel.3 Case?2.l Case2.2 Case2.3
Approach speed U,
Oth FS term (m/s) 0.119 0.237 0.356 0.109 0.233 0.346
Resistance Fy
Oth FS term (N) 0.597 1.007 1.753 0.833 1.235 1.630
Ist FS term (N) 3.906 3.283 2.720 13.344 12.578 11.719
Pitch displacement
Oth FS term (degrees) 0.175 0.151 0.184 0.190 0.166 0.160
Non-dimensionalised Oth FS term 19.786 17.072 20.803 21.482 18.768 18.089
st FS term (degrees) 0.630 0.692 0.767 1.125 1.274 1.290
Non-dimensionalised 1st FS term 71.229 78.238 86.719 127.195 144.041 145.850
Heave displacement
Oth FS term (m) 0.000 0.000 0.000 0.000 0.000 0.000
Non-dimensionalised Oth FS term 0.000 0.000 0.000 0.000 0.000 0.000
1st FS term (m) 0.0056 0.0068 0.0080 0.0077 0.0085 0.0091
Non-dimensionalised 1st FS term 0.2692 0.3269 0.3846 0.3702 0.4087 0.4375
Case 3 (Beam sea) Case 4 (Quartering sea)
Case 3.1 Case 3.2 Case3.3 Case 4.1 Case 4.2 Case4.3
Approach speed U,
Oth FS term (m/s) 0.253 0.368 0.492 0.235 0.351 0.479
Resistance Fy
Oth FS term (N) 0.535 0.852 1.401 0.377 1.082 2.067
1st FS term (N) 0.230 0.465 1.156 13.745 13.500 13.302
Pitch displacement
Oth FS term (degrees) 0.193 0.186 0.188 0.161 0.190 0.206
Non-dimensionalised Oth FS term 21.821 21.029 21.256 18.203 21.482 23.291
1st FS term (degrees) 0.140 0.140 0.173 1.016 0.948 0.910
Non-dimensionalised 1st FS term 15.829 15.829 19.560 114.871 107.183 102.886
Heave displacement
Oth FS term (m) 0.000 0.000 0.000 0.000 0.000 0.000
Non-dimensionalised Oth FS term 0.000 0.000 0.000 0.000 0.000 0.000
Ist FS term (m) 0.0220 0.0223 0.0223 0.0050 0.0045 0.0041
Non-dimensionalised 1st FS term 1.0576 1.0721 1.0721 0.2404 0.2163 0.1971
Case 5 (Following sea) Case 6 (Calm sea)
Case 5.1 Case 52 Case53 Caseb6.1 Case 6.2 Case6.3
Approach speed U,
Oth FS term (m/s) 0.276 0.391 0.501 0.208 0.336 0.484
Resistance Fy
Oth FS term (N) 0.565 0.761 1.277 0.414 0.820 1.303
1st FS term (N) 3.642 3.262 2.208 - - -
Pitch displacement
Oth FS term (degrees) 0.190 0.168 0.177 0.188 0.185 0.178
Non-dimensionalised Oth FS term 21.482 18.994 20.012 - - -
st FS term (degrees) 0.394 0.328 0.245 - - -
Non-dimensionalised 1st FS term 44.546 37.084 27.700 - - -
Heave displacement
Oth FS term (m) 0.000 0.000 0.000 0.000 0.000 0.000
Non-dimensionalised Oth FS term 0.000 0.000 0.000 - - -
1st FS term (m) 0.0015 0.0007 0.0011 - - -
Non-dimensionalised 1st FS term 0.0721 0.0336 0.0528 - - -

three different regions of the computational domain for the present
numerical model (as seen in Fig. 5): 1) background region, 2) hull overset
region, and 3) rudder blade overset region. The major advantage of the

overlapping grid approach lies in enabling overset regions (i.e., multiple

bodies) to move independently without any constraints while guaran-
teeing a high-quality grid. It should be highlighted that the use of

11

overlapping grids made it possible to simulate the full 6 DOF motions of
the ship as well as the deflection of the rudder blade according to the
prescribed control mechanisms.

2.2.5. Determination of the time step
It should be stated that ITTC (2011) recommends at least 100 time
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Fig. 10. The time histories of the yaw angle and rudder deflection angle experienced by the ship during the course-keeping manoeuvre for all the cases.
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Fig. 11. The comparison of the predicted trajectories for all the cases.

steps per encounter period for regular wave simulations, in order to
enable the desired wave propagation to be guaranteed during the
simulation. The time-step size of 0.005s was selected throughout all the
simulations, which is two times lower than the recommendation of ITTC
(2011).

2.2.6. Computational domain and boundary conditions

The boundary conditions of the simulations performed in this work
were chosen to represent the ship model performing self-propelled
manoeuvres in regular waves or calm water. Fig. 6 displays the sche-
matic view of the domain with the KCS model appended with a semi-
balanced rudder and the selected boundary conditions. The upstream,

12

downstream, side, and bottom boundaries of the domain were modelled
as a velocity inlet boundary condition to avoid a velocity gradient be-
tween the fluid and wall. The initial characteristics of the flow at all inlet
boundaries were set to the properties of the regular wave or the flat
wave to be simulated, i.e., wave height, period/length, and direction.
Hence, the stable propagation of the wave with specific characteristics
could be attained in the computational domain during the simulation. A
pressure outlet boundary condition was set to the top boundary. As
expected, the KCS hull and rudder blade were both modelled as no-slip
boundary conditions. Undesired wave reflections at the domain
boundaries in flow simulations with free-surface waves should be
minimised to avoid large errors in the results. To this purpose, the VOF
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Fig. 12. The time histories of the ship velocities, yaw angles, and trajectories during the turning manoeuvre for all cases (S: starboard turn, P: port turn).

wave forcing capability of the software (Choi and Yoon, 2009) was
applied to the boundaries at the upstream, downstream, and sides for the
wave simulations (Cases 1.1-5.3), whereas the VOF wave damping
capability was applied to the same vertical boundaries for the calm
water simulations (Cases 6.1-6.3). The VOF wave forcing and damping
length were set to be 1.0 LBP (~3.06 m), based on the recommendations
and applications reported in Siemens (2020). It is important to highlight
that each computational region utilised different motion capabilities for
the free-running simulation. The hull overset region was constructed to
move in all degrees of freedom based on the DFBI module, while the
rudder overset region was designed to follow the ship and to be
controlled according to the prescribed controllers. The background re-
gion was defined to only follow the horizontal motions of the ship (i.e.,
surge, sway, and yaw motions) with an aim to ensure the desired wave
propagation.

13

2.2.7. Control mechanism

Two different types of ship manoeuvres were taken into account in
this study: 1) course keeping control and 2) turning circle manoeuvre (35°
starboard/port turn).

When it comes to the course keeping control, the following control
module was constructed to assess the course-keeping capability of the
ship:

de(t)
dt

5(1) = Kye(r) +K,~/e(t)dt+Kd (6)

)

where t representing the time (s) elapsed after the start of the ship
manoeuvre, 5(t) the rudder angle (°), w(t) the instantaneous yaw angle
(°) ata given time, y, the target yaw angle (°) which was set at 0° to keep
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Fig. 12. (continued).

the ship straight. K, K;, and K, indicate the proportional, integral, and
derivative control gains, respectively. For the present CFD model, the
control gains were determined by the trial-and-error method (K, = 5,
K; = 0.05, and K; = 3). As presented in Fig. 7, the target yaw angle is
determined from the course-keeping module and the PID controller
computes the necessary rudder deflection angle with the consideration
of the difference between the instantaneous yaw angle and target yaw
angle to enable the ship to sail straight. The control module for the free-
running manoeuvre was implemented using the report and field func-
tion within the CFD software package.

Regarding the turning capability of the ship, the standard turning
manoeuvres were performed based on the control functions given in Egs.
(8) and (9):

5(t) = { TISHS(O’ —kt), =35<6<0 (Starboard turn) 8
<
5(t) = { r3r15ax(0,kt), 0<6<35 (Port turn) )

in which k stands for the maximum rudder rotational rate. The
maximum rudder rate is set to k = 20.1°/s corresponding to 2.32°/s on
full scale according to the experimental data.
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2.3. Step 3: Free running simulations

The free-running manoeuvres prescribed in Step 1 were carried out
to investigate the manoeuvrability of the KCS model with low advance
speeds in adverse weather conditions, using the CFD model developed in
line with the numerical schemes provided in Step 2.

3. Results
3.1. Verification and validation study

In these authors’ previous work (Kim et al., 2021c), the numerical
uncertainties of the free-running CFD model using the same numerical
methodology have been quantified by carrying out a grid and time-step
sensitivity study. As presented in Kim et al. (2021c), CFD uncertainties
for critical turning parameters (obtained from the free-running simula-
tions for the KCS in head waves) were estimated to be a maximum of
0.28% in the spatial convergence study and 0.19% in the temporal
convergence study by means of Grid Convergence Index (GCI) method.

Additionally, in Kim et al. (2021c)’s study, the trajectory and the
time histories of kinematic parameters and ship motions were reported
and compared with those measured from the free-running tests by Hir-
oshima University (Yasukawa et al., 2021). As an example, some of the
comparison results reported in Kim et al. (2021c) are presented in Fig. 8.
In their work, the approach speed was 0.86 m/s (14.5 knots at full scale)
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Fig. 12. (continued).

in both calm water (Fig. 8 (a)) and head waves (Fig. 8 (b)). The propeller
rotation rate (a: 10.56 RPS, b: 13.38 RPS) was frozen after the ship
achieved the self-propulsion condition. Then, the rudder blade was
deflected to a maximum of 35° for the turning circle manoeuvre. It can
be seen that the agreement between the CFD predictions and the results
provided by the experiment is fairly reasonable, demonstrating the ca-
pabilities of the current CFD model in predicting manoeuvring problems
in waves. Taking this into consideration, it can be claimed that the CFD
model adopted in this study is sufficiently validated and reliable for
assessing the ship manoeuvrability in question.
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3.2. Course keeping control

As stated previously, the self-propulsion computation for each case
was first performed to reach the target approach speed. The course
keeping manoeuvres were then carried out based on the PID controller
designed for changing the rudder deflection angle according to the
target yaw angle specified in the manoeuvre, allowing the ship to move
in full 6 DOF after the self-propulsion condition was attained. It has to be
mentioned that the computations for the course-keeping manoeuvre
were run for 8s of model scale time, corresponding to approximately 70s
of full-scale time.
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3.2.1. Ship speed, ship motions, forces, and moments

Fig. 9 shows the time histories of the approach speed, ship resistance, 1 i 1
pitch motion, and heave motion experienced by the ship performing the Po=7 / (0)dr an
turning manoeuvre for all the cases. Fourier Series (FS) analysis was 0
utilised to process and analyse the unsteady time histories of the force
and motions characterised by periodic oscillations due to incident @, =\ a2 + b} 12)
waves. A continuous periodic time series ¢(t) can be represented with

1§ i f iven by: b,
only cosine transforms as given by 7. —arctan a_) 13)
(p(t):tpo+Z(pn~cos(27rf5nt+yn), n=1,2,3,.. (10)
n=1 T
2
=7 /(p(t)-cos(Zﬂﬂnt)dt a4
0

16
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2
by=—

T @(t)-sin(2zf,nt)dt

0

(15)

where ¢, and y, indicate the n th harmonic amplitude and the corre-
sponding phase, respectively. f, is the encounter frequency of waves and
T denotes the total period of the time series for the simulation of the
course-keeping manoeuvre. In this study, the zeroth and first harmonic
FS terms (regarded as the fundamental components in the linear system)
for the force and motions were calculated, as reported in Table 3. The
mean value of the time history of the CFD results is represented by the
Oth FS harmonic (¢,), while the average amplitude of the oscillation is

17

represented by the 1st FS harmonic (¢;).

The results reported in Fig. 9 and Table 3 jointly suggest that the ship
performance during the course-keeping manoeuvre showed a remark-
able variation depending on the propulsion power and the wave prop-
agation direction. It should be reminded that the three model propulsion
points (3.37, 4,87, and 6.35 RPS) corresponding to the full-scale speeds
of 2.0, 4.0, and 6.0 knots in head waves were applied throughout all the
manoeuvring simulations. As for the approach speed depicted in Fig. 9
(a), an increase in the propulsion power led to the increase of the
approach speed for each case, as expected. It is interesting to note that
the relatively smaller approach speed was observed in Cases 1 and 2
when compared to the other cases under the condition of the same
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Fig. 12. (continued).

propeller revolution. This was mainly attributed to the differences in the
ship resistance and the propeller performance varying depending on the
incident wave direction. In addition, it was observed that the ship
experienced different oscillation amplitudes for the approach speed
depending on the propeller revolution and the wave propagation di-
rection, which is closely associated with the ship motions induced by the
waves. For each case (e.g., Cases 1.1, 1.2, and 1.3), the ship resistance
was observed to be proportional to the approach speed affected by the
propulsion power applied to the ship, clearly evidenced in Fig. 9 (b). It
was also seen that the wave propagation direction resulted in the
different increase of the resistance as the propeller revolution increased,
due to the difference in the added wave resistance experienced by the
ship. The ship resistance predicted in the bow and quartering waves
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showed relatively large oscillation amplitudes regardless of the pro-
pulsion power, whilst only very small oscillation amplitudes were
observed in the beam and calm sea conditions; this was mainly related to
the pitch amplitude experienced by the ship performing the course-
keeping manoeuvre. As seen in Fig. 9 (c), the differences in the ampli-
tude of the pitch motions in waves were remarkable according to the
incident wave conditions, showing the similar trend of the resistance
amplitude.

It was found that the ship experienced a relatively large pitch motion
when performing the low-speed course-keeping manoeuvre in the obli-
que waves (i.e., the bow and quartering waves), as confirmed in Fig. 9
(c) and Table 3. The mean amplitudes of the pitch motion for the bow
wave conditions, i.e., Cases 2.1, 2.2, and 2.3, were predicted at 1.13°,
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Table 4
CFD results: critical turning indices for all cases.
Parameters Case 1 (Head sea)
(CFD results)
Case 1.1(S) Case 1.2(S) Case 1.3(S) Case 1.1(P) Case 1.2(P) Case 1.3(P)
Advance (m) 3.55 5.38 6.29 3.49 5.23 6.13
(1.16Lgp) (1.76Lgp) (2.06Lgp) (1.14Lgp) (1.71Lgp) (2.00Lgp)
Transfer (m) 1.96 2.38 2.59 1.79 2.19 2.39
(0.64Lgp) (0.77Lgp) (0.84Lgp) (0.58Lgp) (0.71Lgp) (0.78Lgp)
Time for yaw 90 degrees (s)  50.59 34.07 25.61 47.94 32.45 24.58
Case 2 (Bow sea)
Case 2.1(S)  Case2.2(S) Case2.3(S) Case2.1(P) Case 2.2(P) Case 2.3(P)
Advance (m) 6.41 6.38 6.78 5.09 6.15 6.60
(2.09Lgp) (2.08Lgp) (2.21Lpp) (1.66Lpp) (2.01Lgp) (2.16Lgp)
Transfer (m) 2.79 0.88 1.68 4.57 3.70 3.34
(0.91Lgp) (0.28Lgp) (0.55Lpp) (1.49Lpp) (1.21Lgp) (1.09Lgp)
Time for yaw 90 degrees (s)  104.59 40.65 28.11 56.19 34.35 25.28
Case 3 (Beam sea)
Case 3.1(S)  Case 3.2(S) Case 3.3(S)  Case 3.1(P) Case 3.2(P) Case 3.3(P)
Advance (m) 9.88 8.95 8.76 8.52 8.14 8.13
(3.23Lgp) (2.92Lgp) (2.86Lpp) (2.78Lpp) (2.66Lgp) (2.65Lgp)
Transfer (m) 2.56 3.04 3.11 4.19 3.69 341
(0.83Lgp) (0.99Lgp) (1.01Lgp) (1.37Lgp) (1.20Lgp) (1.11Lgp)
Time for yaw 90 degrees (s)  70.47 37.41 26.46 47.60 31.20 23.23
Case 4 (Quartering sea)
Case 4.1(S) Case4.2(S) Case4.3(S) Case4.1(P) Case 4.2(P) Case 4.3(P)
Advance (m) 7.94 8.05 8.00 8.26 8.22 8.34
(2.59Lgp) (2.63Lgp) (2.61Lgp) (2.70Lgp) (2.69Lgp) (2.72Lgp)
Transfer (m) 2.69 2.92 2.93 3.49 3.48 3.36
(0.88Lgp) (0.95Lgp) (0.96Lpp) (1.14Lgp) (1.13Lgp) (1.09Lgp)
Time for yaw 90 degrees (s)  50.66 33.48 24.35 45.45 31.42 23.79
Case 5 (Following sea)
Case 5.1(S)  Case 5.2(S)  Case 5.3(S)  Case 5.1(P) Case 5.2(P) Case 5.3(P)
Advance (m) 8.61 8.74 8.61 8.32 8.37 8.31
(2.81Lgp) (2.86Lgp) (2.81Lpp) (2.72Lpp) (2.73Lgp) (2.71Lgp)
Transfer (m) 3.39 3.46 3.31 3.16 3.15 3.04
(1.10Lgp) (1.13Lgp) (1.08Lgp) (1.03Lgp) (1.03Lgp) (0.99Lgp)
Time for yaw 90 degrees (s)  45.55 31.86 23.79 43.65 30.31 22.86
Case 6 (Calm sea)
Case 6.1(S)  Case 6.2(S)  Case 6.3(S)  Case 6.1(P) Case 6.2(P) Case 6.3(P)
Advance (m) 7.95 7.94 9.71 6.94 7.68 8.79
(2.60Lgp) (2.59Lgp) (3.17Lpp) (2.27Lmp) (2.51Lgp) (2.87Lgp)
Transfer (m) 3.10 3.21 4.19 2.41 3.09 3.64
(1.01Lgp) (1.05Lsp) (1.37Lpp) (0.79Lpp) (1.01Lgp) (1.19Lgp)
Time for yaw 90 degrees (s)  58.04 34.33 29.29 45.75 32.85 26.28

1.27°, and 1.29°, respectively, whilst the mean pitch amplitudes for the
quartering wave conditions, i.e., Cases 4.1, 4.2, and 4.3, were observed
at 1.02°, 0.95°, and 0.91°, respectively. It was noted that the pitch
amplitudes in the other cases were remarkably smaller than those in
Cases 2 and 4. For the sake of clear comparison, the pitch responses are
non-dimensionalised by wave steepness (H/)) in Table 3. It is note-
worthy to mention that the pitch motion was observed to vary
depending on the propulsion power (i.e., the approach speed) under the
condition of the same incident wave direction, which was intimately
correlated with the encounter frequency of the incident wave. For
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example, the amplitude of the pitch motion in Case 2 became progres-
sively larger as the propeller revolution (i.e., the approach speed)
increased. It resulted from the fact that the frequency of encounter of the
waves (f.) became close to the natural frequency of the heaving and
pitching motions (f,) with an increase in the propulsion power; the
encounter frequencies for Cases 2.1, 2.2, and 2.3 are 0.849, 0.886, and
0.920 Hz, respectively. It has to be stated that for the KCS model
considered in this work, the natural frequencies of the heaving and
pitching system were observed close to f, ~ 0.93 Hz, as presented in Kim
et al. (2021c). On the other hand, the opposite trend was observed for
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Fig. 13. The time histories of the heave and pitch motions experienced by the ship performing the turning manoeuvre; left column: starboard turns and right column:

port turns.

Case 4 as the propeller revolution increased. The pitch amplitude in Case
4 decreased with an increase in the propulsive power, which can be
explained by the fact that the encounter frequency in the quartering
waves became far away from the natural frequency as the approach
speed increased; the encounter frequencies for Cases 4.1, 4.2, and 4.3
are 0.745, 0.710, and 0.672 Hz, respectively. As seen in Fig. 9 (d) and
Table 3, the trend observed for the heave motion in waves was largely
similar to the behaviour of the pitch motion, apart from Case 3 (the
beam wave conditions). It clearly appeared that the ship operating in the
beam waves experienced the maximum vertical motion almost equal to
the incident wave amplitude, regardless of the propulsion power. This
can be explained by the fact that the heave motion has a correlation with
the ratio of wavelength to ship length. The ship breadth can be assumed
to be the relevant length when the ship was moving forward in the beam
waves, which is relatively smaller than the wavelength (the breadth is
about 82% smaller than the wavelength in this work). Such a small
relevant length may result in the maximum heave excitation force on the
ship, thus the maximum heave motion. The heave responses are also
non-dimensionalised by wave amplitude (H/2) in Table 3. The pitch and
heave motions in calm water (i.e., Case 6) were found to be negligible as
only very small amplitudes during the course-keeping manoeuvre were
observed because of the absence of external disturbances.
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3.2.2. Course keeping capabilities

In the course-keeping manoeuvre, the ship was advancing forward at
a constant propeller rotational speed in the given environment,
deflecting the rudder blade according to the PID controller to attain the
target yaw angle (which was set at 0° in this study). In order to compare
the course-keeping capability for the different propulsive powers, the
time histories of the ship’s heading angle and rudder deflection angle
under the course-keeping manoeuvres are reported in Fig. 10. It can be
observed that the heading control to achieve the target yaw angle was
successfully implemented based on the prescribed control mechanism
throughout all the cases even including the lowest model propulsion
point (3.37 RPS) corresponding to full-scale 2 knots in head waves. This
could imply that the guidelines for the minimum required advance speed
to maintain a ship’s manoeuvrability, which was put forward by the
MEPC (IMO, 2021), is considered satisfactory for the KCS model per-
forming the course-keeping manoeuvre in adverse weather conditions. It
has to be stated that a similar analysis was carried out in Kim et al.
(2022d), the manoeuvrability of the KVLCC2 in adverse weather con-
ditions was investigated in consideration of the minimum propulsion
power to maintain a ship’s manoeuvrability. Their investigation
demonstrated that the KVLCC2 model performing the course-keeping
manoeuvre with low advance speeds cannot attain the desired head-
ings when operating in port beam and port stern quartering waves (even
the rudder was deflected to a maximum of 35° to control the heading
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Fig. 13. (continued).

angle). This indicates that the KCS is more manoeuvrable at low speeds
than the KVLCC2 due to its slenderness. Given this, the limitation of the
guidelines for determining minimum propulsion power to maintain the
manoeuvrability in adverse conditions could be found in the fact that the
course-keeping capability is different depending on the types and di-
mensions of subject vessels. It is expected that the greater the block
coefficient (Cg) of a ship, the greater the minimum required advance
speed can be to ensure sufficient manoeuvrability, as evidenced in the
results of the course-keeping manoeuvre for the KCS and KVLCC2.
From Fig. 10, it clearly appeared that only small rudder deflection
angles were observed when the ship was performing the course-keeping
manoeuvre in the head (Case 1), following (Case 5), and calm (Case 6)
seas, regardless of the propeller revolution applied. This means that the
ship’s heading control was not an issue when performing low-speed
course-keeping manoeuvres in the head, following, and calm seas,
mainly stemming from the symmetric pressure distribution on both sides
of the ship advancing (which does not generate yaw moments and thus
yaw deviation). On the other hand, it was observed that the heading
control was quite more challenging when advancing in the oblique
waves (i.e., Cases 2 and 4), inducing more aggressive steering compared
to the other cases. The main reason for larger rudder deflection angles
lies in the asymmetric pressure distribution on the hull when carrying
out the course-keeping manoeuvre in the oblique waves, resulting in a
substantial yaw moment and thus yaw deviation (as discussed in Kim
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et al. (2021c¢)). It is important to note that the rudder deflection became
larger with a decrease of the propeller revolution for Cases 2 and 4,
demonstrating the contribution of the propulsive power to the
course-keeping capability. As an example, the maximum rudder
deflection for the heading control was predicted to be approximately 16°
for Case 2.1 (3.37 RPS), 10° for Case 2.2 (4.87 RPS), and 7° for Case 2.3
(6.35 RPS). In addition, the rudder deflection angle was observed to
remain below about 5° when operating in the beam waves (Case 3),
showing that the heading control is less challenging than the oblique
wave conditions. Given the results presented in Fig. 10, the minimum
required advance speed (i.e., 2 knots) adopted by the MEPC could be
adequate for a conventional container vessel of similar type and di-
mensions in terms of the course-keeping manoeuvre in waves.

Fig. 11 displays the predicted trajectories experienced by the ship
performing the course-keeping manoeuvre (i.e., the heading control
according to the control mechanism). It was identified that a very small
deviation from the original course occurred when the ship was moving
forward in the head (Case 1), following (Case 5), and calm (Case 6) seas,
regardless of the propulsive power applied (mainly due to the symmetric
pressure distribution on the ship hull). The ship advancing in the bow
seas (Cases 2.1, 2.2, and 2.3) experienced the maximum deviation under
the condition of the same propeller revolution, resulting from the
asymmetric pressure distribution on the ship causing a substantial
lateral force and yaw moment. In a similar manner, it was observed that
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Fig. 13. (continued).

the beam (Case 3) and quartering (Case 4) seas caused a course deviation
to some extent. It is worth noting that lower propulsion revolutions (i.e.,
lower ship advance speeds) can result in a large deviation from the
planned route, demonstrating the contribution of insufficient propulsive
power to a course deviation. The lower the propulsive power, the larger
the difference between the ship’s velocity orientation and the ship’s
heading (i.e., the drift angle) can be when operating in such rough seas
(which should be carefully monitored by Master Mariners and navi-
gating officers in practice for safe navigation).

3.3. Turning circle manoeuvre

In this sub-section, the results of the free-running simulation for the
turning circle manoeuvre will be presented. It should be stated that the
turning manoeuvre computation was started from the stable condition of
the course-keeping manoeuvre. As shown in Table 2, both the starboard
and port turning manoeuvres were carried out in this work, resulting in
36 turning manoeuvre simulation cases (starboard turn: 18 cases and
port turn: 18 cases). Throughout all the simulations, the turning circle
manoeuvres with only the yaw angle variation of 90° were taken into
consideration due to the very long computational time (closely related
to the remarkably slow yaw velocity experienced by the ship with the
low propulsion power). The computation time for each case was up to
672 wall clock hours with 40 CPU processors.
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3.3.1. Time histories during the turning and turning indices

Fig. 12 presents the time histories of the ship velocities (i.e., the
surge, sway, and yaw velocities), yaw angles, and trajectories during the
turning manoeuvre. The ship velocities are referred to the ship-fixed
coordinate frame, while the trajectories experienced by the ship are
referred to the earth-fixed coordinate frame. In order to quantify the
contribution of the propulsion power to the turning performance, the
critical turning parameters (i.e., the advance, the transfer, and the time
to 90° yaw angle change) were reported in Table 4. ITTC (2021a) can be
consulted for detailed information on the important turning indices.

When the ship was turning in the head waves (Cases 1.1-1.3), it was
observed that the ship advance and transfer became smaller with a
decrease in the propulsive power, as evidenced by the ship trajectories in
Fig. 12 (a). In addition, a relatively low propulsion power led to the
relatively long time taken for a 90° turn, affecting the rudder normal
force which can be decisive for the turning performance. A very similar
trend between the starboard and port turns was observed for the ship’s
velocities in the case of the same propeller revolution (regardless of the
sign), consequently resulting in almost symmetric turning trajectories. It
is noteworthy to mention that the turning trajectory is directly associ-
ated with the ship velocities in the horizontal plane (the surge, sway,
and velocities) which can be significantly affected by the propulsive
power.

It was revealed that when the ship was advancing in the bow waves
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Fig. 13. (continued).

(Cases 2.1-2.3), the starboard turning manoeuvre is quite challenging,
especially for the lowest model propulsion point (Case 2.1, 3.37 RPS).
The longest time to turn by 90° (104.59 s) was predicted for the ship
performing the starboard turn with the lowest model propulsion point in
the bow waves (Case 2.1), having a strong influence on the drift of the
ship trajectory. The significant drift of the trajectories (i.e., port-side
biased trajectories) was clearly observed for the starboard turns, and
the drift direction was consistent with the wave propagation direction.
This may imply the lack of sufficient manoeuvrability which may pose a
threat to the safe operation of a ship in adverse weather conditions. The
port turns in the bow waves were not an issue, on the other hand,
demonstrating a relatively short time taken for a 90° turn and successful
port turning trajectories. As it can be inferred from Fig. 12 (b), the di-
rection in which the ship was turning is intimately associated with the
turning behaviour of the ship operating in waves.

For the turning manoeuvres in the beam waves coming from the
starboard side (Cases 3.1-3.3), it was seen that the starboard turning
with the lowest model propulsion point (Case 3.1) is relatively chal-
lenging, presenting the second-longest time taken for a 90° turn (70.47
s) in this work; the drift of the trajectory was also clearly noted due to
the wave drifting forces and moments. As a result, a relatively large
advance and a relatively small transfer were observed for the ship per-
forming the starboard turning with the lowest model propulsion point in
the starboard beam waves. As can be observed in Fig. 12 (c) and Table 4,
the ship advance became progressively larger and the transfer became
smaller as the propeller revolution increased in the case of the starboard
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turns. It should be noted that the direction of the incident wave is
opposite to the direction towards which the ship intended to turn at the
beginning of the turning manoeuvre. For the port turns, the advance and
transfer experienced by the ship decreased with an increase in the pro-
peller revolution. Interestingly, Fig. 12 (d) and (e) highlight the fact that
the propulsion power resulted in only a negligible contribution to the
turning trajectory when the ship was operating in the quartering and
following waves (Cases 4 and 5), contrarily to the other cases. However,
it should be noted that the effects of the propulsion power on the ship’s
velocities during the turning manoeuvre were noticeable. The inherent
low-speed turning capability of the ship in calm water (Case 6) can be
found in Fig. 12 (f). It was demonstrated that the advance and transfer
generally increased with the increase of the propulsive power, attaining
a shorter time to turn by 90°. In general, the greater forward speed (due
to the larger propulsive power) and the longer time to turn by 90° lead to
the larger advance and transfer.

It should be emphasised that the model self-propulsion point was
used throughout all the simulations in this work. As a result of the scale
effects on ship hydrodynamics, the critical turning indices may differ
from those experienced by the full-scale ship.

3.3.2. Wave-induced motions during turning manoeuvre

The time histories of the heave, pitch, and roll motions experienced
by the ship performing the turning manoeuvre are reported in Fig. 13, in
which the left column is for the starboard turns and the right column is
for the port turns. It was observed that the heave and pitch motions
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Fig. 13. (continued).

changed continuously during the turning manoeuvre, which is closely
correlated with the instantaneous changes in the wave-encounter di-
rection. In other words, the heave and pitch excitation forces were
significantly affected by the wave-encounter direction during the ship’s
turning.

The ship advancing in head waves (Case 1) experienced the head
wave (0° turn), the bow quartering wave (45° turn), and the beam wave
(90° turn) after the start of the turning manoeuvre in a sequential
manner. The heave motions were observed to become progressively
larger for both the starboard and port turns since the relevant length
became longer during the turning manoeuvre. It should be reiterated
that the maximum heave excitation force occurs in the beam wave
condition, as stated in Section 3.2.1. The amplitude of the pitch motions
grew until the ship experienced the bow waves, thereafter it progres-
sively decreased because the beam wave condition caused the minimum
pitch motion response. The ship moving forward in the bow waves (Case
2) experienced the starboard bow wave (0° turn), the head wave (45°
turn), and the port bow wave (90° turn) in series after the start of the
starboard turning manoeuvre. For the port turning manoeuvre, the ship
experienced the starboard bow wave (0° turn), the port beam wave (45°
turn), the port quartering wave (90° turn) sequentially. As expected, the
maximum heave motion and the minimum pitch motion during the
ship’s turning were noticed in the beam wave condition for Case 2.
Similarly, the same analysis can be applied for the rest of the cases. As
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presented in Kim et al. (2022a), the roll amplitude during the turning
manoeuvre has a close correlation with the rudder normal force being
affected by the propulsive power. It was observed that only very small
roll amplitudes (which remain below 2°) occurred during the turning
manoeuvre for all the cases (Cases 1-6), mainly due to the low propul-
sive power (low-speed manoeuvres).

4. Conclusions and discussion

This study has demonstrated the contribution of low advance speeds
to the course-keeping and turning circle manoeuvre in adverse weather
conditions, by means of fully nonlinear unsteady RANS simulations. The
key findings of this study can be summarised as follows:

For the low-speed course-keeping manoeuvres,

1) It was revealed that the heading control based on the PID controller
was not an issue when the ship was performing the low-speed course
keeping manoeuvre in the head, beam, following, and calm seas,
achieving the desired yaw angle.

2) It was seen that the heading control was quite more challenging
when the ship was advancing in the bow and quartering waves. More
aggressive steering was observed as the propeller revolution
decreased in the oblique waves, indicating the effects of the pro-
pulsive power on the course-keeping control.
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Fig. 13. (continued).

For the low-speed turning circle manoeuvres.

3) The difficulty of the turning manoeuvre was clearly noted when the
direction of the incident wave is opposite to the direction towards
which the ship intended to turn.

4) Only a negligible effect of the propulsion power on the turning tra-
jectory (starboard turn) was observed when the ship started to turn
in the starboard quartering and following waves, compared to the
other cases.

5) It appeared that the wave-encounter direction during the ship’s
turning affected the heave and pitch excitation forces experienced by
the ship, thus resulting in a continuous change in the heave and pitch
motions.

It can be inferred from the results presented in this work that having
minimum propulsion power (based on IMO (2021)) may have a detri-
mental effect on the safe operation of a ship in rough seas for a certain
wave direction. The challenging heading control performance and the
significant drift of the trajectories were noted in some cases. It should be
borne in mind that the undesired drift of the trajectory can be the main
reason for the navigational casualties related to collision, contact and
grounding incidents. Based on the results in this study, it is thought that
the guidelines regarding the minimum propulsion power should be
improved by taking into consideration further important factors such as
wave direction. For example, the undesired port-side biased trajectory
was observed for the KCS performing the turning manoeuvre with the
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minimum propulsion power in the bow waves (Case 2.1), indicating that
more sufficient propulsion power is needed for safe turning perfor-
mance. Considering the difference in ship manoeuvrability in adverse
weather conditions between the KCS (in this work) and the KVLCC2
(presented in Kim et al. (2022d)), the type of ships should also be an
important factor in determining minimum propulsion power.

Recently, maritime autonomous surface ships (MASS) are becoming
increasingly attractive as a viable alternative to conventional ships in
the commercial maritime sector. The path-following capability of a ship
within an acceptable level of safety is a prerequisite for the autonomous
ship operation of maritime autonomous systems. Given this, the study
can be extended to evaluate the effect of low advance speeds on the
path-following capability of a ship in adverse weather conditions by
means of a free-running CFD model.
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