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A B S T R A C T   

Current EEDI (Energy Efficiency Design Index) regulations striving to reduce the installed engine power on new 
ships for a low EEDI may lead to underpowered ships having insufficient power when operating in adverse sea 
conditions. In this paper, the operational safety of a low-powered ocean-going cargo ship operating in adverse 
sea conditions has been investigated using an integrated ship propulsion, manoeuvring and sea state model. The 
ship propulsion and manoeuvring performance, especially the dynamic engine behaviour, when the ship is 
sailing in heavy weather and turning into head sea, have been studied. According to the results, the dynamic 
engine behaviour should be considered when assessing the ship operational safety, as the static engine operating 
envelope is inadequate for the safety assessment. The impact of PTO/PTI (power-take-off/in) operation and 
changing propeller pitch on the ship thrust availability in adverse sea conditions have also been investigated. To 
protect the engine from mechanical and thermal overloading, compressor surge and over-speeding during dy-
namic ship operations and/or in high sea states, the engine and propeller should be carefully controlled. The 
paper shows that if in (heavy) adverse weather the propeller pitch can be reduced or if the shaft generator can 
work as a motor (PTI), more thrust can be developed which can significantly improve the operational safety of 
the ship.   

1. Introduction 

1.1. Problem definition 

Ocean shipping, which carries more than 80% of world trade by 
volume, remains the backbone of international merchandise trade 
(UNCTAD, 2019). According to the Third IMO Greenhouse Gas Study, 
around 3% of annual greenhouse gas emissions come from shipping on 
average from 2007 to 2012, and it is projected that CO2 emissions from 
maritime transport could increase by 50%–250% by 2050 (Smith et al., 
2015). Aiming at promoting the application of more energy efficient 
equipment and engines on ships to reduce the environmental impact 
from shipping industry, the Energy Efficiency Design Index (EEDI) as an 
important technical measure has been made mandatory for new ships by 
the International Maritime Organization (IMO) (MEPC, 2011). New ship 
designs need to meet the EEDI requirements, i.e., the attained EEDI of 
the ship should be no more than the required EEDI for their ship types. 
Compared to adopting innovative ship design concepts and energy 
efficient technologies, a technically easy and effective solution to meet 

the EEDI requirement is to lower the installed engine power (Mundt 
et al., 2019). However, if reducing the installed engine power has been 
chosen to achieve a small EEDI, it could lead to an underpowered ship, 
which is believed to be vulnerable and unsafe as the engine may not be 
capable of providing sufficient power for ship propulsion and steering 
under adverse weather conditions (Papanikolaou et al., 2016). 

According to a statistical analysis of marine accidents (Shigunov 
et al., 2019; Ventikos et al., 2018), it is believed that quite a number of 
underpowered ships are currently sailing at sea worldwide, especially 
ships with small EEDI that is achieved by simply reducing the installed 
engine power. To prevent an irrational reduction of the installed engine 
power, the 2013 interim guidelines for the minimum installed propul-
sion power to maintain the manoeuvrability of ship in adverse sea 
conditions have been adopted by IMO in 2013 (MEPC, 2013) and further 
updated (strengthened) in 2015 (MEPC, 2015). The consolidated 
version of the 2013 interim guidelines (MEPC, 2017) is the only regu-
latory requirement that addresses the ships minimum propulsion power 
issues in adverse sea conditions. Tankers, bulk carriers and combination 
carriers, which are considered the most critical ship types concerning 
the power sufficiency for steering in adverse weather conditions 
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(Psaraftis, 2019), have been addressed in the 2013 interim minimum 
power guidelines. The current guidelines apply to the above-mentioned 
ships with a capacity of equal or above 20,000 DWT. Due to the disputed 
sufficiency of the 2013 interim guidelines, two large research projects, i. 
e., SHOPERA and JASNAOE (among several others), have been con-
ducted trying to revise and improve the minimum power guidelines 
(IMO, 2016a, 2016b; Shigunov, 2018). However, the research project 
conclusions are considered not mature enough to revise the guidelines, 
and these have not been finalized to date (IMO, 2019; Psaraftis, 2019). 
Moreover, currently there is no minimum power guideline applicable for 
ships with a capacity less than 20,000 DWT and studies for these ships 
are still ongoing. 

As these developments have raised serious safety concerns for un-
derpowered ships, many researches have been conducted to assess ship 
safety in adverse sea conditions. In (Shigunov, 2018), the required 
criteria, measures and standards of manoeuvrability of ships in adverse 
weather conditions have been addressed and a practical assessment 
procedure has been proposed. In (Shigunov, 2020), the practical 
assessment of ship manoeuvrability in adverse conditions and the 
availability of experimental, numerical and empirical methods for 
evaluating the time-average wind and waves induced forces and mo-
ments, etc., have been discussed. Shigunov’s work is part of the 

previously mentioned project SHOPERA, of which the goal was trying to 
revise the current minimum propulsion power guideline and the 
assessment procedure of ship manoeuvrability in adverse weather con-
ditions. Nevertheless, they mainly consider what is happening outside of 
the ship hull in adverse sea conditions, while this research mainly fo-
cuses on what is happening inside the ship, especially the dynamic 
behaviour of the engine. When sailing in adverse weather conditions, 
the ship propulsion and manoeuvring behaviour will be influenced by 
not only the wind and waves induced steady forces but also the propeller 
wake variation and even propeller ventilation and emergence in harsher 
weather. Consequently, the interactions between the ship propulsion 
system, the ship, the waves and winds, etc., in high sea states are very 
complex and highly dynamic. Having a detailed insight of these complex 
and highly dynamic interactions between the inside and outside of the 
ship is the crux of the evaluation of ship operational safety in adverse sea 
conditions. In (Taskar et al., 2016), the effects of propeller wake varia-
tion and emergence on the engine-propeller dynamics and ship pro-
pulsion performance when sailing in waves have been investigated. In 
(Yum et al., 2017), the simulation of a two-stroke marine diesel engine 
for ship propulsion in waves has been conducted based on a propulsion 
system model in waves; and the effects of propeller inflow velocity 
variations and propeller emergence on the transient performance of the 

Nomenclature 

Abbreviations 
AC alternating current; air cover 
AG auxiliary generator 
Aux. Eng auxiliary engine 
Aux. Gen auxiliary generator 
EEDI energy efficiency design index 
GB gearbox 
Gen generator 
IMO International Maritime Organization 
MCR maximum continuous rating 
PTO power take off 
PTI power take in 

Roman Symbols 
CXA, CYA, CNA wind forces and moment coefficients (− ) 
CXW, CYW, CNW waves forces and moment coefficients (− ) 
C*

T propeller thrust coefficient (− ) 
HS, H1/3 Significant wave height (m) 
ha wave amplitude (m) 
Iz moment of inertia of the ship (kg⋅m2) 
J propeller advance coefficient (− ) 
Jz added moment of inertia of the entrained water (kg⋅m2) 
mx, my added mass of the entrained water in x-direction and y- 

direction (kg) 
Mdel delivered torque to propeller (Nm) 
Meng engine torque (Nm) 
Mprop propeller torque (Nm) 
Mshaft shaft torque (Nm) 
N yaw moment around z-axis (Nm) 
p pressure (Pa) 
pmax maximum in-cylinder pressure (Pa) 

r ship yaw rate around the z-axis (rad/s) 
t propeller thrust deduction fraction (− ); time (s) 
tP propeller thrust deduction fraction (− ) 
tR steering resistance deduction factor of rudder (− ) 
T temperature (K) 
Tp peak wave period (s) 
Tv average wave period (s) 

Tprop propeller thrust (N) 
U velocity (m/s) 
u velocity in x-axis direction (m/s) 
uA propeller advance speed (m/s) 
v velocity in y-axis direction (m/s) 
w propeller wake fraction (− ) 
xG longitudinal distance between the centre of buoyancy and 

mid ship (m) 
X force in x-axis direction (N); fuel rack position (− ) 
Y force in Y-axis direction (N) 

Greek symbols 
αR effective rudder inflow angle (deg) 
β drift angle of the ship (deg) 
β*P hydrodynamic pitch angle of propeller (deg) 
δ rudder angle (deg) 
∇ ship displacement volume (m3) 
χ encounter angle (deg) 
λ air excess ratio (− ); wave length (m) 
AR aspect ratio of rudder (− ) 
ψ ship heading angle (deg) 

Subscripts 
A, a air 
COM compressor 
EO exhaust valve open 
EV exhaust valve 
H ship hull 
IR inlet receiver 
OR outlet receiver 
P propeller 
R rudder 
S ship 
SI surge index 
TC turbocharger 
TUR turbine 
W waves 
x in x-axis direction 
y in y-axis direction 
z around z-axis  
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engine have been investigated. A detailed crank-angle engine model has 
been used in (Taskar et al., 2016) and (Yum et al., 2017) to investigate 
the wave effects on the engine dynamics, however, only ship propulsion 
in waves has been considered, while ship manoeuvring in wind and 
waves when sailing in adverse sea has not been taken into account. In 
(Aung and Umeda, 2020), based on the simulation model for ship 
manoeuvring in adverse weather conditions, the effects of different sea 
states (indicated by Beaufort No.), ship initial forward speed and engine 
SMCR power on ship manoeuvring behaviour in adverse weather con-
ditions have been investigated; the influence of the emergence of pro-
peller and rudder has been considered. However, in (Aung and Umeda, 
2020), a simplified engine model neglecting the engine thermodynamics 
process has been used, and only engine torque has been modelled and it 
is assumed to be linearly proportional to the amount of the injected fuel 
into the engine, with the consideration of the static engine load limits. 
So, the work in (Aung and Umeda, 2020) mainly focuses on the ship 
manoeuvrability and seakeeping in wind and waves; while it does not 
provide a detailed insight of the engine behaviour when ships are 
manoeuvring in adverse sea conditions. Since the ship safety in adverse 
weather conditions is highly related to the engine operational safety, a 
detailed and systematic investigation on the engine behaviour 
(including both static and dynamic behaviour) under various operating 
conditions is important and necessary (Holt and Nielsen, 2021; Sui et al., 
2021), however, the research in this respect is still limited. 

1.2. Approach 

There are many challenges in the study of ship operational safety in 
adverse sea conditions, especially when taking the engine behaviour, 
ship manoeuvrability and seakeeping into account as a whole system. 
Normally, a collaboration of experimental and simulation methods is 
needed, especially when investigating the ship manoeuvring and sea-
keeping in waves, which is a difficult hydrodynamic problem (Shigunov, 
2019). In this research, the needed experimental data are obtained from 
our cooperation partners, including the engine manufacturer and the 
shipyard; while the numerical calculation data of waves induced steady 
forces in different sea states are obtained from the published literatures. 
This research aims to develop an integrated first principle and modular 
simulation model that is capable of providing detailed insight in the 
complicated and dynamic interactions between engine, propeller, ship 
and wind and waves, etc., when the ship is sailing and manoeuvring in 
adverse sea conditions. The integrated system model is developed from 
first principles at different levels as much as possible, so, it is able to 
predict the right trends of both static and dynamic ship behaviour under 
various operating conditions. With the model calibration using ample 
real ship data, adequate and reasonable model verification, and model 
validation using experimental and sea trial test data, the model is 
assumed to be sufficiently accurate. Moreover, the model is easy to use 
and is able to run on a normal personal computer with an acceptable 
calculation speed (calculation time being a few percent of real time), 
without the need of a high-performance computer. 

To provide a detailed insight in the engine dynamic behaviour in 
various operating conditions, a Mean Value First Principle Parametric 
(MVFPP) engine model was developed and introduced in (Sui et al., 
2021) and has been applied in this research. To investigate ship 
manoeuvrability in adverse sea, an empirical 3DOF ship manoeuvring 
model and a wind and waves model have been applied. In this research, 
when investigating the ship propulsion and manoeuvring performance, 
especially the engine dynamic performance, in adverse sea conditions, it 
is assumed that the ship sails at the design loading condition in open sea, 
and the ship heaving and pitching motions are left out of consideration. 
The rolling motion caused by ship turning in normal sea condition is 
considered negligible for the ocean-going cargo ship. Also, ship rolling 
caused by wind and waves in adverse sea conditions will be left out of 
consideration, as the impact of rolling motion on the hydrodynamic 
manoeuvring forces and moments by the propeller, rudder and hull is 

assumed negligible for the ocean-going cargo ship, which generally has 
single propeller and single rudder at the centreline of the ship. So, the 
3DOF ship manoeuvring model (surge, sway and yaw) is considered 
sufficient for investigating the engine behaviour during ship propulsion 
and manoeuvring in adverse sea conditions. Depending on different 
ways that the components of external forces and moments acting on the 
ship are expressed and parametrised, the ship manoeuvring models can 
be divided as: the whole ship models and the modular models (Liu, 
2017). The whole ship models, such as the Abkowitz model (Abkowitz, 
1964), address the hull, propeller and the rudder together as a black box 
without considering the interactions between them; and the hydrody-
namic forces and moments are expressed in Taylor series as functions of 
kinematic parameters and rudder angles without clear physical mean-
ings. The modular models, such as the MMG model proposed and 
developed by the Mathematical Modeling Group of the Society of Naval 
Architects of Japan (Inoue et al., 1981; Kijima et al., 1990; Ogawa et al., 
1977; Yasukawa and Yoshimura, 2015), consider the component hy-
drodynamic forces and moments caused by the hull, propeller, rudder 
and also the hull-propeller-rudder interactions. So, the modular 
manoeuvring models are first principle and have explicit physical 
meanings. Using the modular models, the effects of the physical com-
ponents including the hull, propeller, rudder, the interactions between 
them and even the external disturbances (such as wind and waves) on 
the ship manoeuvring performance can be analysed separately and/or in 
combination, with the possibility of using different methods (experi-
mental, numerical or empirical) (Aung and Umeda, 2020; Yasukawa and 
Sakuno, 2020; Zhang et al., 2019). 

In this paper, the modular and first principle MMG ship manoeuvring 
model, which is able to provide a satisfactory insight of the physical 
phenomena of ship manoeuvring, has been used for the research. To 
determine the hydrodynamic coefficients in the ship manoeuvring 
model, empirical methods based on a limited number of main particulars 
of the ship have been applied. When taking the influences of wind and 
waves in adverse sea conditions into account, only wind- and waves- 
induced steady forces, including ship resistance increase, wind- and 
waves-induced steady lateral forces and yaw moments, and waves- 
induced propeller wake fluctuations will be considered, while the in-
fluences of possible propeller ventilation and propeller emergence will 
be left out of scope. Currently there are no well-established empirical 
formulae for estimating the wave-induced steady forces, especially the 
waves-induced lateral force and yaw moment, so, the experimental and 
numerical results from literature in this regard will be used in this paper. 

1.3. Objective 

The objective of this paper is to provide a detailed insight of ship 
propulsion and manoeuvring performance, especially engine dynamic 
behaviour, of the low-powered ocean-going cargo ship when operating 
in adverse sea conditions; however, the research in this regard is limited 
in published literature. The main goals and outline of this paper are:  

1) It will be explained why the benchmark chemical tanker could well 
be a low-powered or even underpowered ship under present rules. 
The definition of adverse sea conditions and the safety criteria of ship 
propulsion and manoeuvring in adverse sea for the benchmark 
chemical tanker according to the current 2013 interim minimum 
power guidelines will be introduced (Section 2);  

2) The integrated ship propulsion, manoeuvring and sea state model, 
including the 3DOF ship manoeuvring model, the model of wind- and 
waves-induced steady forces and moments, and the model of pro-
peller wake fluctuation in waves, will be presented (Section 3);  

3) The 3DOF ship manoeuvring model of the benchmark chemical 
tanker will be validated using the sea trial test data of the ship. The 
model of wind and waves will be verified by simulating ship turning 
in different sea state with different initial velocities (Section 4); 
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4) Based on the integrated ship propulsion, manoeuvring and sea state 
model, the ship propulsion and manoeuvring performance when 
sailing in heavy weather and turning to head sea will be investigated 
in detail. The influence of some operational measures, such as 
changing propeller pitch and using PTO/PTI, on the ship thrust en-
velope will also be investigated (Section 5);  

5) Conclusions of the research in this paper and recommendations for 
future research will be provided (Section 6). 

2. Low-powered benchmark ship and adverse sea conditions 

2.1. Low-powered ocean-going chemical tanker 

The benchmark 13,000 DWT Chemical Tanker ‘Castillo de Tebra’ 
(Fig. 1) investigated in (Sui et al., 2019, 2020, 2021) will be chosen and 
applied again in this paper to investigate the propulsion and manoeu-
vring performance of low-powered ocean-going cargo ship in adverse 
sea conditions. The main engine of the benchmark chemical tanker is a 
low speed two-stroke marine diesel engine, and the three auxiliary en-
gines generating electric power are four-stroke medium speed diesel 
engines. The ship has a controllable pitch propeller (CPP) and a shaft 
generator (power take off, PTO), which are driven by the main engine; 
and three auxiliary generators driven by the auxiliary engines. In (Sui 
et al., 2020), it has been conceptually updated such that the shaft 
generator can also work as a shaft motor (power take in, PTI). The layout 
of the benchmark chemical tanker propulsion system and electric 
generating system is shown in Fig. 2. The information of the ship and its 
engines are presented in Table 1 and Table 2. 

The 13,000 DWT benchmark chemical tanker, which has a low EEDI 
of 9.92 gCO2/ton•mile, meets the EEDI requirement (10.59 gCO2/ 
ton•mile) of phase 2 (1 Jan 2020–31 Dec 2024) and is very close to the 
EEDI requirement (9.91 gCO2/ton•mile) of phase 3 (1 Jan 2025 and 
onwards). According to the EEDI technical file of the benchmark 
chemical tanker, which is submitted to class for final verification for the 
attained EEDI at the delivery stage, the 2013 interim minimum power 
guidelines (RESOLUTION MEPC.232(65)) (MEPC, 2013) has been 
applied for assessing whether the ship has sufficient power to maintain 
the manoeuvrability in adverse conditions. However, currently there are 
no minimum power guidelines applicable for ships with capacity less 
than 20,000 DWT including the benchmark chemical tanker. If appli-
cable, according to the level 1 assessment of the 2013 interim guidelines, 
i.e., the minimum power lines assessment, the installed MCR of the main 

engine of the benchmark chemical tanker should not be less than 4148.7 
kW, so, the installed engine power (4170 kW) on the ship meets this 
minimum power requirement. 

However, according to the latest amended guidelines (MEPC.1/ 
Circ.850/Rev.2) (MEPC, 2017), the minimum installed engine power of 
the chemical tanker is 6807.8 kW, which is much higher than the MCR 
power (4170 kW) of the main engine installed on the ship. So, if appli-
cable, according to the amended 2013 guidelines, the benchmark 

Fig. 1. 13,000 DWT Chemical Tanker ‘Castillo de Tebra’ (Sui et al., 2019).  

Fig. 2. Layout of the updated chemical tanker propulsion system and electric 
generating system (Sui et al., 2020). 

Table 1 
Ship particulars of the benchmark chemical tanker (Sui et al., 2020).  

Length Between Perpendiculars (m) 113.80 

Breadth Molded (m) 22.00 
Depth Molded (m) 11.40 
Design Draught (m) 8.50 
Design Displacement (m3) 16,988 
Dead Weight Tonnage (ton) 13,000 
Design Ship Speed (kn) 13.30  
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chemical tanker would be a low-powered or even underpowered ship as 
it cannot meet the latest minimum power requirement. On the other 
hand, if the installed engine on the same ship is replaced by a larger 
engine with power of 6810 kW, the ship design speed will then increase 
from 13.30 knots to 15.80 knots, and as a result the EEDI of the ship will 
increase from 9.92 to as high as 14.00, which cannot meet the EEDI 
requirement even for phase 0 (11.97 gCO2/ton•mile) anymore. 

2.2. Adverse sea conditions and safety criteria 

According to the current 2013 interim minimum power guidelines 
(MEPC, 2017), the adverse sea conditions for different ship sizes are 
defined by the corresponding wind speed and the significant wave 
height as shown in Table 3. For ships having length shorter than 200 m, 
the adverse sea condition is defined with the wind speed of 15.7 m/s and 
significant wave height of 4.0 m, and the corresponding Beaufort 
number (BF) is 7 according to the World Meteorological Organization 
(WMO, 2019). For ships having length longer than 250 m, the adverse 
sea condition is defined with the wind speed of 19.0 m/s and significant 
wave height of 5.5 m, and the corresponding Beaufort number (BF) is 8. 
For ships having length between 200 and 250 m, the corresponding 
wind speed and significant wave height are linearly interpolated ac-
cording to the ship’s length. 

According to level 2 assessment of the current guidelines for mini-
mum propulsion power, i.e., the simplified assessment, the safety 
assessment criteria is based on the principle that, ‘if the ship has sufficient 
installed power to move with a certain advance speed in head waves and 
wind, the ship will also be able to keep course in waves and wind from any 
other direction’ (MEPC, 2017). The required ship advance speed sailing in 
head wind and waves should be the larger of: minimum navigational 
speed or the minimum course-keeping speed. In the current guidelines, 
the minimum navigational speed is set to 4.0 knots, with which the ship 
is considered to be able to leave coastal area within sufficient time 
before the storm escalates. The minimum course-keeping speed is 
selected based on ship design parameters, such as the rudder area and 
lateral windage area, etc., which have significant impact on the 
course-keeping performance of the ship in adverse see conditions. For 
details of the estimation procedure of the minimum course-keeping 
speed, refer to (MEPC, 2017). 

Note that, the above definition of adverse conditions in the current 
guidelines are applicable to ships (bulk carriers, tankers and combina-
tion carriers) with a size equal to or more than 20,000 DWT. However, in 

this paper, for the moment it is assumed that the guidelines are also 
applicable to the benchmark chemical tanker, which has a capacity of 
13,000 DWT. The specified adverse condition for the benchmark 
chemical tanker is the sea condition with Beaufort number of 7. The 
required advance speed of the benchmark chemical tanker in head wind 
and waves according to the current guidelines is 6.4 knots. 

3. Integrated ship propulsion, manoeuvring and sea state model 

The MVFPP (Mean Value First Principle Parametric) two-stroke 
marine diesel engine model and ship propulsion model of the bench-
mark chemical tanker introduced in (Sui et al., 2021) has been inte-
grated with the ship manoeuvring model and sea state model. The layout 
of the integrated ship propulsion, manoeuvring and sea state model is 
shown in Fig. 3. 

3.1. 3DOF ship manoeuvring model 

To express and analyse ship’s motions and the hydrodynamic forces, 
a convenient coordinate system, including the earth-fixed and body- 
fixed coordinate systems, needs to be established first. The North-East- 
Down (NED) coordinate system (O0, x0, y0, z0) has been used as the 
earth-fixed reference system, in which the x axis points towards the 
north, the y axis towards the east and the z axis downwards normal to 
the Earth’s surface (Fossen and Wiley, 2011). The origin of the 
earth-fixed coordinate system (O0) could be located at the start point of 
the ship’s operation. The Bow-Starboard-Down coordinate system (O, x, 
y, z) with origin O fixed on the centre of gravity of the ship G is selected 
as the body-fixed reference system of the ship. The earth-fixed and 
body-fixed coordinate systems of MMG manoeuvring model and the 
coordinate system of the wind and waves are illustrated in Fig. 4. It is 
assumed that the wind and waves come from the same direction. 

According to (Kijima et al., 1990), the equations of the ship’s 3DOF 
dynamic motions are expressed by equation (1). 

(m + mx)⋅u̇ −
(
m + my

)
⋅v⋅r = X(

m + my
)
⋅v̇ + (m + mx)⋅u⋅r = Y

(Iz + Jz)⋅ṙ = N

⎫
⎬

⎭
(1)  

where, m, mx, and my are the mass of the ship, the added mass of the 
entrained water in x-direction (kg) and y-direction (kg) respectively; Iz 
and Jz are the moment of inertia of the ship (kg⋅m2) and the added 
moment of inertia of the entrained water (kg⋅m2) respectively; v, u and r 
are the ship velocity in x-axis direction (m/s), ship velocity in y-axis 
direction (m/s) and the yaw rate around the z-axis (rad/s) respectively; 
v̇, u̇ and ṙ are the accelerations of v, u and r respectively; X, Y and N are 
the external forces acting on ship in x-axis direction and y-axis direction 
(N) and the yaw moment around z-axis acting on ship (Nm) respectively. 

The hydrodynamic forces and moments, including the wind- and 
waves-induced steady forces and moments, are shown in equation (2). 
The external forces and moments contributed by the hull, propeller and 
rudder components are denoted with the subscripts of H, P and R 
respectively. 

X = XH + XP + XR + XA + XW
Y = YH + YR + YA + YW
N = NH + NR + NA + NW

⎫
⎬

⎭
(2)  

Where, XA, YA and NA are the wind-induced steady longitudinal force, 
lateral force and moment respectively; XW, YW and NW are the waves- 
induced steady longitudinal force, lateral force and moment 
respectively. 

The prime symbols used in the following sections refer to the non-
dimensionalized quantities as follows (Kijima et al., 1990): 

Table 2 
Particulars of the main engine and auxiliary engines (Sui et al., 2020).  

Parameters Main Engine Auxiliary Engine 

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

DAIHATSU 6DE-18 (4- 
stroke) 

Number of engines (− ) 1 3 
Rated Power (kW) 4170 750 
Rated Speed (rpm) 167 900 
Stroke (m) 1.55 0.28 
Bore (m) 0.35 0.185 
Mean Effective Pressure 

(MPa) 
1.67 2.21  

Table 3 
Adverse sea conditions defined for different ship sizes by existing guidelines 
(MEPC, 2017).  

Ship’s 
length LPP 

(m) 

Wind 
speed (m/ 
s) 

Peak wave 
period TP (s) 

Significant wave 
height HS (m) 

Beaufort 
number (BF) 

LPP < 200 15.7 7.0 to 15.0 4.0 7 
200 ≤ LPP ≤

250 
Parameters linearly interpolated according to ship’s length LPP 

LPP > 250 19.0 7.0 to 15.0 5.5 8  
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X ′

, Y ′

,N ′

=
X

0.5⋅ρ⋅L⋅d⋅U2,
Y

0.5⋅ρ⋅L⋅d⋅U2,
N

0.5⋅ρ⋅L2⋅d⋅U2

v′

, u′

, r′

=
v
U
,

u
U
,
rL
U

⎫
⎪⎪⎬

⎪⎪⎭

(3)  

where, L is the length of the ship; d is the ship draught, U is the ship 
absolute speed (U =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(u2 + v2)

√
) and ρ is the water density. 

3.1.1. Forces and moment by hull 
The hull force in x-axis direction XH consists of two parts, which 

according to (Inoue et al., 1981) are the ship resistance depending on the 
ship longitudinal speed u in x-axis direction (the first term in equation 
(4)) and the force generated by the sway and yaw motions of the ship 
(the second term in equation (4)). 

X′
H =X ′

(u) + X′
vr⋅v

′ ⋅r′ (4)  

where, X′(u) is the non-dimensional ship resistance as a function of the 
ship longitudinal speed u, and it is calculated using the ship resistance 
model introduced in (Sui et al., 2019); X’vr is the hydrodynamic deriv-
ative of the coupled motions of sway and yaw in x-axis direction, which 
according to (Inoue et al., 1981) is calculated by equation (5). 

X′
vr =(cm − 1)⋅m′

y (5)  

where, cm is a constant that may have approximate values in the range of 
0.5–0.75 for different ship types (Inoue et al., 1981). In (Yoshimura and 
Nomoto, 1978), cm is set as 0.72–0.75 for tankers and 0.41 for container 
ships. In (Hasegawa, 1980) an estimation chart expressing the linear 
relationship between cm and the block coefficient Cb has been proposed; 
a regression formula for calculating cm, namely cm = 1.66⋅Cb − 0.49, has 
been made. 

According to (Kijima et al., 1990), the nondimensionalized lateral 
force Y′

H and yaw moment N′
H acting on the ship hull are expressed by 

equation (6). 

Y ′
H = Y ′

ββ + Y ′
rr

′

+ Y ′
βββ|β| + Y ′

rrr
′

|r
′

| +
(
Y ′

ββrβ + Y ′
βrrr

′)βr′

N ′
H = N′

ββ + N ′
rr

′

+ N ′
βββ|β| + N ′

rrr
′

|r
′

| +
(
N ′

ββrβ + N ′
βrrr

′)βr′

}

(6)  

where, Y′
β, Y′

r, …, N′
βrr are hydrodynamic derivatives; X′

H, Y′
H, N′

H and r′

are the nondimensionalized lateral force, yaw moment and the yaw rate 
of the ship respectively as shown in equation (3); β is the drift angle of 
the ship (β = arctan( − v/u)). 

The empirical formulas in (Kijima and Nakiri, 2003), based on a 
limited number of main particulars of the ship, have been used for 
calculating the hydrodynamic derivatives Y′

β, Y′
r, …, N′

βrr. 

3.1.2. Force by propeller 
The propeller thrust is calculated by equation (7) using the non- 

dimensional propeller thrust coefficient C*
T. The four-quadrant propel-

ler diagram, in which the thrust coefficient C*
T is expressed versus the 

Fig. 3. Layout of integrated ship propulsion, manoeuvring and sea state model.  

Fig. 4. Coordinate system of MMG manoeuvring model, and wind & waves.  
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hydrodynamic pitch angle β*
P and propeller pitch ratio P/D, is developed 

by MARIN (the Maritime Research Institute Netherlands) for describing 
the entire four quadrant operation of the propeller (Klein Woud and 
Stapersma, 2002). The thrust coefficient C*

T is a function of the hydro-
dynamic pitch angle β*

P and the propeller pitch ratio P/D. The hydro-
dynamic pitch angle β*

P is calculated by equation (8). In the manoeuvring 
model of the chemical tanker, the propeller model based on the 
four-quadrant propeller open water diagram, which has been 
pre-defined in a lookup table, is used to calculate the propeller thrust 
coefficient C*

T . The advance speed of the propeller vA is calculated by 
vA = u⋅(1 − wP). 

XP =(1 − tP) ⋅ C*
T ⋅

π
8

⋅ ρ ⋅ D2
P⋅
[
v2

A +(0.7⋅π⋅nP⋅DP)
2] (7)  

β*
P = arctan

(
vA

0.7π⋅nP⋅DP

)

(8) 

The effective wake fraction wP generally varies during manoeuvring 
motions from that in the straight forward motion wP0 (Inoue et al., 
1981). Due to the effects of the drift angle, yaw rate, ship stern shape, 
propeller rotation, propeller working load and even the rudder, the 
variation of wake fraction during manoeuvring motions is complicated 
(Liu, 2017). The wake factor in manoeuvring in this paper is estimated 
by equation (9) considering the geometrical inflow angle at the propeller 
position (Inoue et al., 1981; Kijima et al., 2000). 

wP = wp0⋅exp
(
− 4⋅β2

P

)

βP = β − x′P⋅r′

x′P = − (0.5 + xG/L)

⎫
⎪⎪⎬

⎪⎪⎭

(9)  

where, wP0 is the wake factor at propeller location in straight forward 
motion; βP is the geometrical inflow angle to the propeller; x′

P(= xP /L)
is the relative longitudinal position of the propeller; xG is the longitu-
dinal distance between the centre of buoyancy and mid ship (LPP/2), 
which is positive when the centre of buoyancy is forward of mid ship, 
while negative when backward. tP and wP0 are calculated using the 
models introduced in (Sui et al., 2019). 

3.1.3. Forces and moments by rudder 
According to (Kijima et al., 2000), the rudder forces and moment XR, 

YR and NR are calculated by equation (10). 

XR = − (1 − tR)⋅FN ⋅sin δ
YR = − (1 + aH)⋅FN ⋅cos δ
NR = − (xR + aH⋅xH)⋅FN ⋅cos δ

⎫
⎬

⎭
(10)  

FN = 0.5⋅ρ⋅AR⋅U2
R⋅CN ⋅sin αR (11)  

CN =
6.13⋅ΛR

ΛR + 2.25
(12)  

Where, FN is the normal force acting on rudder; δ is rudder angle; tR is the 
steering resistance deduction factor; xR is the longitudinal position of the 
rudder, and it is assumed that x′

R( = xR /L) = x′
P; aH is the additional 

interaction coefficient (ratio of additional lateral force) indicating the 
interaction between rudder and hull; xH is the longitudinal position of 
the additional lateral force; AR is the rudder area; UR is the effective 
rudder inflow speed; αR is the effective rudder inflow angle; ΛR is aspect 
ratio of rudder, which is commonly expressed as span/mean chord (ΛR =

DR/LR), or square of the rudder span/rudder area (ΛR = D2
R/AR). 

The effective rudder inflow velocity UR and the effective rudder 
inflow angle αR are calculated using the methods in (Yasukawa and 
Yoshimura, 2015). The steering resistance deduction factor tR, which is 
actually the coefficient for additional rudder drag; the rudder force in-
crease factor aH, which indicates the additional lateral force acting on 
the ship by steering due to the interaction between rudder and hull; and 

the non-dimensional longitudinal position x′
H (=xH/L) of the addition 

lateral rudder force are calculated using the methods in (Kijima et al., 
1990). 

3.1.4. Hydrodynamic mass and moment of inertia 
The ship mass m and moment of inertia Iz are calculated by equation 

(13). 

m = ρ⋅∇
Iz = m⋅r2

gyr

}

(13)  

where, ∇ is the ship displacement volume (m3); rgyr is the gyration radius 
(m) (rgyr = kgyr•L); kgyr is the coefficient, which varies from 0.18 to 0.25 
for most ships according to (Dirix, 2002), in which kgyr is set as 0.225. In 
(Liu, 2017) kgyr is set as 0.2536, while in (Yasukawa and Yoshimura, 
2015) it is set as 0.25. In the model of the chemical tanker, kgyr is set as 
0.25. 

The added mass at x-axis direction is calculated by the following 
formula in (Dirix, 2002). 

mx =
mship

π
̅̅̅̅̅̅̅̅̅̅̅̅

L3
/
∇

√

− 14
(14) 

The added mass at y-axis direction and the added moment of inertia 
are calculated by the following formula in (Clarke, 1983). 

my =
π
2

⋅ ρ ⋅ d2 ⋅ L⋅

[

1+ 0.16 ⋅ Cb ⋅
B
d
− 5.1 ⋅

(
B
L

)2
]

(15)  

Jz =
π
2

⋅ ρ ⋅ d2 ⋅ L3⋅
(

1
12

+ 0.017 ⋅ Cb ⋅
B
d
− 0.33 ⋅

B
L

)

(16) 

In the model the added masses at both x-axis and y-axis directions 
have been corrected by multiplying the correction factors Cmx (=0.5) 
and Cmy (=0.5) to the results calculated by equations (14) and (15). Note 
that the hull form parameters used in equations (14)–(16) should be 
limited in an appropriate range, otherwise the mathematical calculation 
results of the added masses and moment of inertia of the ship could be 
unrealistic, for example, zero or negative. However, the determination 
of the appropriate ranges of the hull form parameters for different ship 
types is out of scope of this paper. 

3.2. Wind- and waves-induced steady forces and moments 

When taking the influences of wind and waves in adverse sea con-
ditions in to account, only time-averaged steady wind- and waves- 
induced forces and moments acting on the ship hull will be consid-
ered, while the time-varying oscillatory forces and moments will be 
neglected assuming that the time scale is shorter than that of the ship 
motions (Shigunov, 2019). 

3.2.1. Wind-induced steady forces and moment 
The wind-induced external steady forces (XA, YA) and moment (NA) 

acting on the ship are estimated using Fujiwara’s empirical wind model 
(Fujiwara et al., 2006; Kitamura et al., 2017). According to (Fujiwara 
et al., 2006) the wind forces and moment in the constant and uniform 
wind are expressed as: 

XA = 1/2⋅ρa⋅U2
A⋅CXA(χA)⋅AX

YA = 1/2⋅ρa⋅U2
A⋅CYA(χA)⋅AY

NA = 1/2⋅ρa⋅U2
A⋅CNA(χA)⋅AY ⋅LOA

⎫
⎪⎪⎬

⎪⎪⎭

(17)  

Where, ρa is the air density; UA is the relative wind velocity; CXA, CYA and 
CNA are the wind forces and moment coefficients; χA is the relative wind 
direction; AX and AY are the frontal and lateral projected areas of the 
ship above water respectively; LOA is the overall ship length. 
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For estimating the wind forces and moment coefficients, CXA, CYA 
and CNA, when using the method in (Fujiwara et al., 2006), eight basic 
hull form parameters representing the above water structural shape of 
ships are needed. However, some of the needed above water structural 
parameters of the benchmark chemical tanker are not available, so, they 
are estimated using the regression formulae in (Kitamura et al., 2017). 

3.2.2. Waves-induced steady forces and moments 
According to (Yasukawa et al., 2019), the averaged waves-induced 

steady forces (XW, YW) and moment (NW) in irregular waves are 
expressed as: 

XW = ρw⋅g⋅H2
1/3⋅

(
B2/L

)
⋅CXW(U,Tv, χW)

YW = ρw⋅g⋅H2
1/3⋅

(
B2/L

)
⋅CYW(U, Tv, χW)

NW = ρw⋅g⋅H2
1/3⋅B2⋅CNW(U,Tv, χW)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(18)  

Where, ρw is the sea water density; g is the gravity acceleration; H1/3 is 
the significant wave height; Tv is the averaged wave period; χW is the 
relative wave direction; B and L are the ship width and length respec-
tively; CXW, CYW and CNW are the averaged steady forces and moment 
coefficients in irregular waves. 

For estimating the averaged waves-induced steady forces coefficients 
of the benchmark chemical tanker, the numerical calculation results of 
those coefficients of a full hull ship S-Cb84 (Appendix Figure A. 1) 
published in (Yasukawa et al., 2019) have been used in this paper. The 
S-Cb84 is a bulk carrier, which originally was a VLCC (Very Large Crude 
Carrier) tanker. The principal particulars of S-Cb84 are shown in Ap-
pendix Table A. 1. The applicability of the numerical calculation results 
using the strip theory-based Kochin-function method (SKFM) to the 
manoeuvring problems in irregular waves has been validated by the 
free-running model test results, and it is concluded that the accuracy is 
acceptable for practical purposes, even though the calculation accuracy 
of the steady yaw moment is insufficient as mentioned in (Yasukawa 
et al., 2019). In the simulation model, to reduce the simulation time, the 
precalculated waves-induced steady forces coefficients are stored in 
look-up tables as functions of ship speeds, averaged wave period and 
wave encounter headings, as the accurate synthesis of the instantaneous 
value of the wave-induced steady forces is quite time-consuming (Aung 
and Umeda, 2020; Dallinga et al., 2020). During simulation, following 
the quasi-static (or quasi-steady) assumption made in (Yasukawa et al., 
2019), the wave-induced steady forces coefficients in different operating 
conditions are estimated by using an interpolation method. Hydrody-
namic forces acting on the ship are assumed quasi-steady and the 
high-frequency wave-induced motions and forces are neglected (Yasu-
kawa et al., 2021; Yasukawa and Sakuno, 2020; Yasukawa and Yoshi-
mura, 2015); the theoretical and practical reason is that, the effects of 
the nonzero slowly varying second-order wave-induced forces on ships 
and consequently on the engines are much more apparent compared to 
the high-frequency zero-mean oscillatory first-order wave-induced 
forces (Dallinga et al., 2020; Fossen and Wiley, 2011; Journee et al., 
2015). Although there will be some extra uncertainties when using these 
numerical calculation results to a different ship, i.e., the benchmark 
chemical tanker used in this research, it is assumed that the un-
certainties in this regard are acceptable here. The reasons for this 
assumption are as follows: firstly, both ships are tankers, so, they have 
similar hull shape although with different sizes; secondly, the numerical 
calculation results for the waves induced steady forces are nondimen-
sional; thirdly, the simulation results of the benchmark chemical tanker 
turning in different sea states with different ship speeds have been 
verified (in following section), and the model verification shows 
reasonable results comparing to the simulation and model test results in 
(Yasukawa et al., 2019). 

3.3. Propeller wake fluctuation in waves 

The effective inflow velocity to the propeller in waves is determined 
by the average ship speed, ship motion and wave induced orbital motion 
of water particles (Ueno et al., 2013). The variation of effective wake 
fraction during ship manoeuvring motions in calm water considering the 
geometrical inflow angle at the propeller position has been discussed in 
section 3.1.2. According to (Ueno et al., 2013) the fluctuating propeller 
inflow velocities in waves are caused by the surge oscillation effect and 
the orbital motion of water particles. In this paper, the effect of ship 
manoeuvring motions on the average propeller inflow velocity and the 
effect of the water orbital movement on the oscillating inflow velocity in 
regular waves will be considered; while the effects of surge oscillation 
and the interaction between the ship manoeuvring motions and the 
water orbital movement will be left out. So, the propeller inflow velocity 
vA in regular waves is expressed as: 

vA = u⋅(1 − wP) + α⋅ω⋅ha⋅exp( − k ⋅ zP)⋅cos χW ⋅cos(ωe ⋅ t − k ⋅ xP ⋅ cos χW)

(19)  

α=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0.2⋅
(

λ
L⋅|cos χW |

)

+ 0.5, for
λ

L⋅|cos χW |
≤ 2.5

1, for
λ

L⋅|cos χW |
> 2.5

(20)  

Where, u is the ship longitudinal velocity; wP is the effective wake 
fraction including the effect of ship manoeuvring motions; α is the co-
efficient representing the effect of wave amplitude decrease at the stern 
in case of head and bow-quartering waves due to the influence of the 
hull (calculated by equation (20)) (Ueno et al., 2013); ω is the wave 
circular frequency; ωe is the wave encounter circular frequency defined 
by ωe = ω − k⋅u⋅cos χW; ha is the wave amplitude; k is the wave number; 
xP and zP are the longitudinal and vertical positions of the propeller in 
the ship-fixed coordinate system; χW is the wave encounter angle; t is 
time; λ is the wave length and L is the ship length between 
perpendiculars. 

4. Model validation and verification 

4.1. Validation of ship manoeuvring model 

The integrated ship propulsion and manoeuvring model has been 
validated using the sea trial test data of the benchmark chemical tanker. 
The ship draft and environmental condition during the sea trial test have 
been shown in Table 4. In this paper, the sea margin (SM) is assumed to 
be zero (SM = 0) during the sea trial test, despite of the fact that the wind 
force was actually Beaufort 3–4 and the sea state was Douglas 2–3 rather 
than a very calm sea (Sui et al., 2019). So, when validating the ship 
propulsion and manoeuvring model, in the simulation model the sea 
margin is set at zero and the ship draft is set at design draft (8.50 m). 

According to the sea trial report, only limited data of ship behaviour 
during sea trial test have been measured and recorded. For instance, 
during the deceleration and crash stop test, turning circle test and Zigzag 
test, only ship speed, position and heading, etc., have been measured, 
while the data of propeller thrust, propeller torque, ship yaw rate, drift 
angle, engine power and fuel rack, etc., have not been measured or 
recorded. So, with the limited test data the ship manoeuvring model has 

Table 4 
Sea trial condition of the benchmark chemical tanker.  

Geographic 
position 

East China 
Sea 

Wind scale 3-4Bft. Draft 
TF 

8.50 
m 

Weather Cloudy Wind 
Direction 

NE Draft 
TM 

8.55 
m 

Depth of Water 75 m Sea state Douglas 2- 
3 

Draft 
TA 

8.60 
m  
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been partly validated. 

4.1.1. Turning circle validation 
During the turning circle sea trial test, according to the sea trial 

report, the engine rotational speed is kept constant at 163.7 rpm, but the 
propeller pitch is not recorded. However, in the simulation both the 
engine rotational speed and the propeller pitch are kept constant at 
values of 163.7 rpm and P/D = 0.6022 respectively. The ship initial 
speed is then 12.8 kn. For the portside turning circle test, the rudder 
angle is set as − 35◦, while for the starboard turning the rudder angle is 
set as 35◦. 

In reality the behaviour of the portside and starboard turning oper-
ations may be somewhat asymmetrical, especially for a ship with a 
single propeller; however, in the model all the constants are set the same 
for both portside steering and starboard steering. So, simulation results 
for portside and starboard turning are symmetrical. 

To quantify the accuracy of the simulation results of the turning 
circle, the average relative deviation σT between the simulation results 
and test data are calculated as the following eq. (21): 

σT = 100%

×

(⃒
⃒
⃒
⃒
xSim

0max − xTest
0max

xTest
0max

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
ySim

0max − yTest
0max

yTest
0max

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
RSim

C − RTest
C

RTest
C

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
VSim

C − VTest
C

VTest
C

⃒
⃒
⃒
⃒

)/

4

(21)  

Where, x0max is the maximum advance (m); y0max is the maximum 

transfer (m); RC is the steady turning radius (m); VC is the ship speed in 
steady turn (kn). The maximum advance x0max, maximum transfer y0max 

and the steady turning radius RC are defined and illustrated in Fig. 5 
(ITTC, 2017). 

4.1.1.1. Portside turning. The validation results of the portside turning 
circle test with a rudder angle of − 35◦ are shown in Fig. 6 and Table 5. 
The average relative deviation σT between the simulation results and the 
sea trial test data of the portside turning circle is 7.70%. The un-
certainties of the validation results will be analysed later in the following 
section. 

4.1.1.2. Starboard turning. The validation results of the starboard 
turning circle test with a rudder angle of 35◦ are shown in Fig. 7 and 
Table 6. The average relative deviation σT between the simulation re-
sults and the sea trial test data of the starboard turning circle is 8.18%. 
The uncertainties of the validation results will be analysed later in the 
following section. 

4.1.2. Zigzag validation 
During the Zigzag test, the engine rotational speed is kept constant 

while the propeller pitch is unknown. However, in the simulation of 
Zigzag operation both the engine speed and the propeller pitch are set at 
constant values of 163.7 rpm and P/D = 0.5661 respectively. The ship 
initial speed is then 12.3 knots, which is according to the sea trial test 

Fig. 5. Turning circle definitions (ITTC, 2017).  
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data. 
To quantify the accuracy of the simulation results of the Zigzag test, 

the average relative deviation σZ between the simulation results and test 
data are calculated as the following eq. (22) (Liu, 2017): 

σZ = 100%

×

(⃒
⃒
⃒
⃒
ψSim

O1 − ψTest
O1

ψTest
O1

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
ψSim

O2 − ψTest
O2

ψTest
O2

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
tSim
O1 − tTest

O1

tTest
O1

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
tSim
O2 − tTest

O2

tTest
O2

⃒
⃒
⃒
⃒

)/

4

(22)  

Where, ψO1 is the first overshoot angle (deg.) at time tO1 (s); ψO2 is the 
second overshoot angle (deg.) at time tO2 (s) (defined and illustrated in 
Fig. 8). 

4.1.2.1. Rudder: 10 deg. The validation results of the Zigzag operation 
with rudder angle of 10◦ are shown in Fig. 9(a) and Table 7. The data of 
ship velocity during Zigzag tests has not been recorded in the sea trial 
report, so, the test data of ship velocity is not available for validating the 
simulation results. A clear inconsistency between the simulation results 
and the sea trial data is shown (Fig. 9 (a)) and the average relative de-
viation σZ is 23.25% (Table 7). The uncertainties of the validation results 
will be analysed later in the following section. 

4.1.2.2. Rudder: 20 deg. The validation results of the Zigzag test with 
rudder angle of 20◦ are shown in Fig. 10(a) and Table 8. A good con-
sistency between the simulations results and the sea trial data is shown 
and the average relative deviation σZ is 2.19%. 

Fig. 6. Validation results of turning circle trial (Portside with rudder angle: 35 deg.).  

Table 5 
Deviation between simulation results and test data of turning circle(Portside 
with rudder angle: 35 deg.).  

Turning 
Criteria 

Test Sim. Relative Deviation 
σT (%) 

Average Relative 
Deviation σT (%) 

x0max (m) 358.60 392.50 9.45 7.70 
y0max (m) 304.10 335.40 10.29 
RC (m) 120.40 116.25 3.45 
VC (kn) 4.47 4.13 7.61  

Fig. 7. Validation results of turning circle trial (Starboard with rudder angle: 35 deg.).  

Table 6 
Deviation between simulation results and test data of turning circle(Starboard 
with rudder angle: 35 deg.).  

Turning 
Criteria 

Test Sim. Relative Deviation 
σT (%) 

Average Relative 
Deviation σT (%) 

x0max (m) 368.40 392.50 6.54 8.18 
y0max (m) 300.00 335.40 11.80 
RC (m) 123.85 116.25 6.14 
VC (kn) 4.50 4.13 8.22  
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Fig. 8. Time trace of Zigzag manoeuvre parameters (ITTC, 2017).  

Fig. 9. Validation results of Zigzag test (Rudder angle: 10 deg.).  

Table 7 
Deviation between simulation results and test data of Zigzag(Zigzag with rudder 
angle: 10 deg.).  

Turning 
Criteria 

Test Sim. Relative Deviation 
σZ (%) 

Average Relative 
Deviation σZ (%) 

ψO1 (deg.) 10.65 12.27 15.21 23.25 
ψO2 (deg.) 21.37 22.73 6.36 
tO1 (s) 124.10 78.00 37.15 
tO2 (s) 315.10 207.10 34.27  

Fig. 10. Validation results of Zigzag test (Rudder angle: 20 deg.).  

Table 8 
Deviation between simulation results and test data of Zigzag(Zigzag with rudder 
angle: 20 deg.).  

Turning 
Criteria 

Test Sim. Relative Deviation 
σZ (%) 

Average Relative 
Deviation σZ (%) 

ψO1 (deg.) 24.59 24.88 1.18 2.19 
ψO2 (deg.) 24.92 25.11 0.76 
tO1 (s) 77.32 82.05 6.12 
tO2 (s) 204.60 206.00 0.68  
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4.1.3. Uncertainty analysis 
From the validation results shown above, differences between the 

simulation results and the sea trial test data have been found. The un-
certainties causing the differences could exist in the model, the simu-
lation process, and also the sea trial test data. 

In the manoeuvring model, some hydrodynamic coefficients for 
calculating the manoeuvring forces and moments are calculated (using 
empirical formulas) or estimated as constants, while in reality they 
could change due to the changes of ship motions and rudder angles. As 
mentioned in (Sui et al., 2021), the applied propeller model is based on 
the corrected open water characteristics of Wageningen C4-55 propeller 
rather than the real propeller that is installed in the benchmark chemical 
tanker. Although the data of C4-55 open water characteristics has been 
corrected based on the data of the real propeller at design pitch in the 
first quadrant, there are still uncertainties in the propeller model at 
off-design pitches as well as in the other operating quadrants. 

Uncertainties could also exist in the sea trial test data. For instance, 
the sea trial data of Zigzag with rudder angle of 10◦ is somewhat 
questionable or wrong. The larger rudder angle (20 deg.) Zigzag test has 
shown a logical, stable and symmetrical behaviour. A similarly stable 
behaviour is expected when the excitation is less, i.e., a smaller rudder 
angle (10 deg.). The ship behaviour with smaller rudder angle (10 deg.) 
to portside is different when moving to starboard, the rotation in one 
direction takes longer and changes much slower than in the other di-
rection. However, even unstable ships should have a more or less sym-
metrical response to the same input signal, i.e., the rudder angle. 
Although in general the oscillation periods of ship heading of Zigzag 
with smaller rudder angle are longer, the sea trial test data of this 
benchmark ship has shown a much longer period of Zigzag with rudder 
angle of 10◦ than that of 20◦ when comparing it with the results from 
literature (Aoki et al., 2006; Kijima and Nakiri, 2002; Liu, 2017; Yasu-
kawa and Yoshimura, 2015; Zaky et al., 2018). 

4.2. Verification of wind and waves model 

As there are no test data for validating the wind and waves model of 
the benchmark chemical tanker, only verification results of the ship 
turning in wind and waves are provided as shown in Fig. 11. The average 
waves period of 8 s (Tv = 8 s) has been applied. The ship turning tra-
jectories, including both starboard and portside turning with rudder 
angle of 35◦, in sea states of BF6 and BF7 have been compared with those 
in calm sea (BF0). The influences of different initial ship speed, i.e., 12 
knots, 8 knots and 4 knots, on turning in wind and waves have also been 

presented. During turning, the propeller pitch is set and kept at the 
design pitch (pitch angle = 17.83◦ or equivalently P/D = 0.7075), and 
the propeller rotational speed is set and kept at the MCR engine rota-
tional speed (167 rpm). The ship velocities during the turning are shown 
in Fig. 12. According to the results shown in Fig. 11, the ship drifts more 
significantly in higher sea state and in the same sea state the ship drifts 
more significantly with a lower ship speed. It is caused by the relatively 
large effect of the wave-induced steady forces on the ship when turning 
with a lower speed and/or in a higher sea state (Yasukawa et al., 2019). 

5. Results and discussions 

5.1. Ship propulsion and manoeuvring performance in adverse sea 

In this section, based on the integrated ship propulsion, manoeuvring 
and sea state model, the ship propulsion and manoeuvring performance 
of the benchmark chemical tanker in adverse sea conditions (sea states 
of BF7 and BF8) will be investigated. In particular, the two most 
important scenarios when the ship operates in adverse sea, i.e., sailing in 
head sea and turning to head sea, will be studied in details. So, the 
abilities of the ship to keep a certain advance speed, and to keep and 
change heading in adverse sea will be investigated. During the simula-
tion of the ship sailing and manoeuvring in adverse sea, the shaft 
generator (PTO) has been shut off, so the main engine only provides 
power to the propeller and the onboard electric power is supplied by the 
auxiliary generators. As fixed pitch propellers are most commonly 
installed on ocean-going cargo ships, to have a generic study, the con-
stant pitch propulsion control mode has been applied in this investiga-
tion. The propeller pitch is set and kept at the design pitch (pitch angle 
= 17.83◦ or equivalently P/D = 0.7075). So, the ship speed will be 
controlled by changing the propeller rotational speed and thus the en-
gine speed setpoint. The fuel rack limiter of the engine is switched on so 
that the engine can only run inside its specified operating envelope and 
it will not be mechanically overloaded. 

5.1.1. Ship sailing in head sea 
The ship heads to North (ψ = 0 deg.) and the head wind and waves 

come from the North (ψA= ψW = 180 deg.). The rudder angle is set and 
kept at zero degree. The propeller rotational speed is set and kept at the 
MCR engine value (167 rpm) as shown in Fig. 13. The simulation results 
of the ship sailing in head sea are shown in Figs. 13–17. 

Due to the wake fluctuation caused by the waves, the propeller 
advance speed and advance coefficient fluctuates and consequently the 

Fig. 11. Ship turning trajectories in wind and waves (rudder angle: 35 deg.).  
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propeller torque, thrust and rotational speed also oscillates (Fig. 13). 
However, the ship velocity hardly fluctuates due to the big inertia of the 
ship surge motion. The maximum available ship thrust in different sea 
conditions oscillates around the static thrust limit as shown in Fig. 14, 
and the equilibrium point of the oscillation locates on the static thrust 
limit. So, the waves-induced wake fluctuation and the resulting ship 
thrust fluctuation on average do not have an influence on the ship speed. 
But the ship speed is highly influenced by the added ship resistance in 
adverse sea. The maximum ship advance speed sailing in head sea of BF7 
is 7.0 knots, while in head sea of BF8 the maximum speed is only 2.6 
knots. In head sea of BF9, the ship is not able to move forward at all as 

the ship resistance completely exceeds the ship thrust limit (Fig. 14). 
The engine behaviour also fluctuates because of the fluctuating 

loads, i.e., the propeller torque (Fig. 15 to Fig. 17). The engine is not able 
to run at the demanded rotational speed because the fuel rack and 
consequently the engine torque are limited to protect the engine from 
overloading as shown in Fig. 15. The engine runs on its limit but still not 
exceeding the (static) operating envelope. However, dynamically the 
engine could have already been thermally overloaded especially in BF8 
sea condition as shown in Fig. 16. The air excess ratio and the cylinder 
temperature just before EO exceeds their limits in sea state of BF8. 
Remarkably the estimated exhaust valve temperature and the 

Fig. 12. Ship velocity during turning in wind and waves (rudder angle: 35 deg.).  

Fig. 13. Propeller rotational speed, propeller thrust, propeller torque, propeller advance coefficient, propeller advance speed when ship sails in head sea.  
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temperature before turbine in the exhaust receiver seem to be lower for 
BF8 than for BF7. In (Sui et al., 2021) it was already observed that the 
large slip factor of two-stroke diesel engines helps cooling the exhaust 
valve temperature and the temperature in the outlet receiver before the 
turbine. So, it may perhaps be concluded that the exhaust valve and 
turbine inlet blades may be not critical when it comes to thermal over-
loading in heavy weather. Without reducing the propeller pitch, the 
engine is forced to operate at low-speed area in adverse sea condition, 
and this is the case for most of the ocean-going cargo ships that have 
fixed pitch propeller. In particular, the engine speed in BF8 is lower than 
that in BF7, and consequently the turbocharger speed, the charging 
pressure and the air mass flow in BF8 are lower as well. Although the 
compressor does not surge in both BF7 and BF8, the compressor 

operating point in BF8 is closer to the surge line than that in BF7. 
The determining factor for the limit thrust is from right to left the 

maximum engine rotational speed, power, torque and then the air limit 
and finally (appearing at the bottom) the minimum engine rotational 
speed. 

5.1.2. Ship turning to head sea 
The initial ship forward speed is set at u = 6.5 knots and the initial 

ship heading is set at ψ = 0◦ (heading towards North) (see Fig. 22). The 
wind and waves come from West (ψA= ψW = 90◦) towards the portside 
of the ship. The ship tries to turn its bow to head wind and waves for 
weather-vanning. Same as sailing in head sea, during ship turning to 
head sea the propeller rotational speed is set and kept at the MCR engine 
speed (167 rpm). In the simulation the ship heading is controlled in 
autopilot mode, where the rudder angle is controlled by a PID heading 
controller based on the demanded ship heading and actual heading 
feedback. The simulation results of ship turning to head sea are shown in 
Fig. 18 to Fig. 23. 

According to the simulation results, the ship is able to turn its bow to 
head sea in both sea states of BF7 and BF8, while in BF9 the ship is not 
able to make it before the forward speed drops to zero as shown in 
Fig. 18 (a). Note that the ship initial forward speed has an influence on 
the ship turning behaviour. If the ship speed is too slow, the ship will not 
be able to turn its bow to head waves even in sea state of BF7. Although 
the ship with initial speed of 6.5 knots is able to turn to head waves in 
BF8, it cannot make it with a lower speed, for instance 2.6 knots, which 
is the maximum speed the ship can reach in head sea condition in BF8. 

When the turning to head sea starts, the propeller rotational speed, 
thrust and torque will increase from the initial values (Fig. 19), while the 
ship longitudinal velocity will drop due to the dominating increasing 
ship resistance (Fig. 20). Both the engine mechanical and thermal loads 
will increase during ship turning to head sea (Fig. 21 to Fig. 23), and 
while the engine, due to the fuel rack limiter the engine is not 

Fig. 14. Ship thrust and resistance when sailing in head sea.  

Fig. 15. Engine speed, fuel rack, torque and power when ship sails in head sea.  

C. Sui et al.                                                                                                                                                                                                                                      



Ocean Engineering 254 (2022) 111348

15

Fig. 16. Air excess ratio, exhaust valve temperature, maximum in-cylinder temperature, outlet receiver temperature, in-cylinder temperature just before EO and 
turbine outlet temperature when ship sails in head sea. 

Fig. 17. Maximum in-cylinder pressure, inlet receiver pressure, turbocharger rotational speed, compressor surge index and compressor behaviour when ship sails in 
head sea. 
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mechanically overloaded, it is thermally overloaded especially in BF8, at 
least considering the air excess ratio and in cylinder temperatures, but 
again the exhaust valve temperature and outlet receiver temperature are 
less affected. When the ship has turned its bow to head waves, the ship 
velocity will increase again trying to accelerate slowly in head sea. The 
propeller load and engine load will drop slightly and increase again 
slowly until reaching a stable condition sailing in head waves, which has 
been discussed in previous section. 

5.2. Influence of operational measures 

5.2.1. Influence of propeller pitch 
For a controllable pitch propeller, the ship thrust limit will be 

different at different propeller pitches even if for the same engine power 
limit (Fig. 24). The ship thrust envelopes with propeller pitches of 60%, 
80% and 100% of the design pitch have been shown in Fig. 24. When the 
ship is sailing in adverse weather conditions, due to the significant ship 
resistance increase caused by the wind and waves, the ship resistance 

curves will shift to the upper left side of the ship thrust envelope 
(Fig. 24). In sea state of BF9, the ship head sea resistance is completely 
outside the thrust envelope when 100% design pitch has been applied. 
Taking sea state of BF8 for instance, in order to sail the ship at sustained 
speed of 5 knots without overloading the engine, the propeller pitch 
should be reduced accordingly to 80% design pitch, otherwise the ship 
can only sail at a maximum velocity of 2.6 knots. When the propeller 
pitch has been reduced, the engine can consequently run at a higher 
speed, which helps to reduce the engine thermal loading (Fig. 25). 
However, reducing the propeller pitch should be careful, otherwise the 
engine could be more likely to encounter over-speeding, which could 
cause the engine shutting down. 

5.2.2. Influence of power-take-in (PTI) 
If the main engine also provides power to a shaft generator (PTO, 

power-take-off), the ship thrust envelope will become smaller; while the 
thrust envelope will be enlarged if a shaft motor (if any) (PTI, power- 
take-in) also provides power to the propeller (Fig. 26). The ship thrust 

Fig. 18. Simulation results of ship during turning to head sea.  
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envelope with PTO power of 350 kW, and PTI power of 500 kW and 
1000 kW are shown in Fig. 26. Taking sea state of BF8 for instance, with 
a PTI power of 1000 kW, the ship is able to sail at a maximum speed of 6 

knots (at design propeller pitch) in head sea condition, otherwise the 
ship can only sail at a maximum speed of 2.6 knots without PTI. The 
operation of PTI also helps to increase the engine operating speed and 

Fig. 19. Propeller rotational speed, propeller thrust, propeller torque, propeller advance coefficient, propeller advance speed during ship turning to head sea.  

Fig. 20. Hydrodynamic forces and moments during ship turning to head sea in BF7.  
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Fig. 21. Engine speed, fuel rack, torque and power during ship turning to head sea.  

Fig. 22. Air excess ratio, exhaust valve temperature, maximum in-cylinder temperature, outlet receiver temperature, in-cylinder temperature just before EO and 
turbine outlet temperature during ship turning to head sea. 
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thus to reduce the engine thermal loading (Fig. 27). 

6. Conclusions and recommendations 

6.1. Conclusions 

In this paper, based on the integrated ship propulsion, manoeuvring 
and sea state model, the ship propulsion and manoeuvring performance 
in adverse sea conditions (BF7 and BF8) has been investigated. The in-
fluence of the propeller pitch and the PTO/PTI on the ship thrust en-
velope have also been investigated. According to the simulation results, 

the maximum advance speed at which the benchmark chemical tanker is 
able to sail in head sea in sea state of BF7 is 7 knots, while in BF8 the 
maximum advance speed is 2.6 knots (but the engine will be highly 
thermally overloaded), and in BF9 the ship is not able to move forward 
at all. With an initial ship speed of 6.5 knots, the ship is able to turn to 
head wind and waves in both sea states of BF7 and BF8, while it cannot 
turn to head sea in BF9 since the ship speed drops to zero before that. 
According to the current 2013 interim minimum power guidelines, the 
specified adverse sea condition for the benchmark ship is sea state of 
BF7; and according to the level 2 assessment of the guidelines, the 
required ship advance speed is 6.4 knots. So, the benchmark ship meets 
the requirement of the level 2 assessment of the current guidelines, 
although it is an underpowered ship according to the level 1 assessment 
of the guidelines. Note that, as mentioned previously both the level 1 
and level 2 assessments of the current guidelines are only applicable for 
ships with capacity over 20,000 DWT, although in this paper for the 
moment it is assumed that the guidelines are also applicable for the 
benchmark chemical tanker that has a capacity of 13,000 DWT. How-
ever, the contradictory results of the assessments of level 1 and level 2 
for the benchmark chemical tanker shows the necessity of a proper 
minimum power guidelines for ships with capacity less than 20,000 
DWT. 

The wake fluctuation due to waves will cause fluctuations in pro-
peller torque and thrust. Although the oscillating propeller thrust hardly 
has any influence on the ship motions due to the relatively big ship 
inertia, the fluctuating propeller torque does have notable impact on the 
engine behaviour. The fluctuating propeller wake will finally cause the 
fluctuations in engine speed, torque and thermal loading. Due to high 
sea state, for instance BF8, the engine could be thermally overloaded by 
the combined effects of the increasing steady loads and the fluctuating 
loads, even though the engine power or torque trajectories are still 
within the static operating envelope. 

When transforming the engine power/revolutions envelope to ship 
thrust/velocity envelope, for the same engine envelope, using a different 

Fig. 23. Maximum in-cylinder pressure, inlet receiver pressure, turbocharger rotational speed, compressor surge index and compressor behaviour during ship 
turning to head sea. 

Fig. 24. Ship thrust envelope with different propeller pitches Limit lines at the 
bottom represent minimum engine rotational speed. 
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propeller or a different propeller pitch will lead to a different ship thrust 
envelope. For the same ship velocity, the engine could more easily 
exceed the thermal loading limit at high propeller pitches and overspeed 
at low pitches. That is why a good matching between the engine and 
propeller, and a good control of the engine and propeller especially 
under dynamic operations and/or in adverse weather conditions are 
very important from the operational safety point of view. A shaft 
generator (power-take-off, PTO) will narrow the ship thrust/velocity 
envelope but if the shaft generator can also work as a shaft motor 
(power-take-in, PTI) the ship thrust envelope can be widened. So, the 

shaft generator/motor can work as a generator in PTO mode when the 
ship sails in normal sea conditions for a better energy efficiency, while 
work as a motor in PTI mode when the ship needs more propulsion 
power especially in adverse weather conditions for a better operational 
safety of both the engine and ship. 

6.2. Recommendations 

Last but not least, there are still some limitations and uncertainties in 
this research. The following work is recommended for future research. 
To improve the accuracy of the predictions of the interactions between 
the ship propulsion plant, the ship and waves, etc., in high sea states, 
more accurate modeling of ship propulsion, manoeuvring and sea-
keeping is needed. For instance, the ship manoeuvring model used in 
this paper can be improved. To better capture ship behaviour in adverse 
sea conditions in a more realistic way, a 4 DOF (including ship rolling) or 
even 6DOF (including ship heaving and pitching) ship manoeuvring 
model could be used. The hydrodynamic coefficients in the manoeu-
vring and seakeeping models could be determined by experimental and 
advanced numerical methods. Although experimental and advanced 
numerical methods could be more accurate when estimating the wave- 
induced steady forces, a well-established and simple-to-use empirical 
method is very useful for practical applications. For instance, when 
detailed information of the hull form is not available, which is the case in 
this study, or in the early design stage, where the detailed hull form is 
still under development, an empirical method using a limited number of 
main ship particulars to satisfactorily capture the physical phenomena is 
preferred. Last but not least, further research should answer the question 
which aspect of thermal loading is most critical, the in-cylinder condi-
tions (air excess ratio, max temperature and temperature before EO) or 
the after-cylinder conditions (exhaust valve, turbine inlet blades). 

Fig. 25. Influence of reducing propeller pitch on engine performance when ship sailing in head sea in BF8.  

Fig. 26. Ship thrust envelope with PTO/PTI Limit lines at the bottom represent 
minimum engine rotational speed. 
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Appendix 

The principal particulars of S-Cb84 (Table A. 1) and the averaged steady forces and moments coefficients of S-Cb84 in irregular waves calculated 
using SKFM (Figure A. 1). The averaged steady forces and moments coefficients of S-Cb84 in irregular waves shown in Figure A. 1 are calculated by 
using the strip theory-based Kochin-function method (SKFM) assuming a slender ship; the ITTC (International Towing Tank Conference) wave 
spectrum, and cos2 wave direction distribution function have been used (Yasukawa et al., 2019).  

Table A 
1: Principal particulars of S-Cb84 (Yasukawa et al., 2019)  

Ship Length between perpendiculars L (m) 178.00 

Breadth B (m) 32.26 
Depth D (m) 14.46 
Draught d (m) 11.57 
Displacement volume ∇ (m3) 55,810 
Longitudinal position of the centre of gravity xG (m) * 5.33 
Block coefficient Cb (− ) 0.84 

* xG is defined based on the midship and is positive when locating forward of 
midship. *. 

Fig. 27. Influence of PTI on engine performance when ship sailing in head sea in BF8.  
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Fig. A.1. Averaged steady forces and moments coefficients of S-Cb84 in irregular waves calculated using SKFM (Yasukawa et al., 2019) 
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