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A B S T R A C T

In this study, the hydrodynamic performance of a ship in terms of motions and resistance responses in calm
water and in regular head waves is investigated for two loading conditions using a Fully Nonlinear Potential
Flow (FNPF) panel method. The main focus is understanding the ship responses in a broad range of operational
conditions. Comprehensive analyses of the motions and their correlation with the wave making resistance
including their harmonics in waves are presented and compared against experimental data. The predicted
motions compare well with experimental data but the resistance prediction is not quite as good. The natural
frequencies for heave and pitch are estimated from a set of free decay motion simulations in calm water to
provide a better insight into the ship behavior near resonance conditions in waves. Interestingly, in addition
to the well known peak in the added wave resistance coefficient around wave lengths close to one ship length,
a secondary peak is detected in the vicinity of wave lengths with half the ship length.
1. Introduction

Ship performance in seaway has been widely investigated exper-
imentally and numerically. However, it is practically impossible to
take all of the entailed physics into consideration. Hence, a series of
assumptions and simplifications are often introduced in such methods.
Traditionally, ship performance in calm water has been the main
research topic in ship hydrodynamics. However, calm water is rather an
exception in an actual voyage. A seaway may contain waves with var-
ious heights and lengths propagating in different directions. Operating
in waves may have several effects on ship behavior. The interactions
between waves, hull and the propulsion system of a ship may signif-
icantly affect the ship motions, resistance, wake and propeller load
in comparison to calm water operational conditions. Added resistance
due to waves for a ship operating in real sea conditions affects its
required engine power in comparison to calm water conditions, which
may lead to a noticeable ship performance degradation. Furthermore,
large amplitude ship motions in a rough sea may adversely affect the
ship structural integrity and harm the crew and cargo. Therefore, ship
performance prediction in waves is crucial, especially in the early stages
of the ship design process.

Different experimental and numerical methods can be utilized for
prediction of ship performance in waves. For instance, the performance
can be predicted experimentally through Captive or Free-Sailing (Free-
Running) tests in towing tanks or seakeeping basins, ITTC (2018).
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E-mail address: mohsen.irannezhad@chalmers.se (M. Irannezhad).

Although these model tests are expensive and time-consuming, the
ship’s added resistance and motions are expected to be predicted with
a high level of accuracy from the measured motions and towing force
(or propeller thrust). On the other hand, since 1950s, computational
seakeeping methods have started to evolve. Each method has different
level of fidelity with respect to its computational costs and accuracy.
Generally, the approach in these methods is based on either Potential
Flow methods (Strip Theory or Three-Dimensional Panel Methods)
or Computational Fluid Dynamics (CFD) techniques. Bertram (2012)
has presented a structured overview of the most well-known ship
performance prediction methods.

Usually, potential flow solvers are computationally much faster than
CFD solvers. In potential flow methods, the flow is assumed to be invis-
cid, incompressible and irrotational. In reality, viscosity is significant in
seakeeping, especially if the boundary layer separates periodically from
the hull, e.g., in the case of roll and yaw motions, Bertram (2012). How-
ever, in the cases where the viscous effects are insignificant, application
of potential flow methods may provide a great advantage in terms
of computational efficiency. One of such scenarios is studying a ship
performance in head waves in which the main ship motion responses
are surge, heave and pitch which are found to be less affected by
viscosity. Moreover, in potential flow solvers based on panel methods,
only the boundaries are required to be discretized, not the whole
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029-8018/© 2022 The Authors. Published by Elsevier Ltd. Th

http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.oceaneng.2021.110410
Received 3 May 2021; Received in revised form 15 November 2021; Accepted 17 D
is is an open access article under the CC BY-NC-ND license

ecember 2021

http://www.elsevier.com/locate/oceaneng
http://www.elsevier.com/locate/oceaneng
mailto:mohsen.irannezhad@chalmers.se
https://doi.org/10.1016/j.oceaneng.2021.110410
https://doi.org/10.1016/j.oceaneng.2021.110410
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2021.110410&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ocean Engineering 246 (2022) 110410M. Irannezhad et al.
Nomenclature

1 + 𝑘 Form factor (–)
�̄�𝐹 Mean frictional resistance in regular waves

(N)
�̄�𝑊 Mean wave making resistance in regular

waves (N)
�̄� Mean wetted surface area in regular waves

(m2)
�̄� Mean measured thrust in free-sailing self-

propulsion model tests in regular waves
(N)

𝑉 Mean measured speed in free-sailing self-
propulsion model tests in regular waves
(m/s)

𝛥𝑡 Time step size (s)
𝛥 Mass displacement (kg)
𝜆 Wave length (m)
𝜆0 Fundamental wave length (m)
𝜇 Heading angle (deg)
∇ Volume displacement (m3)
𝜈 Kinematic viscosity of water (m2/s)
𝜔 Circular wave frequency (rad/s)
𝜔𝐸 Circular wave frequency of encounter

(rad/s)
𝜙 Velocity potential (m2/s)
𝜌 Water density (kg/m3)
𝜃 Calm water trim (deg)
𝜃𝑖 The 𝑖th harmonic amplitude of pitch mo-

tion response in regular waves (deg)
𝜃𝜀𝑖 The 𝑖th harmonic phase of pitch motion

response in regular waves (rad) or (deg)
�⃗�ℎ Angular velocity vector of the hull
𝑛 Unit normal vector of the hull surface

pointing into the fluid domain
𝑝𝑝 Position vector of a particle on free surface
𝑟ℎ Radius vector from the hull center of

rotation
𝑢ℎ Linear velocity vector of the hull
𝐴 Wave amplitude 𝐻∕2 (m)
𝐴𝑖 The 𝑖th harmonic amplitude of measured

wave height in self-propulsion model tests
in regular waves (m)

𝐴𝜀𝑖 The 𝑖th harmonic phase of measured wave
height in self-propulsion model tests in
regular waves (rad) or (deg)

𝐵 Breadth at mid-ship (m)
𝐶𝐵 Block coefficient (–)
𝐶𝐹 Frictional resistance coefficient in the ITTC-

57 model-ship correlation line (–)
𝐶𝐴𝑊 Added wave resistance coefficient (–)
𝐹𝑇 𝑜𝑤 Longitudinal towing force in model tests

(N)

fluid domain. This considerably reduces the effort needed for grid
generation; however, the simple and continuous free surface defined
in potential flow solvers is not capable of modeling wave breaking,
splashes or viscous phenomena. Generally, empirical values for some
viscous effects can play a complementary role in these methods. Con-
trary to potential flow methods, the state-of-the-art CFD methods have
2

𝐹𝑟 Froude number (–)
𝑔 Gravitational acceleration (m/s2)
𝐻 Wave height (m)
𝑘 Wave number (rad/m)
𝐾𝑦𝑦 Mass radius of gyration around Y -axis (m)
𝐿 Length between perpendiculars (m)
𝐿𝐶𝐺 Longitudinal position of center of gravity

from aft perpendicular (m)
𝑝 Unsteady hydrodynamic pressure (N/m2)
𝑝𝑎 Atmospheric pressure (Pa)
𝑟 Response in regular waves
𝑅𝐹 Frictional resistance in calm water (N)
𝑟𝑖 The 𝑖th harmonic amplitude of ship re-

sponse in regular waves
𝑅𝑇 Total resistance in calm water (N)
𝑅𝑉 Viscous resistance in calm water (N)
𝑅𝑊 Wave making resistance in calm water (N)
𝑟𝜀𝑖 The 𝑖th harmonic phase of ship response in

regular waves (rad) or (deg)
𝑅𝑊 𝑖 The 𝑖th harmonic amplitude of wave mak-

ing resistance in regular waves (N)
𝑅𝑒 Reynolds number (–)
𝑆 Bare hull wetted surface area at rest (m2)
𝑆ℎ Instantaneous hull wetted surface area in

the FNPF computations (m2)
𝑆𝑖 The 𝑖th harmonic amplitude of wetted

surface area in regular waves (m2)
𝑆𝑤𝑒𝑡 Wetted surface area at rest in the respec-

tive model test; bare hull plus rudder or all
appendages (m2)

𝑇 Measured thrust in free-sailing self-
propulsion model tests in calm water
(N)

𝑡 Time (s)
𝑇𝐴 Draft at aft perpendicular (m)
𝑡𝑑 Thrust deduction factor (–)
𝑇𝐸 Wave encounter period (s)
𝑇𝐹 Draft at fore perpendicular (m)
𝑇𝑧 Heave natural period (s)
𝑇𝜃 Pitch natural period (s)
𝑉 Forward velocity (m/s)
𝑉𝐶𝐺 Vertical position of center of gravity from

keel (m)
𝑥𝑑 Computational domain length from fore

perpendicular (m)
𝑥𝑖 The 𝑖th harmonic amplitude of surge motion

response in regular waves (m)
𝑦𝑑 Computational domain half breadth (m)
𝑧 Calm water sinkage (m)
𝑧𝑖 The 𝑖th harmonic amplitude of heave mo-

tion response in regular waves (m)
𝑍𝑝 Vertical position of a point with respect to

the undisturbed free surface (m)
𝑧𝜀𝑖 The 𝑖th harmonic phase of heave motion

response in regular waves (rad) or (deg)

the advantage of predicting ship hydrodynamic responses more accu-
rately by performing high fidelity nonlinear computations with fewer
simplifications related to the flow physics. However, these methods are
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computationally expensive and time-consuming. Therefore, based on
the specific problem under study and the level of complexities required,
one should choose a suitable numerical method for the ship perfor-
mance prediction. Since the investigations performed in this paper are
meant to study a ship bare hull hydrodynamic responses in regular
head waves, the utilization of a potential flow method is found to
be beneficial enabling investigation of a broader range of operating
conditions. The results of such studies can be used for understanding
the overall behavior of the ship in regular head waves and eventually
help out to choose more critical operational conditions to be studied in
more details using higher fidelity CFD solvers.

In potential flow methods, the Laplace equation is solved in con-
junction with considerations of appropriate ship hull and free surface
boundary conditions. Potential flow methods are often classified based
on the levels of nonlinearities applied to these boundary conditions.
These methods, based on ITTC (2017) categorization, include linear
potential flow methods, Froude–Krylov nonlinear methods (weakly
nonlinear methods), body exact methods (or weak scatterer methods)
and fully nonlinear methods. In linear potential flow methods, the
linearized boundary conditions are represented in terms of the mean
free surface and wetted surface area. Then the solution of Bound-
ary Value Problem (BVP) is the superposition of different potential
components (steady, incident wave, radiation and diffraction). Linear
potential flow methods are often fast, efficient, robust and easy to
use in a practical sense. Another advantage of using linear potential
flow methods is the possibility of solving the problem in frequency
domain, which offers a very low computational cost in comparison to
the unsteady methods. In weakly nonlinear and body exact methods,
nonlinearities are introduced to a certain extent in order to increase
the solution accuracy. When the free surface boundary conditions are
applied without any simplifications or approximations, it is commonly
referred as Fully Nonlinear Potential Flow (FNPF) method.

The FNPF methods represent the category of potential flow meth-
ods with the least amount of approximations to the potential flow
and the interactions between the ship hull and the fluid. The term
‘‘Fully Nonlinear’’ in such methods should not be confused with the
Fully Nonlinear viscous flow methods indicated in the taxonomy of
hydrodynamic solutions explained by Hirdaris et al. (2016), as the
FNPF methods are counted as potential flow methods and hence, the
nonlinear phenomena associated with the fluid in the form of viscosity
are neglected. In these methods, the aspects of violent flow incidences,
such as slamming, is not considered. The FNPF methods fall into the
category of ‘‘Smooth Waves’’ in the aforementioned taxonomy which
fill the gap between the partially nonlinear potential flow and fully
nonlinear viscous flow methods. Moreover, it is assumed that the
waves are ‘‘smooth’’ in the FNPF methods, therefore, wave breaking
or fragmentation of the fluid domain (e.g., green water on deck)
cannot be modeled in such methods. Furthermore, in the current FNPF
method, the hull is assumed to be rigid, hence the hull flexibility
and hydroelasticity as a result of fluid–structure interaction are not
investigated.

Although there are several FNPF methods developed in recent years,
there are not extensive publications available on the application of
these methods for investigation of ship hydrodynamic responses in
waves in a wide range of operational and environmental conditions
incorporating a detailed analysis of the responses. For instance, wa-
ter waves are simulated by a fully nonlinear potential flow method
developed by Engsig-Karup et al. (2009) which is further developed
by Ducrozet et al. (2010) to study the wave–wave and wave–structure
interactions for a fixed circular cylinder. A fully nonlinear potential
flow method is developed by Mola et al. (2017) to evaluate the per-
formances of different hulls in calm water. Coslovich et al. (2021)
studied the KVLCC2 tanker motions and resistance responses in waves
using an FNPF method focusing mainly on adaptive grid refinement
and nonlinear decomposition of the velocity potential and wave field.
3

There are also more publications available such as the ones presented
in the extensive review paper by Hirdaris et al. (2014) as well as
the studies by Zhang and Xu-Ning (2018) and Pacuraru et al. (2020).
However, the characteristic difference which stands out in the current
work relative to these studies is the investigations of ship responses
by a fully nonlinear unsteady three-dimensional potential flow solver,
SHIPFLOW MOTIONS, in a broad range of operational and environ-
mental conditions and the detailed analysis of the ship responses and
their correlations. This leads to an evaluation of the capabilities of the
employed FNPF method in this context.

Added resistance is the time-average of the longitudinal force (in the
opposite direction of movement) on a ship in waves minus the force in
calm water at the same forward speed. It demonstrates higher order
nature than motions, hence more difficult to be determined, Bertram
(2016). The added resistance value is relatively small in comparison
to the amplitude of the instantaneous wave exciting force, Faltin-
sen (1990), thus a high degree of accuracy is required for predic-
tion of added resistance in both experiments and numerical computa-
tions, Sadat-Hosseini et al. (2013). Moreover, the dependency of added
resistance on ship motions, ship speed, wave length, wave height, wave
heading angle, hull form and bow shape makes its accurate prediction
even more challenging, Wu (2013). Two major contributors to added
resistance in waves are radiation from generated waves due to ship
motions and diffraction and reflection of the incident wave. Fully
nonlinear interaction between incident and radiated/diffracted waves
is considered in the current FNPF method.

Two main analytical formulations for prediction of added resistance
in potential flow methods are known as far-field method and near-field
method, ITTC (2018). The far-field methods are based on conservation
of energy and momentum. The first far-field method was introduced
by Maruo (1957) and Maruo (1960). The method was further developed
by Joosen (1966) as well as Newman (1967). Other far-field methods
have also been developed by Gerritsma and Beukelman (1972) in
which the added resistance was estimated based on the radiated energy
method. The near-field methods are based on integration of hydrody-
namic pressure on the hull surface. This method was first introduced
by Havelock (1937) and further developed in Havelock (1942) based on
the Froude–Krylov approach for calculation of wave induced pressure
forces acting on the hull. Other examples of well-known near-field
methods are presented in Boese (1970), Salvesen (1978) and Faltinsen
et al. (1980). Most of the aforementioned methods are based on Strip
Theory. Ship motions are playing a significant role in the formulation
of these analytical methods. Therefore, ship motions are supposed
to be estimated prior to the prediction of added resistance. In the
Strip Theory, ship motions are generally obtained in frequency domain
based on the Slender Body Theory. More advanced potential flow
methods usually utilize free surface Green functions that satisfy the
corresponding free surface boundary conditions, or Rankine sources, or
a combination of them, ITTC (2017). SHIPFLOW MOTIONS is a time-
accurate three-dimensional potential flow solver using Rankine source
distribution where both the free surface and hull are discretized. In this
FNPF solver, the added resistance is computed based on a near-field
method from the direct pressure integration on the hull wetted surface
area. The rigid body motions equations are also solved.

The main objective of this paper is to study the hydrodynamic
performance of a vessel in terms of resistance and motion responses
in a range of operational conditions by an FNPF method, and compare
the results against experimental data. For comparison, the added wave
resistance is also computed with a design tool by Martinsen (2016),
through linear interpolations from an added resistance transfer function
database. This database has been created by combining radiated energy
method and the near-field asymptotic approach for different geometries

in a range of Froude numbers and heading angles. The test case under
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Table 1
Model-scale LDP vessel main particulars (scale factor = 27).

Symbol Loading conditions Unit Denotation

Full Ballast

𝐿 7.95 (m) Length between perpendiculars
𝐵 0.88 (m) Breadth at mid-ship
𝑇𝐹 0.296 0.118 (m) Draft at fore perpendicular
𝑇𝐴 0.296 0.259 (m) Draft at aft perpendicular
∇ 1.743 1.089 (m3) Volume displacement
𝛥 1740 1087 (kg) Mass displacement
𝑆 10.24 8.46 (m2) Bare hull wetted surface area at rest
𝐶𝐵 0.842 0.825 (–) Block coefficient
𝐿𝐶𝐺 3.94 3.59 (m) Longitudinal position of COG from aft perpendicular
𝑉𝐶𝐺 0.344 0.258 (m) Vertical position of COG from Keel
𝐾𝑦𝑦 1.99 1.95 (m) Mass radius of gyration around Y -axis (pitch)
d
w
a

𝑡

Table 2
Vessel speeds in model-scale and the respective Froude numbers 𝐹𝑟 = 𝑉 ∕

√

𝑔𝐿.
Froude 𝐹𝑟 (–) 𝑉 (m/s)

𝐹𝑟0 0.00 0.01
𝐹𝑟1 0.09 0.79
𝐹𝑟2 0.10 0.89
𝐹𝑟3 0.11 0.99
𝐹𝑟4 0.13 1.19
𝐹𝑟5 0.16 1.39
𝐹𝑟6 0.18 1.58

study in this paper is a general cargo vessel developed in LeanShips1

hich is designed with a ‘‘tunnel-shaped’’ aft configuration meant to
ccommodate a Large Diameter Propeller (LDP). The concept of trans-
orming a ship conventional-sized propeller to an LDP was introduced
n order to improve the vessel propulsive efficiency; however, the LDP
essel peculiarities regarding its design and efficiency characteristics
re not taken into consideration as part of the current study objectives.

. Vessel geometry and operational conditions

The LDP vessel main particulars in model-scale and in two loading
onditions are given in Table 1. In this study, the hydrodynamic
erformance of the vessel operating in fresh water with the density of
= 998.3 kg∕m3 and the kinematic viscosity of 𝜈 = 1.018𝐸−06 m2∕s is

nvestigated at different advancing speeds presented in Table 2.
An earth-fixed coordinate system as well as a ship-fixed coordinate

ystem are used. The earth-fixed Cartesian coordinate system in consid-
red to be located at the initial mean free surface with X -axis pointing
rom the ship’s bow towards its stern and Z-axis pointing upwards. The
hip-fixed Cartesian coordinate system is located at the vessel Center of
ravity (COG) with X -axis pointing astern and Z-axis pointing upwards.
onsequently, positive surge motion occurs when the COG moves in the
pposite direction of the ship’s forward speed. Positive heave motion
s defined as when the COG moves upwards and positive pitch motion
s defined as when the ship’s bow moves upwards (or stern moves
ownwards).

The investigations are mainly concerned with the vessel in deep wa-
er subjected to regular head waves, however, the vessel performance in
alm water is also presented. An overview of the operational conditions
n regular head waves is presented in Table 3 in which wave heights

and wave lengths 𝜆 are non-dimensionalized by the ship length 𝐿.
ach of these operating conditions are labeled with a code which are
sed later as plot legends in Section 5. Prior to the model tests, it was
redicted that propeller ventilation/emergence may occur frequently

1 Low Energy And Near to zero emissions Ships (LeanShips), is an EU-
unded project, 2015–2019. More information about Large Diameter Propeller
emo case can be found in, https://www.leanships-project.eu/demo-cases/
emo-case-09/overview.
4

for the LDP due to its proximity to the free surface. Since one of the
goals of the experiments was the ventilation risk assessment, ballast
condition (with a lower draft at the aft perpendicular and hence higher
risk of ventilation) was studied more in detail in the measurements.

3. Methods

3.1. Experimental method

Experimental model tests in calm water and in regular head waves
were performed by Maritime Research Institute Netherlands (MARIN).
The wooden model is manufactured at MARIN. The calm water model
tests were carried out at 𝐹𝑟1, 𝐹𝑟3, 𝐹𝑟4, 𝐹𝑟5 and 𝐹𝑟6 in two different
setups (rudder-equipped bare hull and self-propelled model) and the
results for 𝐹𝑟2 were interpolated. During the calm water tests, the
model was free to heave and pitch. For the first setup, the resistance
test was carried out based on towing the rudder-equipped bare hull by
a towing carriage, in which the measured towing force is the vessel
total resistance 𝑅𝑇 . Based on the decomposition of resistance in ITTC-
78 method mentioned by Larsson and Raven (2010), the total resistance
is divided into a viscous resistance component 𝑅𝑉 = (1 + 𝑘)𝑅𝐹 , which
includes the form effect on friction and pressure, and a wave making
resistance component 𝑅𝑊 as,

𝑅𝑇 = (1 + 𝑘)𝑅𝐹 + 𝑅𝑊 . (1)

The frictional resistance 𝑅𝐹 can be computed from,

𝑅𝐹 = 0.5𝜌𝑆𝑤𝑒𝑡𝑉
2𝐶𝐹 , (2)

in which the wetted surface area at rest 𝑆𝑤𝑒𝑡 includes the wetted surface
area of the configured rudder plus that of bare hull. The frictional
resistance coefficient 𝐶𝐹 can be computed from the ITTC-57 model-ship
correlation line,

𝐶𝐹 = 0.075
(𝑙𝑜𝑔 𝑅𝑒 − 2)2

, (3)

where 𝑅𝑒 = 𝑉 𝐿∕𝜈 is the Reynolds number. The calm water wave
making resistance 𝑅𝑊 then can be deduced from Eq. (1) considering
the experimentally and numerically (double-body viscous flow) ob-
tained form factor of 1 + 𝑘 = 1.167. The resistance test results of the
rudder-equipped bare hull are labeled as TOW EFD henceforth.

The calm water model tests were also carried out for the self-
propelled model, in which the model was equipped with a propeller
while it was unloaded by means of a tow force to compensate for the
difference in viscous resistance between model-scale and full-scale. The
calm water propeller thrust 𝑇 , the towing force 𝐹𝑡𝑜𝑤 as well as the
ynamic sinkage 𝑧 and trim 𝜃 were measured from these tests. The calm
ater thrust deduction factor 𝑡𝑑 at each respective loading condition
nd forward speed is then obtained from,

𝑑 = 1 −
𝑅𝑇 − 𝐹𝑇 𝑜𝑤

𝑇
, (4)

where 𝑅𝑇 is the measured total calm water resistance for the rudder-
equipped bare hull. On the other hand, the model tests in regular

https://www.leanships-project.eu/demo-cases/demo-case-09/overview
https://www.leanships-project.eu/demo-cases/demo-case-09/overview
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𝑅

Table 3
Operational conditions in regular head waves. Non-dimensional wave lengths 𝜆∕𝐿 in bold text are representing equivalent conditions in both self-propulsion model tests (SP EFD)
and Fully Nonlinear Potential Flow computations (FNPF).

Loading conditions 𝐹𝑟 (–) 𝐻∕𝐿 (–) Condition label 𝜆∕𝐿 (–)

SP EFD FNPF

Full
0.10 0.014 𝐹𝑟2 −𝐻2 0.28 0.28, 0.55, 0.70, 0.79, 0.91, 1.06, 1.24

𝐹𝑟2 −𝐻4 0.70, 0.79, 0.91, 1.06, 1.24 0.28, 0.40, 0.51, 0.55,0.61, 0.70, 0.79, 0.91, 1.06,
1.24, 1.35 1.53, 2.04

0.18 0.014 𝐹𝑟6 −𝐻2 – 0.20, 0.28, 0.55, 0.70, 0.79, 0.91, 0.97, 1.06,1.17,
1.24, 1.35, 1.53, 3.06

0.028 𝐹𝑟6 −𝐻4 – 0.20, 0.28, 0.55, 0.70, 0.79, 0.83, 0.91, 0.97, 1.02,
1.06, 1.17, 1.24, 1.35, 1.53, 2.04, 3.06

Ballast

0.10 0.014 𝐹𝑟2 −𝐻2 0.91, 1.06, 1.24 0.37, 0.55, 0.70, 0.79, 0.91, 1.06, 1.24, 1.35, 1.53

0.13
0.007 𝐹𝑟4 −𝐻1 0.79, 1.06, 1.24 0.55, 0.70, 0.79, 0.91, 1.06, 1.24, 1.35, 1.53

0.014 𝐹𝑟4 −𝐻2 0.28, 0.37, 0.49, 0.55, 0.70, 0.79, 0.91, 1.06, 1.24 0.28, 0.37, 0.49, 0.55, 0.70, 0.79, 0.91, 1.06,1.24,
1.35, 1.53

0.021 𝐹𝑟4 −𝐻3 0.79, 1.06, 1.24 0.49, 0.70, 0.79, 1.06,1.24, 1.35, 1.53
i
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head waves were carried out at the given Froude numbers in Table 3
solely in six Degrees of Freedom (6DOF) in free-sailing self-propelled
and self-steered mode. The model acceleration/deceleration in the
beginning/end of each run were performed using a towing system
consisting four lines controlled under tension or slack by four remotely-
operated winches. The model’s six degrees of freedom and speed were
measured by means of optical tracking systems at a sampling rate of
100 Hz. Thrust and torque were measured by strain gauge transduc-
ers at 4800 Hz sampling frequency. Moreover, wave elevation was
measured by a resistance type wave probe at a sampling frequency of
200 Hz. The measured harmonic amplitudes and phases of the ship
forward speed, ship motions, incident wave height and the propeller
thrust were provided. The mean wave making resistance component
in regular waves �̄�𝑊 is then deduced from the mean thrust in regular

aves �̄� as,
̄𝑊 = (1 − 𝑡𝑑 )�̄� − (1 + 𝑘)�̄�𝐹 , (5)

in which 𝑡𝑑 and �̄�𝐹 need special considerations.
It is well-established that the propulsion factors such as wake frac-

tion and thrust deduction for a ship operating in waves deviate from
those of calm water, for instance by Gerritsma et al. (1961) and
Moor and Murdey (1970) as well as Nakamura and Naito (1975).
The deviation is more significant when the ship motions are severe.
In the case of LDP vessel, the deviation might be even more pro-
nounced because of the proximity of the propeller to free surface and
hence high occurrence of propeller ventilation/emergence in severe
conditions, associated with a sudden change in propeller thrust and
torque. Due to the lack of knowledge about how exactly the propulsion
factors change for the LDP vessel in waves, the thrust deduction factor
in Eq. (5) is assumed to be equal to the calm water 𝑡𝑑 value at the
same loading condition and forward speed. A similar assumption is
considered by Taskar et al. (2016) and Valanto and Hong (2017) for
studying the propulsion performance of KVLCC2 tanker and a cruise
ship in waves, respectively. Block (1993) also mentioned that the thrust
deduction factor obtained in calm water can be applied to the ships in
moderate sea-states. Furthermore, since the model was running in free-
sailing self-propulsion mode, the mean value of the measured speed
𝑉 was not exactly equal to the expected 𝑉 in Table 2. Therefore, a
linear interpolation is used for estimation of the thrust deduction factor
at the mean attained speed 𝑉 in regular waves from the previously
computed calm water 𝑡𝑑 in Eq. (4). Moreover, the Reynolds number
in Eq. (3) and accordingly 𝐶𝐹 in Eq. (2) are calculated for the mean
attained speed 𝑉 in each respective model test. �̄�𝐹 in waves is then
calculated assuming the same wetted surface area and hence similar
frictional resistance in waves as in calm water at each certain loading
condition and forward speed. 𝑆𝑤𝑒𝑡 includes the wetted surface area of
the bare hull and all other appendages presented in the self-propulsion
model tests. The self-propulsion model tests results are labeled as SP
5

EFD henceforth. s
3.2. Fully nonlinear potential flow panel method

A fully nonlinear unsteady three-dimensional potential flow solver
SHIPFLOW MOTIONS (Version 6) is used for the numerical compu-
tations. The flow in potential flow methods is assumed to be homo-
geneous, inviscid, incompressible and irrotational. A scalar quantity
referred as velocity potential 𝜙 of which satisfies Laplace’s equation
∇2𝜙 = 0 is used to describe the flow. In FNPF methods, fully nonlinear
kinematic and dynamic boundary conditions are applied on the free
surface as,
𝐷𝑝𝑝
𝐷𝑡

= ∇𝜙, (6)

𝐷𝜙
𝐷𝑡

= −𝑔𝑍𝑝 +
1
2
∇𝜙.∇𝜙 −

𝑃𝑎
𝜌
, (7)

in Lagrangian frame where 𝐷 is the material derivative ( 𝐷
𝐷𝑡 ≡ 𝜕

𝜕𝑡 +
∇𝜙.∇), 𝑝𝑝 = (𝑋𝑝, 𝑌𝑝, 𝑍𝑝) is the position of a particle on the free surface
n the earth-fixed coordinate system, 𝑍𝑝 is the vertical position of
he particle with respect to the undisturbed free surface and 𝑃𝑎 is
he atmospheric pressure. These equations are solved in the employed
NPF method without any linearization or simplifications, as opposed
o the linear or partially nonlinear potential flow methods. Moreover,
n impermeability condition is applied on the rigid hull surface taking
nto account the hull motions,
𝜕𝜙
𝜕𝑛

= 𝑛.(𝑢ℎ + �⃗�ℎ × 𝑟ℎ), (8)

here 𝑛 is the unit normal vector of the hull surface pointing into the
luid domain, 𝑢ℎ and �⃗�ℎ are the linear and angular velocity vectors
f the hull and 𝑟ℎ is the radius vector from the hull center of rota-
ion. Impermeability condition is also applied on the bottom of the
omputational domain.

Then, the BVP (defined by the Laplace’s equation and the boundary
onditions) is solved using a Boundary Element Method (BEM). The
ull surface and computational domain are discretized by means of
lat quadrilateral panels assuming constant strength source distribution.
reen Functions are used to obtain the source strength. The fully
onlinear free surface boundary conditions introduce a time depen-
ency into the problem. Therefore, the free surface boundary conditions
quations are integrated in time to evolve the free surface position and
elocity potential using a Mixed Eulerian–Lagrangian (MEL) method in
hich each time step is divided into two sub-steps. Evolution of the free

urface and velocity potential in time is tracked by markers associated
t each panel. In the Eulerian sub-step, the boundary value problem
s solved using the BEM and the velocity potential and the velocity of
he free surface markers are obtained in the domain. In the Lagrangian

ub-step, the boundary conditions are integrated in time and the free
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surface position and velocity potential are updated for the next time
step.

In order to avoid unwanted wave reflections from the boundaries
of the computational domain an artificial damping zone is introduced
away from the hull. In this zone, the perturbed part of the solution is
blended with the analytically described undisturbed wave field, hence
matching the computed solution to the solution of the known wave
field at the boundaries. Moreover, the FNPF method is not able to
handle wave breaking and in the case of occurrence, the computations
will stop immediately. Wave breaking is a natural phenomenon that
occurs when waves become too steep, for instance it may be seen
around the bow and stern of ships. In the current FNPF method,
the waves that are about to break are identified and suppressed to
prevent breaking, hence the smooth wave assumption is considered.
The unsteady hydrodynamic pressure is calculated at any point in the
domain from the unsteady Bernoulli equation,

𝑝 = −𝜌
(

𝜕𝜙
𝜕𝑡

+ 1
2
|∇𝜙|2 + 𝑔𝑍𝑝

)

, (9)

in which the time derivative term is evaluated using a finite difference
second order backward scheme. In this way, the nonlinear interactions
between the diffracted and radiated wave components as well as the
fully nonlinear incident wave field are implicitly taken into account.
The hydrodynamic forces and moments acting on the body are com-
puted by integration of the hydrodynamic pressure over all the surface
elements 𝑑𝑆 of the wetted surface area of the hull 𝑆ℎ as,

𝐹 = −∬𝑆ℎ

𝑝 𝑛 𝑑𝑆, (10)

�⃗� = −∬𝑆ℎ

𝑝 (𝑟ℎ × 𝑛) 𝑑𝑆. (11)

Then the rigid body motions equations are solved representing the equi-
librium between the inertial, gravitational and hydrodynamic forces
and moments. For more details about this FNPF method and free
surface modeling see Kjellberg (2013).

All of the FNPF simulations are carried out for the LDP vessel
bare hull in 3 degrees of freedom (3DOF) where the hull is free to
surge, heave and pitch, except in the 1DOF heave/pitch decay motions
simulations. Calm water simulations are carried out at 𝐹𝑟1 to 𝐹𝑟6 to
obtain the sinkage and trim as well as the calm water wave making
resistance 𝑅𝑊 . Moreover, decay motion simulations in calm water are
performed at 𝐹𝑟0, 𝐹𝑟2 and 𝐹𝑟6 in 1DOF as well as in 3DOF. Since the
specification of zero ship velocity is not possible in the current FNPF
solver, a minor velocity (𝑉 = 0.01 m∕s) is used in the simulations at 𝐹𝑟0
(Table 2). The 5th order Stokes regular head waves with fuller troughs
and sharper crests than airy (linear) waves are introduced at the inlet
of the computational domain. These Stokes waves were found to be
a better resemblance of the real-world waves, Fenton (1985). Other
important computational specifications in the FNPF solver are discussed
in the following sections.

3.2.1. Computational domain
The size of computational domain is calculated based on the respec-

tive Froude number in each simulation. Taking advantage of a symme-
try boundary condition, only half of the domain is considered in the
simulations. The potential flow computations in SHIPFLOW MOTIONS
are scale-independent, therefore, all the computations are carried out
for the ship with unit length (i.e., geometry non-dimensionalized by
the ship length). An overview of the computational domain is shown
in Fig. 1. The domain dimensions are defined as the normal distances
to the ship fore perpendicular in which 𝑥𝑑∕𝐿 and 𝑦𝑑∕𝐿 are the bound-
aries edges in longitudinal and transverse directions, respectively. The
domain is made wide enough to cover the Kelvin wedge over the
6

considered domain length.
3.2.2. Hull discretization
In the FNPF method, the complete hull is discretized and remains

body-fixed during the computations to allow for large variation of wet-
ted surface. The hull discretization is done based on the best practices
for hull panelization in potential flow methods in order to appropriately
capture the form of the hull. The hull panel distribution is shown in
Fig. 2 where the non-dimensional distance from the fore perpendicular
(𝑥∕𝐿) is also shown. The number of panels on the half of the hull used
in the FNPF simulations is 6747.

3.2.3. Free surface discretization
In the current version of the FNPF solver the panelization on the

free surface cannot be modified locally meaning that any modification
of the free surface panel size results in change of the size of all panels
everywhere in the domain. In order to keep the free surface panel-
ization error as low as possible, a panel size sensitivity analysis has
been carried out. These simulations are performed for an operational
condition in regular head waves for the fully-loaded ship at 𝐹𝑟2. Wave
height 𝐻∕𝐿 = 0.028 and wave length 𝜆∕𝐿 = 0.79 as well as the
hull panelization presented in Section 3.2.2 remain the same in all
of these simulations while uniformly refining the free surface panels.
It is believed that the wave making resistance as well as the motion
responses are fairly large for the selected case (Fully-loaded, 𝐹𝑟2 −𝐻4
and 𝜆∕𝐿 = 0.79 in Table 3) which makes this case a suitable candidate
for the free surface panelization study.

The results are post-processed based on the techniques explained in
Section 3.4. The 0th harmonic amplitude of wave making resistance
as well as the 1st harmonic amplitudes of heave 𝑧1 and pitch 𝜃1 mo-
tions are shown in Fig. 3. The wave making resistance clearly reaches
an approximate convergence by increasing the number of panels on
free surface. The convergence of heave and pitch motions are less
pronounced since the magnitudes of changes are very small for these
motions. These results reveal that free surface panelization has a larger
impact on the wave making resistance rather than the motions. The
results obtained by the free surface panel distribution at 𝐹𝑟2 and
represented by 32 754 panels are considered to be in the asymptotic
range and thus the same panelization setup is used for the rest of
the simulations in this work. The free surface panels for this case are
shown in Fig. 1. The panel size in both longitudinal and transverse
directions is approximately 1% of the ship length. The total number
of panels (including the hull panels) in half domain for 𝐹𝑟1 to 𝐹𝑟6 are
approximately between 39 000 and 47 000.

In linear wave theory, the fundamental wave length generated by
a ship at constant speed is 𝜆0 = 2𝜋𝐹𝑟2𝐿 (notice that 𝐿 = 1 in the
current FNPF simulations as the ship is scaled based on its length). Due
to very small Froude numbers in this study, the criterion of keeping the
free surface panels smaller than 5% of the fundamental wave length
suggested by Larsson and Raven (2010) would result in extremely small
panels, hence very high computational costs. Therefore, this criterion
is not fulfilled in this study.

3.2.4. Time step size
The computational time step size is determined to be a function of

fundamental wave period
√

𝜆02𝜋∕𝑔. In the following simulations, 60
time steps per each wave period is used as the criterion for determining
the time step size,

𝛥𝑡 =
2𝜋𝐹𝑟

√

𝐿∕𝑔
60

, (12)

in which 𝐿 = 1 in the current FNPF simulations. Therefore, time
step size becomes only a function of Froude number. In the case of
approximately zero speed 𝐹𝑟0, the time step size is computed based on
𝐹𝑟 = 0.05.
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Fig. 1. Computational domain overview.
Fig. 2. Hull panelization overview.
Fig. 3. Free surface panelization study of the fully-loaded ship at 𝐹𝑟2 −𝐻4 and 𝜆∕𝐿 = 0.79.
3.2.5. Convergence criteria and computational costs
The simulations in calm water is deemed converged when the

standard deviation of the wave making resistance time history drops
below 1% of its rolling tail-weighted root mean square value (last 60%
of the signal). The convergence criterion for simulations in waves is
defined as when the standard deviation of the mean wave making
resistance response signal drops below 1% of its root mean square value
in the trailing last two encountered wave periods.

The simulations are carried out using parallel processing on multiple
cores on a desktop workstation equipped with an Intel®Core™i7-8700
CPU @ 3.20 GHz processor base frequency. The computational cost for
an individual simulation in this work (using FNPF) is approximately
7

20 to 80 core-hours depending on the Froude number, incoming wave

characteristics and other operational conditions. However, a viscous

flow simulation in similar conditions may require two to three orders

of magnitude higher computational cost in terms of core-hours based

on the data presented by Irannezhad et al. (2019) for the same hull

in regular head waves using Unsteady Reynolds-Averaged Navier–

Stokes (URANS) simulations as well as by Larsson et al. (2014) and

Hino et al. (2021) for different geometries using various viscous flow

computations.
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3.3. Design tool for estimating added wave resistance

Added wave resistance of the LDP vessel is also estimated by a de-
sign tool developed at Technical University of Denmark (DTU) by Mar-
tinsen (2016). In this tool, added wave resistance was calculated for
different combinations of geometries at various Froude numbers and
heading angles to form a database. The added wave resistance in
frequency domain was computed from Salvesen (1978) radiated energy
method (5DOF Strip Theory) for long waves and Faltinsen et al. (1980)
near-field asymptotic approach for short waves forming a continuous
curve at their intersection. Then, five input parameters (𝐿∕𝐵, 𝐵∕Draft,
𝐶𝐵 , 𝐹𝑟 and heading angle 𝜇) are used to carry out a linear interpolation
within the validity range of the database to predict the added wave
resistance, Martinsen (2016). Since it is not possible to assign different
values for the fore and aft draft, the draft in ballast condition is
considered as the averaged value, (𝑇𝐹 + 𝑇𝐴)∕2. The computed added
wave resistance from the design tool is labeled as TOOLBOX in the
results.

3.4. Post-processing techniques

In order to post-process the time-series of resistance and motions
responses 𝑟(𝑡) computed in the simulations in waves, Fourier analysis is
performed as,

𝑟(𝑡) = 𝑟0+𝑟1𝑐𝑜𝑠(𝜔𝐸 𝑡+𝑟𝜀1)+𝑟2𝑐𝑜𝑠(2𝜔𝐸 𝑡+𝑟𝜀2)+𝑟3𝑐𝑜𝑠(3𝜔𝐸 𝑡+𝑟𝜀3)+⋯ , (13)

where 𝑟𝑖 is the 𝑖th harmonic amplitude of the response 𝑟, and 𝑟𝜀𝑖 is the
phase component related to 𝑖th harmonic amplitude. The circular wave
frequency of encounter 𝜔𝐸 is computed based on the circular wave
frequency 𝜔, ship velocity 𝑉 and its heading angle 𝜇 as,

𝜔𝐸 = 𝜔 − 𝜔2𝑉
𝑔

cos (𝜇), (14)

where 𝜇 = 180◦ for head waves. The wave encounter period 𝑇𝐸 is then
omputed as 𝑇𝐸 = 2𝜋∕𝜔𝐸 . The Fourier analysis is carried out over
he last two encountered wave periods of the response signals when
he simulation is converged, see Section 3.2.5. On the other hand, the
ourier analysis on experimental data was performed by MARIN and
he harmonic amplitudes and phases of the ship forward speed, ship
otions, incident wave height and propeller thrust were provided.

The 𝑖th harmonic amplitudes of surge and heave motions are non-
imensionalized by the wave amplitude (𝑥𝑖∕𝐴 and 𝑧𝑖∕𝐴). Pitch motion

harmonic amplitudes are non-dimensionalized based on 𝜃𝑖∕𝑘𝐴 in which
𝑖 is the pitch 𝑖th harmonic amplitude in radian and 𝑘 = 2𝜋∕𝜆 is the

wave number. The added wave resistance coefficient 𝐶𝐴𝑊 is computed
from,

𝐶𝐴𝑊 =
�̄�𝑊 − 𝑅𝑊

𝜌𝑔𝐵2𝐴2∕𝐿
, (15)

where �̄�𝑊 is the mean wave making resistance component in regular
waves, 𝑅𝑊 is the calm water wave making resistance, 𝐵 is the ship
breadth and 𝐴 is the wave amplitude. As mentioned in Section 3.1,
since the model tests in waves were carried out in free-sailing self-
propulsion mode, the mean value of the measured speed 𝑉 slightly
deviated from the intended speeds in Table 2. Therefore, experimental
�̄�𝑊 is calculated for the mean measured speed using Eq. (5) with the
aforementioned special considerations for 𝑡𝑑 and �̄�𝐹 , see Section 3.1.
Moreover, calm water wave making resistance 𝑅𝑊 at the mean mea-
ured speed 𝑉 is obtained through interpolation of the measured calm
ater 𝑅𝑊 at the speeds listed in Table 2.

Moreover, the incident wave height experienced by the ship is
ifferent in the measurements and computations. Although the inci-
ent wave height in the computations remains relatively close to the
pecified wave height at the inlet boundary, in the model tests the
8

ave height experienced by the ship slightly varies from one test to p
another. The incident wave height in experiments was measured by
a wave probe located approximately 2.4 m ahead of the fore perpen-
dicular and 3.4 m towards the port side of the hull center plane. The
Fourier analysis was performed on the measured wave height and the
harmonic amplitudes and phases were provided. In order to calculate
the experimental non-dimensional harmonic amplitudes of motions and
𝐶𝐴𝑊 , the experimental wave height 𝐻(𝑡) profile is expressed as,

𝐻(𝑡) = 𝐴0+𝐴1𝑐𝑜𝑠(𝜔𝐸 𝑡+𝐴𝜀1)+𝐴2𝑐𝑜𝑠(2𝜔𝐸 𝑡+𝐴𝜀2)+𝐴3𝑐𝑜𝑠(3𝜔𝐸 𝑡+𝐴𝜀3), (16)

where 𝐴𝑖 and 𝐴𝜀𝑖 are the 𝑖th harmonic amplitude and phase of the
measured wave height and 𝜔𝐸 is the wave encounter frequency based
on the mean attained speed 𝑉 in each respective model test. Then the
experimental wave amplitude 𝐴 is derived from,

𝐴 = 𝐻𝑚𝑎𝑥 −𝐻𝑚𝑖𝑛

2
, (17)

in which 𝐻𝑚𝑎𝑥 and 𝐻𝑚𝑖𝑛 are the maximum and minimum (peak and
rough) values of the wave height profile in each respective model test.

. Calm water results

.1. Sinkage, trim and resistance

The results of calm water wave making resistance, sinkage and trim
re shown in Fig. 4. A good agreement between the potential flow com-
uted wave making resistance and the experimental data is seen in the
ully-loaded condition, except an over-prediction at the highest Froude
umber and minor under-predictions at the lower Froude numbers. The
nder-prediction is more pronounced in the ballast condition over the
hole range of Froude numbers, which also resulted in rather small
egative values of resistance at the lower Froude numbers (these results
re not shown in the plot). The wave making resistance is obtained
rom the integration of considerably large pressure values over the
nstantaneous wetted surface area of the hull. This increases the risk of
rror in the lower speed range where the total wave making resistance
s small. Alternatively, far-field methods can be employed to overcome
his issue. Generally, this kind of numerical errors in conjunction
ith the discretization errors, as seen in Section 3.2.2, as well as the
otential flow simplifications and the use of empirical formulas, such as
TTC-57 skin friction line, are the main sources of discrepancy between
he computed and the measured results. Moreover, the uncertainty
elated to the experimental data should not be forgotten. In order to
e consistent in the computation of added wave resistance, the negative
alm water wave making resistance values at the lower Froude numbers
re considered to be zero.

The computed sinkage and trim and especially their trends at dif-
erent Froude numbers are in a good agreement with the experimental
ata considering the very small values, see Figs. 4b and 4c. It should be
oted that the experimental data for sinkage and trim are related to the
elf-propulsion model tests (SP EFD), while only bare hull is considered
n the FNPF simulations.

.2. Decay motions

Lewis (1989) noted that the most significant features of the heave
nd pitch Response Amplitude Operators (RAOs) to a large extent
re dictated by their natural periods. In order to estimate the ship’s
atural periods of heave 𝑇𝑧 and pitch 𝑇𝜃 motions, a series of free heave
nd pitch decay motion simulations are performed in the fully-loaded
ondition at 𝐹𝑟0, 𝐹𝑟2 and 𝐹𝑟6 in 1DOF and 3DOF, see Fig. 5. The
nitial heave is approximately 0.08 m and the initial pitch is 3 d𝑒𝑔 for
ll of the cases. Besides, extra heave and pitch decay simulations are
arried out at 𝐹𝑟0 with 3DOF where the initial heave and pitch are
et to approximately 0.12 m and 4 deg, respectively. In order to obtain
he natural periods, four different intervals between the subsequent

eaks or subsequent troughs of the decay curves, as presented in Figs.
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Fig. 4. Comparison of the computed resistance, sinkage and trim with the measured values in calm water.
5a and 5b, are extracted and shown in Figs. 5c and 5d. The gray
symbols belong to the cases with higher initial heave and pitch values
which give relatively similar results as of the smaller initial values;
indicating a negligible effects from initial values on natural periods. The
uncertainty of capturing the precise time intervals in which the peaks
and troughs of the decay curves occur depends on the time step size.
The time step size varies at different Froude numbers, see Section 3.2.4,
and at worst situation may introduce an error up to 2𝛥𝑡 (one numerical
ime step error for each captured peak or trough) in the computations
f natural period intervals for the unit ship length 𝐿 = 1. In such
ituations, the maximum error may reach 0.03 s (at the highest 𝐹𝑟)
n the calculation of natural period intervals for the results shown in
ig. 5.

It can be seen that the motion coupling slightly increases both heave
nd pitch natural periods at all Froude numbers. Although there are
ome minor effects related to forward speed, the trend of such effects is
ot similar in all of the cases. These differences may originate from the
act that the non-zero forward speed introduces sinkage and trim which
an for instance alter the underwater geometry of hull, water plane area
nd block coefficient and consequently the dynamics of the ship. This
an be confirmed considering that the final heave and pitch motions
mplitudes converge to zero for the cases with zero speed when the
otions are totally decayed, but these values are non-zero (i.e., equal

o sinkage and trim derived in Section 4.1) for the cases with non-zero
orward speeds. Wu (2013) mentioned that the forward velocity effects
n natural periods of motions are negligible. The effects seen in the
urrent study are also small and they might be negligible considering
he possible error introduced by the time step size.

It is interesting to study the vessel heave and pitch responses in
egular head waves when the wave encounter period is close to heave
nd pitch natural periods. Since the aim of this study is to investi-
ate the behavior of the vessel in waves, the exact value of heave
nd pitch natural periods are not of a critical importance per se. In
rder to be consistent, natural periods of heave and pitch motions are
pproximated through averaging the calculated values for all Froude
umbers in 3DOF (only small initial values), which gives 𝑇𝑧 ≈ 1.488 s

and 𝑇𝜃 ≈ 1.416 s in the fully-loaded condition. Similarly, free heave and
pitch decay simulations in 3DOF at 𝐹𝑟0, 𝐹𝑟2 and 𝐹𝑟6 are also performed
in the ballast condition and the natural periods are approximated as
𝑇𝑧 ≈ 1.307 s and 𝑇𝜃 ≈ 1.177 s. The same method is used for averaging,
but since the motions decay faster in the ballast condition, only two
periods 𝑇𝑧1 and 𝑇𝑧3 for heave and 𝑇𝜃1 and 𝑇𝜃3 for pitch are considered.
As it can be confirmed in the studies by Lewis (1989) and Wu (2013),
the larger block coefficient in the fully-loaded condition gives larger
heave and pitch natural periods in comparison to the ballast condition.

5. Regular wave results

All of the potential flow computations in waves are carried out for
the bare hull in 3DOF in the 5th order Stokes regular head waves. Then
9

the hydrodynamic performance of the vessel is analyzed. An overview
of the operational conditions in waves is given in Table 3. Resistance
and motions as the main ship responses are investigated and the
simulation results are compared against the available self-propulsion
6DOF model test data. Ship responses in waves are mainly influenced
by the wave forces (and moments) exerted on the hull. Wave excitation
forces and radiation forces form the total wave forces acting on the
hull in the presence of waves. The forces exerted on the restrained
hull in waves which excite the motions are called wave excitation
forces. Radiation forces are due to the motions of the ship which is
forced to oscillate in calm water. In the current FNPF computations,
the total forces (and moments) acting on the ship are calculated from
the pressure integration on the wetted surface area of the hull and the
force decomposition into different components is not possible.

Fourier analysis is used to evaluate the time-series of the responses.
It should be noticed that, the mean velocity 𝑉 and hence the encounter
wave frequency in the self-propulsion model tests are slightly different
than the simulation encounter wave frequency, see Section 3.1. More-
over, the wave amplitude 𝐴 used for non-dimensionalization of the
harmonic amplitudes of motions and added wave resistance in the FNPF
method is the theoretical 5th order stokes wave amplitude, while for SP
EFD data 𝐴 is derived from the wave height measurements explained in
Section 3.4. The regular head wave results are presented in model-scale.

5.1. Motion responses

The 0th harmonic amplitudes of surge, heave and pitch motions
are relatively small and almost equal to the values observed in their
respective operational conditions in calm water. The 1st harmonic am-
plitudes of these motions are the dominating components in the Fourier
analysis of the response signals, whereas higher order components are
close to zero. Generally, the amplitudes and phases of wave excitation
and radiation forces, which form the total wave forces, determine the
motion responses of the ship in different conditions. In the following,
different motion responses of the ship in regular waves are analyzed in
which the 1st and 2nd harmonic amplitudes of motions are considered.
It should be pointed out that the harmonic amplitudes of motions
derived from the model tests are rounded which turned the small values
of the 2nd harmonic amplitudes of motions into zero.

5.1.1. Surge motion
The surge motion response of the ship is shown in Figs. 6 and 7

for the fully-loaded and ballast conditions, respectively. The magnitude
of the 1st harmonic surge motion 𝑥1 is rather small except for very
long waves, where the wave excitation surge forces are expected to
be large. At the same Froude number, 𝑥1 increases by increasing wave
height, see Figs. 6a and 7a. Very small local peaks are seen especially
in the fully-loaded condition, see Figs. 6b and 7b, where the wave
encounter frequency is close to the heave and pitch natural frequencies
(𝜔𝑧 ≈ 4.22 rad∕s and 𝜔𝜃 ≈ 4.44 rad∕s in fully-loaded condition and
𝜔𝑧 ≈ 4.81 rad∕s and 𝜔𝜃 ≈ 5.34 rad∕s in ballast condition). This might be

an indication of strong motion coupling within that range of encounter
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Fig. 5. Free decay motions time-series and computed natural periods in fully-loaded conditions. The approximate ranges of 𝑇𝑧1 to 𝑇𝑧4, and 𝑇𝜃1 to 𝑇𝜃4 are indicated by horizontal
arrows in (a) and (b), respectively. Gray markers in (c) and (d) are for larger initial heave and pitch cases.
frequencies. On the other hand, these local peaks occur in the vicinity
of 𝜆∕𝐿 = 0.70 for most of the studied operational conditions, see
Figs. 6a and 7a, which may reflect the effects of wave excitation surge
forces near such wave lengths. In other words, these local peaks may
occur due to the nearly matching lengths of the incident wave and the
parallel mid-body (the distance between fore and aft shoulders). More
investigations near such wave lengths are motivated for different hull
types.

The non-dimensional 1st harmonic amplitude of surge motion,
shown in Figs. 6c and 7c, indicates an approximate linear relation of the
1st harmonic surge motion response to wave amplitude 𝐴, as the cases
with similar Froude number and different wave heights have almost
similar 𝑥1∕𝐴. The non-dimensional 2nd harmonic amplitude of surge
motion, shown in Figs. 6d and 7d, are rather small compared to 𝑥1∕𝐴.
Since the surge motion response of the vessel is rather insignificant, any
possible numerical errors can significantly affect the results. Therefore,
drawing a more solid conclusion about surge motion response would
involve a high level of uncertainty.

The importance of accurate surge prediction for ships operating in
waves has been discussed in literature. For instance, Joncquez et al.
(2008) stated that the influence of surge motion on added wave resis-
tance of a bulk carrier is insignificant. Moreover, Sadat-Hosseini et al.
(2013) found that for KVLCC2 vessel the effects of surge motion on
added wave resistance was negligible in their numerical computations,
however, their model tests under free and fixed conditions revealed that
10
the pitch motion and added wave resistance are influenced in certain
conditions. Yu et al. (2017) also mentioned that the prediction of surge
motion is important due to the coupling between surge, heave and
pitch motions. Therefore, accurate prediction of surge motion would be
beneficial to enhance the prediction accuracy for other ship responses
in waves. Generally, for the LDP vessel a good agreement between the
FNPF computational results and experimental data is seen for the surge
motion response of the ship in Figs. 6 and 7.

5.1.2. Heave motion
The heave motion response of the ship in both loading conditions is

shown in Figs. 8 and 9. The 1st harmonic amplitude of heave motion
is relatively larger in the longest waves, see Figs. 8a and 9a. There are
clearly local maxima near the resonance condition in Figs. 8b and 9b,
i.e., when the encounter wave frequency is close to 𝜔𝑧 ≈ 4.22 rad∕s in
the fully-loaded condition and 𝜔𝑧 ≈ 4.81 rad∕s in the ballast condition.
The wave encounter frequency of the local peak at 𝐹𝑟2 (Fig. 9b) is
under-resolved in the computations meaning that more simulations are
required in the vicinity of 𝜔𝑧 ≈ 4.81 rad∕s to capture the trend of
heave resonance. The heave resonance in the ballast condition is more
pronounced, resulting in considerably large heave motion responses.

The comparison of the non-dimensional 1st harmonic amplitude of
heave motion between the cases with the same Froude number and
different wave heights in Figs. 8c and 9c, reveals an approximate linear
relation between the heave 1st harmonic amplitude 𝑧 and the wave
1
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Fig. 6. Comparison of the computed surge motion response with the measured values in regular head waves in fully-loaded condition.
mplitude. However, this relation does not hold in the near resonance
egion in the fully-loaded condition, see e.g., 𝐹𝑟6-𝐻2 and 𝐹𝑟6-𝐻4 in

Fig. 8c. Irvine et al. (2008) also mentioned that the nonlinear effects
for pitch and heave motions of a surface combatant vessel were evident
near resonance conditions as 𝑧1∕𝐴 and 𝜃1∕𝑘𝐴 showed wave steepness
dependencies in those situations. Generally, for the LDP vessel, larger
𝑧1∕𝐴 arise for the cases with the same wave height and higher Froude
numbers. The heave excitation force is expected to increase by increas-
ing wave length and the maximum heave excitation force often occurs
in extremely long waves. For the LDP vessel, the maximum may occur
around 𝜆∕𝐿 = 3.06 as the computed 𝑧1∕𝐴 at 𝐹𝑟6 exceeds 1 in the fully-
loaded condition but the result obtained for 𝜆∕𝐿 = 3.5 (not included in
the plots) shows reduction of 𝑧1∕𝐴 to 1 again. Very small 𝑧2∕𝐴 values
are seen in Figs. 8d and 9d compared to 𝑧1∕𝐴. The non-dimensional
2nd harmonic amplitude of heave motion increases by decreasing 𝜔𝐸 in
both loading conditions but it decreases again in very long waves. Since
𝑧2 values from the experimental data are rounded, the small values
obtained from the ballast conditions are turned into zero. The potential
flow results for the heave motion response agree quite well with the
available experimental data. The largest discrepancies of 𝑧1∕𝐴 are seen
at 𝜔𝐸 ≈ 3.37 rad∕s in the fully-loaded condition and at the resonance
in the ballast condition.

5.1.3. Pitch motion
The pitch motion response of the ship is shown in Figs. 10 and 11

for the fully-loaded and ballast conditions, respectively. Global maxima
for the 1st harmonic amplitudes of pitch motion are observed in the
vicinity of 𝜆∕𝐿 = 1.24 in the fully-loaded condition and close to 𝜆∕𝐿 =
11
1.35 in the ballast condition, see Figs. 10a and 11a. Presumably the
maximum excitation pitch forces occur in the vicinity of these wave
lengths and the combination with the radiation forces (considering the
phase differences between them) yield the maxima in pitch motion.
This hypothesis has also mentioned by Lewis (1989) and seen in the
studies by Irvine et al. (2008), Sadat-Hosseini et al. (2013) and Si-
monsen et al. (2013) for different ship hulls that the maximum pitch
excitation depends only on the ship length and the incident wave length
which occurs in 𝜆∕𝐿 ≈ 1.33. For the LDP vessel, in the vicinity of
𝜆∕𝐿 = 1.24, the cases with the same wave height and higher Froude
numbers, exhibit larger 𝜃1 in the fully-loaded condition, see Fig. 10a.
Nevertheless, this trend is not seen in the ballast condition in Fig. 11a,
and 𝜃1 values near the global maxima are almost equal for 𝐻2 at 𝐹𝑟2
and 𝐹𝑟4.

There are small local maxima associated with resonance near the
region in which the wave encounter frequency matches the pitch nat-
ural frequency in the ballast condition (𝜔𝜃 ≈ 5.34 rad∕s), see Fig. 11b.
However, this trend is not seen in fully-loaded condition in Fig. 10b for
wave encounter frequencies close to 𝜔𝜃 ≈ 4.44 rad∕s. The reason might
be that the wave excitation pitch forces continuously increase within
that wave length range by increasing wave lengths, hence 𝜃1 increases
accordingly and no local maximum occurs as the result of total wave
forces in the fully-loaded condition. On the other hand, comparison of
𝜃1 values versus the non-dimensional wave lengths in Figs. 10a and
11a reveals that these secondary local maxima appear in 𝜆∕𝐿 = 0.55 in
both loading conditions. It is mentioned that the response of the ship in
regular waves is formed as a result of combination of wave excitation
and radiation forces amplitudes and phases. Since the radiation forces
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Fig. 7. Comparison of the computed surge motion response with the measured values in regular head waves in ballast condition.
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are expected to be relatively small in short waves, the effects of the
wave excitation forces may probably produced these secondary peaks.
More studies on the pitch response of ships near 𝜆∕𝐿 ≈ 0.55 are
motivated. For the LDP vessel, these secondary peaks are comparatively
larger in the ballast condition mainly due to the occurrence of the pitch
resonance in the vicinity of 𝜆∕𝐿 = 0.55 at the studied Froude numbers.

The comparison of the non-dimensional 1st harmonic amplitude of
itch motion between the cases with the same Froude number and dif-
erent wave heights clearly demonstrates an approximate linear relation
etween the pitch 1st harmonic amplitude and the wave slope 𝑘𝐴, see

Figs. 10c and 11c. 𝜃1∕𝑘𝐴 near the maximum pitch excitation wave
lengths are larger at the higher Froude numbers for the same wave
height in the fully-loaded condition, however, almost equal in the bal-
last condition. The FNPF computed pitch motion response agrees well
with the experimental data (in which the effects of actual measured
incident wave amplitude is taken into consideration). Nonetheless,
modest discrepancies of 𝜃1∕𝑘𝐴 are seen in the ballast condition in long
waves, see Fig. 11c. These discrepancies are mainly under-predictions
at 𝐹𝑟4 and over-predictions at 𝐹𝑟2. The non-dimensional 2nd harmonic
amplitudes of pitch motion are shown in Figs. 10d and 11d. Very small
local peaks are seen near 𝜆∕𝐿 ≈ 1 in both loading conditions. Although
he 2nd harmonic amplitudes of pitch motion have rather small values,
ery good predictions are obtained from the FNPF method as the trend
f curves with respect to the wave length is similar to the trend of
easured values.

Based on the studied 1st harmonic amplitudes of different motions,
12

t can be endorsed that the vessel in very long waves follows the 0
ater surface, as the surge, heave and pitch non-dimensional 1st har-
onic amplitudes approach the value of 1 by increasing wave length.
owever, the overall behavior of the vessel over the wide range of
ave lengths depends not only on the harmonic amplitudes of motions,
ut also on the harmonic phases of these motions. It is seen that the
agnitudes of the surge motion responses are rather small, hence the

ehavior of the vessel is mainly influenced by the heave and pitch mo-
ions in regular head waves. The first and second harmonic amplitude
f these motions has been covered up to here. In the subsequent part
he harmonic phase of these motions are presented to conclude the
iscussion.

.1.4. Heave and pitch motions phase difference
The 1st harmonic phase of pitch motion 𝜃𝜀1 is subtracted from the

st harmonic phase of heave motion 𝑧𝜀1 for both loading conditions and
he results are shown in Fig. 12. The resulted phase difference curves
or various conditions exhibit a quite similar trend when plotted against
∕𝐿. The phase difference in very long waves approaches −90 deg
onfirming the behavior of the vessel in long waves in which the
eave motion is synchronized with the wave motion near the COG
nd its phase goes to 0 deg while the pitch phase tends to 90 deg
s the pitch response is in phase with the wave slope. A comparable
rend in long waves is also seen by Sadat-Hosseini et al. (2013) and
imonsen et al. (2013) for KVLCC2 and KCS vessels, respectively. The
argest relative motions may occur when there are large amplitude
otion responses together with a phase difference of ±180 deg or
deg. For the LDP vessel, the phase difference values are close to
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Fig. 8. Comparison of the computed heave motion response with the measured values in regular head waves in fully-loaded condition.
ero in 𝜆∕𝐿 = 0.91 at 𝐹𝑟2 as well as 0.79 < 𝜆∕𝐿 < 1.02 at 𝐹𝑟6 in
the fully-loaded condition. In ballast condition the phase difference
for 𝐹𝑟2-𝐻2 occurred in 𝜆∕𝐿 = 0.91. However, for other cases in the
ballast condition, near-zero values of the phase difference are under-
resolved in the simulations and additional wave lengths near 𝜆∕𝐿 ≈ 1
are required to capture the condition with approximately zero phase
difference. The trends of curves as well as the phase difference values
computed in the FNPF method are comparable to that of self-propulsion
model test data in both loading conditions.

The abrupt transition in the phase difference curves from high
positive values to approximately −80 down to −90 deg in the vicinity
of 𝜆∕𝐿 = 0.55 in the fully-loaded condition is an interesting feature, see
Fig. 12a. A similar behavior also can be seen in the ballast condition,
however, since the ship responses are investigated only in a limited
number of wave lengths near 𝜆∕𝐿 = 0.55, the trend of phase difference
cannot be precisely determined. It should be reminded that the sec-
ondary local maxima for 𝜃1 are also seen near such wave lengths, which
encourages further investigations. Sadat-Hosseini et al. (2013) reported
an abrupt jump of 𝜃𝜀1 of KVLCC2 around 𝜆∕𝐿 = 0.7. It should be noted
that in the extreme short waves other harmonic amplitudes of motions
have the same order of magnitude as the 1st harmonic amplitude. Thus,
the ship only oscillates with very small amplitudes around the calm
water sinkage and trim values. The ship response in such conditions is
particularly nonlinear with relatively small amplitudes, which makes
the 1st harmonic phase difference unimportant for determination of
ship behavior. For instance, see Fig. 12a for the abrupt transitions
13

occurred in the shortest waves in the fully-loaded condition.
5.1.5. Validation error of motions
In order to present a quantitative analysis of errors associated with

the FNPF method predictions compared to the experimental data, the
averaged absolute errors are derived and shown in Table 4. First, the
comparison errors in terms of percentage of the experimental data are
calculated in the equivalent operational conditions shown in Table 3
for the dimensional and non-dimensional surge, heave and pitch 1st
harmonic amplitudes. Then, the absolute error values |𝐸| are calculated
and averaged |�̄�| for the respective Froude numbers, wave heights and
wave lengths in each loading condition for the mentioned responses.
The averaged absolute errors reduce when the effects of actual incident
wave heights measured in the model tests are taken into account, hence
|�̄�| for the non-dimensional 1st harmonic amplitudes are smaller than
the dimensional 1st harmonic amplitude |�̄�| for each motion response.
The only exception is the heave motion response in the fully-loaded
condition where the magnitude of the averaged absolute errors are
relatively low. However, the effect of actual model speed in the self-
propulsion model tests, which alters the wave encounter frequency, is
not taken into consideration. The highest averaged absolute errors are
seen for the surge motion response of the ship, mainly because that 𝑥1
and 𝑥1∕𝐴 values are small, thereby small differences yield large errors.

One possible source of discrepancy between the predicted motions
by the FNPF method and model test data is the difference in the number
of degrees of freedom between these methods and consequently, differ-
ence in the motion coupling. The model in the experiments was free in
all six degrees of freedom that possibly has altered the ship responses
in regular head waves. Moreover, a few other factors such as rudder
or propeller existence may contribute to the discrepancy between the

computed motions and the measured ones.
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Fig. 9. Comparison of the computed heave motion response with the measured values in regular head waves in ballast condition.
Table 4
Averaged absolute errors of the FNPF method results in percentage of the experimental data for motion responses.

Loading conditions |�̄�|𝑥1 (%) |�̄�|𝑥1∕𝐴 (%) |�̄�|𝑧1 (%) |�̄�|𝑧1∕𝐴 (%) |�̄�|𝜃1 (%) |�̄�|𝜃1∕𝑘𝐴 (%)

Fully-loaded 56.6 47.2 7.1 13.4 18.5 9.9
Ballast 27.3 19.2 23.8 19.7 16.6 12.4
s
t
h

5.2. Resistance responses

5.2.1. Wave making resistance
The mean wave making resistance �̄�𝑊 as well as the added wave

esistance coefficient 𝐶𝐴𝑊 are shown for both loading conditions in
igs. 13 and 17. The mean wave making resistance in self-propulsion
odel tests in regular head waves is deduced from the mean measured

hrust based on Eq. (5) assuming the same thrust deduction factor and
rictional resistance as of calm water, see Section 3.1. Moreover, �̄�𝐹

is computed for the mean attained speed 𝑉 and the thrust deduction
actor at 𝑉 is interpolated from the calm water 𝑡𝑑 at the speeds given
n Table 2. The added wave resistance coefficient 𝐶𝐴𝑊 is computed

from Eq. (15), in which linear interpolation is used for calm water
resistance 𝑅𝑊 at the attained speed, see Section 3.4. It is worth men-
tioning that the negative calm water resistance values obtained from
the simulations in ballast condition (see Section 4.1) are considered
as zero in this equation. Moreover, in the calculation of 𝐶𝐴𝑊 , the
considered wave amplitude 𝐴 in FNPF computations is the theoretical
5th order Stokes wave amplitude, while in the experimental data 𝐴 is
derived from the wave height measurements based on the procedure
explained in Section 3.4.
14
In the fully-loaded condition in Fig. 13, the values of mean wave
making resistance are larger for the higher encountered wave heights at
the same Froude number. Moreover, the maximum value of �̄�𝑊 at the
ame wave height increases by increasing Froude number while moving
owards longer waves, see Fig. 13a. The resistance peaks for the wave
eights 𝐻2 and 𝐻4 occur in 𝜆∕𝐿 = 0.79 at 𝐹𝑟2 as well as 𝜆∕𝐿 = 0.97

at 𝐹𝑟6. Comparison of �̄�𝑊 versus 𝜔𝐸 in Fig. 13b reveals that the main
peaks of mean wave making resistance occur at the wave encounter
frequencies which are rather close to the heave and pitch natural
frequencies (𝜔𝑧 ≈ 4.22 rad∕s and 𝜔𝜃 ≈ 4.44 rad∕s). In such conditions,
𝜃1 values are also relatively large (Fig. 10b) and heave resonance yields
a local maxima (Fig. 8b). The 1st harmonic phase difference between
heave and pitch motions in Fig. 12a becomes approximately zero in
the vicinity of 𝜆∕𝐿 = 0.91 at 𝐹𝑟2 and in 0.79 < 𝜆∕𝐿 < 1.02 at 𝐹𝑟6,
which together with the heave and pitch motion responses produce
large relative motions and hence large mean wave making resistance.

Another important aspect of the mean wave making resistance in
Fig. 13a is the existence of small secondary local peaks near 𝜆∕𝐿 =
0.55, except for 𝐹𝑟2-𝐻4 which is under-resolved in the simulations.
Additional simulations with wave lengths in the vicinity of 𝜆∕𝐿 = 0.55
are required to capture a more accurate trend. Although the heave and
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Fig. 10. Comparison of the computed pitch motion response with the measured values in regular head waves in fully-loaded condition.
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itch motion responses are rather insignificant near such wavelength
shown in Figs. 8a and 10a), small secondary local maxima are ob-
erved in the pitch 1st harmonic amplitudes of the vessel. Furthermore,
he 1st harmonic phase difference between heave and pitch motions
n the fully-loaded condition near 𝜆∕𝐿 = 0.55 abruptly changes to
pproximately −90 deg. Since the phase difference tends to −90 deg,
he behavior of the vessel is mainly determined by either heave or
itch motion at a time, similar to the ship motions in very long waves.
herefore, due to the existence of the secondary local peaks of pitch
otion, it might be concluded that the secondary peaks of the mean
ave making resistance are mainly governed by the pitch motion

esponses of the vessel. The secondary peaks of �̄�𝑊 , at the same Froude
umber, are more significant for 𝐻4 in comparison to 𝐻2, similar to the
espective 𝜃1 values near 𝜆∕𝐿 = 0.55.

The approximate linear relation of the added wave resistance to the
ave amplitude squared has been discussed thoroughly in literature,

or instance by Gerritsma and Beukelman (1972) and Block (1993).
his can also be observed in Fig. 13c as the cases with the same
roude number and different wave heights exhibit almost similar 𝐶𝐴𝑊 .
lthough the global trend of the added wave resistance is proportional

o the wave amplitude squared, some conditions show a different trend.
or instance, modest nonlinearities are seen in short waves as well as
ear the main peak of 𝐶𝐴𝑊 . Such nonlinear behavior is also reported
or KVLCC2 by different authors, e.g., Yu et al. (2017), Lee et al. (2017,
019) and Seo et al. (2020). Overall, the FNPF computed wave making
esistance resembles well to the model test data and the wave length
15

n which the main peak of 𝐶𝐴𝑊 occurs for 𝐹𝑟2-𝐻4 coincides in two
ethods. However, the computed and the measured 𝐶𝐴𝑊 values at the
ain peaks are different. Although in most of the studied wave lengths

he measured mean wave making resistance is lower than the computed
ne, the relation between the measured and computed 𝐶𝐴𝑊 shows an
pposite behavior when the effects of actual measured incident wave
mplitude in model tests are taken into consideration. Interestingly, the
OOLBOX predicts the approximate wave lengths in which the peaks of
dded wave resistance coefficient occurs, however, it over-predicts the
alue of 𝐶𝐴𝑊 at both Froude numbers. The secondary peaks of added
ave resistance coefficient near 𝜆∕𝐿 = 0.55 is also predicted by the
OOLBOX whereas the values of 𝐶𝐴𝑊 are over-predicted at 𝐹𝑟2 and

rather well predicted at 𝐹𝑟6 compared to the FNPF results.
The computed harmonic amplitudes of wave making resistance by

the FNPF method are shown in Fig. 14 for the fully-loaded condition.
The 1st harmonic amplitude of wave making resistance is the dominant
component over the major range of wave lengths, except near 𝜆∕𝐿 ≈ 1
in which the 2nd harmonic component is larger. 𝑅𝑊 1 is small in very
short waves and has a large local peak around 𝜆∕𝐿 ≈ 0.55, then its
magnitude decreases considerably around 𝜆∕𝐿 ≈ 1 and again increases
in long waves. 𝑅𝑊 1 for the cases with the same wave height and lower
Froude number are lower before 𝜆∕𝐿 < 1 however larger when 𝜆∕𝐿 > 1.
The second harmonic amplitude of wave making resistance 𝑅𝑊 2 is
maximum in 𝜆∕𝐿 = 0.97 at 𝐹𝑟6 (exactly the same wave length as
of maximum �̄�𝑊 ) and in 𝜆∕𝐿 = 0.91 at 𝐹𝑟2 (maximum of �̄�𝑊 is in
𝜆∕𝐿 = 0.79) for both wave heights 𝐻2 and 𝐻4. It should be noticed
that the ship responses in 𝜆∕𝐿 = 0.97 at 𝐹𝑟2 is under-resolved in the

FNPF computations, see Table 3. The 3rd harmonic component is very
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Fig. 11. Comparison of the computed pitch motion response with the measured values in regular head waves in ballast condition.
Fig. 12. Comparison of the computed heave and pitch 1st harmonic phase difference with the measured values in regular head waves.
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mall except in the vicinity of 𝜆∕𝐿 = 0.83 at 𝐹𝑟6-𝐻4. The wave making
esistance response of the ship is mainly formed based on the different
armonic amplitudes of the wave making resistance together with the
onsideration of harmonic phases.

In order to have a clearer picture of the wave making resistance
esponse of the ship, a selection of computed 𝑅𝑊 time-series (the same
16

ime window in which the Fourier analysis is performed on) are shown t
n Fig. 15 in the fully-loaded condition. The selected conditions are
xtracted for both of the studied wave heights in a short and a long
ave length where the 1st harmonic amplitudes are larger than the
igher harmonic amplitudes. Moreover, a wave length is selected near
he region where the 1st harmonic amplitude is small and comparable

o the higher harmonic amplitudes. The nonlinearities can also be
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Fig. 13. Comparison of the computed resistance response with the measured values in regular head waves in fully-loaded condition.

Fig. 14. The harmonic amplitudes of wave making resistance in regular head waves in fully-loaded condition.

Fig. 15. Wave making resistance time-series over two encountered wave periods in regular head waves in fully-loaded condition.

Fig. 16. The non-dimensional harmonic amplitudes of wave making resistance in regular head waves in fully-loaded condition.
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observed in the time-series as the wave making resistance exhibits
nonlinear behavior when the higher harmonics are significant.

In Fig. 16, the 1st and 2nd harmonic amplitudes of wave making
resistance are non-dimensionalized by 𝜌𝑔𝐵2𝐴 and 𝜌𝑔𝐵2𝐴2∕𝐿, respec-
ively. An approximately linear correlation between 𝑅𝑊 1 and the wave
mplitude 𝐴 is observed as the cases with the same Froude number
nd different wave heights have similar values in Fig. 16a. 𝑅𝑊 1∕𝜌𝑔𝐵2𝐴
xhibit a considerably large peak within 0.50 < 𝜆∕𝐿 < 0.70, which
ight be related to the secondary local maxima seen for 𝜃1 in the same
ave length interval which is believed to be the cause of the secondary
eak of 𝐶𝐴𝑊 . This might be the cause of the nonlinearities seen for
he relation between the added wave resistance and wave amplitude
quared in short waves. An approximately linear correlation between
𝑊 2 and the wave amplitude squared 𝐴2 is seen in Fig. 16b, except

han the vicinity of 𝜆∕𝐿 ≈ 1.
In the ballast condition in Fig. 17, similar to the fully-loaded condi-

ion, the values of the mean wave making resistance are larger for the
igher encountered wave heights at the same Froude number. Contrary
o the fully-loaded condition, �̄�𝑊 in the ballast condition does not
ary significantly over the whole range of wave lengths and there are
o dominant large peaks formed, see Fig. 17a. Instead, there are two
elatively small peaks near 𝜆∕𝐿 = 0.49 and 𝜆∕𝐿 = 0.91, while for 𝐹𝑟2-
2 in 𝜆∕𝐿 = 0.49 as well as 𝐹𝑟4-𝐻3 in 𝜆∕𝐿 = 0.91 these peaks are

nder-resolved in the simulations. Although in the ballast condition
ocal peaks are seen for 𝑧1 and 𝜃1 in the near resonance conditions,
he peaks of �̄�𝑊 do not coincide with the natural frequencies of heave
nd pitch motions. It should be noted that, the overall behavior of the
ull is related not only to its motions amplitudes but also the phase
ifferences of the motions. For instance, high value of �̄�𝑊 at 𝐹𝑟2-𝐻2 in
∕𝐿 = 0.91 might be due to the near zero 1st harmonic phase difference
etween heave and pitch motions and hence large relative motions in
hat wave length. It is seen that the near-zero phase difference for other
onditions are under-resolved in the simulations. Due to the complexity
f the motions amplitudes and phases in the ballast condition, it is hard
o derive more solid statements regarding the relation of the mean wave
aking resistance to the motion responses.

Comparison of 𝐶𝐴𝑊 in the ballast condition reveals an approximate
uadratic relation between wave amplitude and the added wave re-
istance in FNPF computations. Nevertheless, this dependency is not
alid in the experimental data, as the measured 𝐶𝐴𝑊 values in different
ave heights are scattered in long waves. The trend of computed �̄�𝑊 is

omparable to the experimental data in most of the wave lengths except
rom 𝜆∕𝐿 = 1.06 to 𝜆∕𝐿 = 1.24 in which the experimental resistance
ncreases but the simulated one decreases, see Fig. 17a. However,
educed 𝐶𝐴𝑊 in 𝜆∕𝐿 = 1.24 in Fig. 17c reveals that the incident wave
mplitude in those model tests were actually larger than the theoretical
ave amplitudes, which explains the reason for larger measured mean
ave making resistance relative to the simulated values, see Fig. 17a.
lthough the trend of 𝐶𝐴𝑊 versus 𝜆∕𝐿 is rather similar in the FNPF
omputations and model test experiments, the computed added wave
esistance coefficient is clearly under-predicted, except acceptable pre-
ictions for 𝐹𝑟2-𝐻2. One possible source of discrepancies might be
elated to the modest under-predictions of pitch motion at 𝐹𝑟4 and
mall over-predictions at 𝐹𝑟2 in Fig. 11c. The 𝐶𝐴𝑊 results from the
OOLBOX also shows two peaks, while the peak in shorter waves is
elatively higher at lower Froude number. It should be noted that the
raft in the ballast condition in TOOLBOX is considered as the average
raft between the fore and aft perpendiculars which does not exactly
esemble the ballast condition considered in the FNPF simulations and
odel test experiments, see Section 3.3.

The harmonic amplitudes of wave making resistance in the ballast
ondition are shown in Fig. 18. The 1st harmonic amplitude of wave
aking resistance is the dominant component over the whole range

f wave lengths, unlike the fully-loaded condition in which the 2nd
armonic amplitudes are dominant near 𝜆∕𝐿 ≈ 1. 𝑅𝑊 3 is smaller
18

han other harmonic amplitudes. 𝑅𝑊 1 is small in short waves up to
Table 5
Averaged absolute errors of the FNPF method results in percentage of the experimental
data for resistance responses.

Loading conditions |�̄�|�̄�𝑊
(%) |�̄�|𝐶𝐴𝑊

(%)

Fully-loaded 23.1 12.0
Ballast 25.6 28.3

𝜆∕𝐿 ≈ 0.79 and then it starts to increase in the longer waves. 𝑅𝑊 2 is
large around 𝜆∕𝐿 = 0.49, where �̄�𝑊 is also large in Fig. 17a. Non-
dimensional 𝑅𝑊 1 and 𝑅𝑊 2 are shown in Fig. 20 where their relations
with the wave amplitude is found to be similar to that of fully-loaded
condition. It is interesting that the peaks of 𝑅𝑊 2∕(𝜌𝑔𝐵2𝐴2∕𝐿) occur in
the same wave lengths as of peaks of 𝐶𝐴𝑊 in the ballast condition. A
selection of 𝑅𝑊 time-series in the ballast condition is shown in Fig. 19.
The nonlinear behavior of the wave making resistance time-series in
𝜆∕𝐿 = 0.91 at 𝐹𝑟2 and in 𝜆∕𝐿 = 1.06 at 𝐹𝑟4 can also be identified in
the harmonic amplitudes of 𝑅𝑊 in Fig. 18.

5.2.2. Validation error of resistance
The same procedure explained in Section 5.1.5 are used to calculate

the averaged absolute errors of mean wave making resistance and
added wave resistance coefficient in waves, see Table 5. Although the
effect of actual incident wave height significantly reduced the averaged
absolute error in the fully-loaded condition, |�̄�|𝐶𝐴𝑊

is slightly increased
in the ballast condition compared to the averaged absolute error of the
mean wave making resistance.

Although the motions of the LDP vessel are predicted with a high
level of accuracy through the potential flow computations, the accuracy
of resistance predictions are arguable. 𝐶𝐴𝑊 in both loading condi-
tions is mostly under-predicted compared to the experimental data. It
should be kept in mind that the model tests have been carried out in
free-sailing self-propulsion mode while the FNPF computations were
performed for the bare hull in 3DOF. One source of discrepancy would
be the other degrees of freedom present in the model tests. Valanto
and Hong (2017) also mentioned that all motion responses have an
effect on the wave added resistance of a cruise ship. Another source
of discrepancy might be related to the propeller ventilation. Although
the LDP was initially expected to undergo severe ventilation, it was
found during the tests that the ‘‘tunnel-shaped’’ aft configuration is very
effective in keeping the propeller submerged. Propeller ventilation was
observed in some operational conditions mostly in the cases with wave
heights of 𝐻3 or 𝐻4. Although, the thrust and torque measurements
showed relatively little sensitivity to occurrences of ventilation, minor
effects could be anticipated on the results. It should be noticed that the
interactions between the incoming waves, hull and propulsion system
of the ship may strongly influence its performance in waves. Therefore,
another source of discrepancy may be related to the considered assump-
tion of similar 𝑅𝐹 and 𝑡𝑑 for the ship operating in regular head waves
and in calm water.

5.2.3. Frictional resistance
In order to examine the assumption on the frictional resistance,

�̄�𝐹 in waves is calculated in the FNPF computations and compared
with the respective calm water 𝑅𝐹 in Fig. 21. From simulations, at
each time step the instantaneous velocity and wetted surface area
are known. First, the instantaneous Reynolds number is computed
assuming constant 𝐿. Then, the instantaneous 𝐶𝐹 from the ITTC-57
model-ship correlation line in Eq. (3) is calculated. Finally, by using the
instantaneous wetted surface area, the instantaneous 𝑅𝐹 is calculated
from Eq. (2). Similar to other responses, Fourier analysis on the 𝑅𝐹
time-series is performed over the last two encountered wave periods
when the simulations are converged. The change of mean frictional
resistance in waves �̄�𝐹 is then computed in terms of percentage of the
calm water frictional resistance 𝑅𝐹 at each respective Froude number,
see Fig. 21. It can be seen that the mean frictional resistance is very
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Fig. 17. Comparison of the computed resistance response with the measured values in regular head waves in ballast condition.

Fig. 18. The harmonic amplitudes of wave making resistance in regular head waves in ballast condition.

Fig. 19. Wave making resistance time-series over two encountered wave periods in regular head waves in ballast condition.

Fig. 20. The non-dimensional harmonic amplitudes of wave making resistance in regular head waves in ballast condition.
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Fig. 21. Change of �̄�𝐹 in waves in terms of percentage of its calm water value.
Fig. 22. Change of the mean wetted surface area in regular head waves in terms of the percentage of its calm water value.
imilar to the calm water frictional resistance over the whole ranges
f wave lengths in both loading conditions, as the change of frictional
esistance in regular waves remains less than 2% of the calm water
alue. It should be noticed that other viscous effects such as periodic
low separations at the stern, splashes, bow and stern slamming and
reen water on deck are not taken into account and the frictional resis-
ance coefficient is estimated from the ITTC-57 model-ship correlation
ine in Eq. (3). Higher fidelity viscous flow CFD simulations are needed
or investigation of the aforementioned effects.

The change of wetted surface area in time in regular head waves ex-
ibit a periodic behavior with a frequency equal to the wave encounter
requency. Therefore, Fourier analysis is performed on the time-series
f wetted surface area captured in the FNPF simulations. The 0th and
he 1st harmonic amplitudes are the dominant components, whereas
igher harmonic components are negligible. The change of mean wet-
ed surface area �̄� in waves relative to the calm water wetted surface
rea 𝑆 at each respective Froude number is shown in Fig. 22. Change
f the mean wetted surface area remains approximately less than 1%
f the calm water 𝑆 over the major part of the studied wave lengths in
oth loading conditions. In very long waves the values of �̄� approaches

the calm water wetted surface area as the vessel follows the water
surface. Moreover, as shown in Fig. 23, the first harmonic amplitude
of wetted surface area 𝑆1 in regular head waves are found to have an
approximately linear relation with respect to wave amplitude in the
cases with the same Froude number.
20
6. Conclusions

In this study, the hydrodynamic performance of a general cargo
ship was investigated in terms of resistance and motions responses in
calm water as well as in regular head waves. Two loading conditions
were considered, namely, fully-loaded and ballast. A Fully Nonlinear
Potential Flow (FNPF) panel method was used in order to predict
the performance of the vessel in a wide range of operational condi-
tions (loading conditions, Froude numbers, wave heights and wave
lengths). Several computational settings (e.g., computational domain
dimensions, hull and free surface discretization and time step size)
in the FNPF solver were specified in order to attain a high level
of computational efficiency with respect to cost and accuracy. The
computational results were compared against model test data.

Our investigations in calm water at different Froude numbers in-
clude resistance simulations as well as free decay heave and pitch
simulations (for obtaining natural periods of these motions) in various
degrees of freedom. The computed wave making resistance, sinkage
and trim by the FNPF method in calm water were in a rather good
agreement with the measured data, except modest under-predictions of
wave making resistance seen in the ballast condition at lower Froude
numbers.

The 1st harmonic amplitudes of motions were the dominating com-
ponents in the Fourier analysis of the motions responses in waves.
The magnitudes of the 1st harmonic amplitudes of surge motion 𝑥
1
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Fig. 23. The 1st harmonic amplitude of change of wetted surface area in regular head waves.
ere rather small except in very long waves. Further investigations are
otivated on the very small local peaks seen in 𝑥1 near 𝜆∕𝐿 = 0.7,

n which the wave excitation surge forces associated with the ratio be-
ween the length of parallel mid-body and the incident wave length can
e examined. In both loading conditions, the 1st harmonic amplitudes
f heave motion 𝑧1 exhibited local maxima near the heave resonance
onditions, i.e., when the encounter wave frequency was close to the
eave natural frequency. The heave resonances in the ballast condition
ere more intense resulting in prominent local maxima. Small local
axima near the resonance conditions were seen in the 1st harmonic

mplitudes of pitch motion 𝜃1 solely in the ballast condition, whereas in
he fully-loaded condition, the increasing pitch excitation wave forces
ear resonance conditions were believed to be the main reason for
he absence of local maxima. On the other hand, 𝜃1 exhibited large
eaks resulted from high excitation wave forces near 𝜆∕𝐿 = 1.24 and
∕𝐿 = 1.35 in the fully-loaded and ballast conditions, respectively.
urthermore, secondary local maxima for 𝜃1 were seen near 𝜆∕𝐿 = 0.55
n both loading conditions. These local peaks in the ballast condition
oincided with the pitch resonance conditions resulting in consider-
ble pitch 1st harmonic amplitudes. The 2nd harmonic amplitudes of
otions are relatively lower than the 1st harmonic amplitudes except
here both components are small and the ship motion responses are
onlinear with very small magnitudes.

The 1st harmonic phase differences between heave and pitch mo-
ions 𝑧𝜀1 − 𝜃𝜀1 versus wave length exhibited rather similar trends in
ifferent operational conditions. The phase differences in very long
aves approached −90 deg confirming the behavior of the vessel in

ong waves. In long waves, the heave motion was synchronized with the
ave motion near the center of gravity (COG) and its phase converged

o 0 deg, while the pitch phase tended to 90 deg, since the pitch response
as in phase with the wave slope. Interesting abrupt transitions were

een in the phase difference curves near 𝜆∕𝐿 = 0.55. Overall, the
redicted motion responses by the current FNPF method in regular
ead waves were in good agreement with the experimental data.

Another aspect investigated in this study was the 0th, 1st and 2nd
armonic amplitudes of the wave making resistance as well as the
dded wave resistance coefficients 𝐶𝐴𝑊 in different operational con-
itions. The 0th harmonic amplitude (mean value) of the wave making
esistance �̄�𝑊 exhibited large peaks in the fully-loaded condition close
o the heave and pitch natural frequencies, while the variation of �̄�𝑊
n the ballast condition stayed insignificant over the major range of the
tudied wave encounter frequencies. Interestingly, two peaks in each
oading condition were seen for the added wave resistance coefficient.
lthough in the fully-loaded condition one of the peaks in the longer
21

aves was dominating, the peaks were rather equal in size in the
ballast condition. The main peaks of 𝐶𝐴𝑊 in the fully-loaded condition
were larger for the higher Froude numbers and moved towards longer
waves. The secondary peaks of 𝐶𝐴𝑊 were seen in short waves near
𝜆∕𝐿 = 0.55 in the fully-loaded condition and near 𝜆∕𝐿 = 0.49 in the
ballast condition. It is believed that these secondary peaks were related
to the secondary peaks of 𝜃1 as well as the abrupt transitions of the 1st
harmonic phase difference between heave and pitch motions observed
near such wave lengths. Further investigations for different hull types
and operational conditions are recommended for better understanding
of the behavior of ships near 𝜆∕𝐿 ≈ 0.5.

𝐶𝐴𝑊 at each Froude number in both loading conditions indicated
approximate linear relation between the added wave making resistance
and the wave amplitude squared in the FNPF computational results,
except in relatively short waves and near the peaks. However, this
quadratic wave amplitude dependency of added wave resistance was
not well identified from the experimental data in the ballast condi-
tion. Moreover, from the potential flow computations in both loading
conditions, approximately linear correlations were observed for the 1st
and 2nd harmonic amplitudes of the wave making resistance (𝑅𝑊 1 and
𝑅𝑊 2) against the wave amplitude and the wave amplitude squared,
respectively.

Although the computed motions in the FNPF method were compa-
rable to the measurements, the resistance results were arguably less
accurate in some conditions. The averaged absolute error of FNPF
computational results in terms of percentage of the experimental values
in both loading conditions for surge, heave and pitch 1st harmonic
amplitudes were 34.6%, 19.6% and 17.1%, respectively. When the
effects of actual measured wave height in the model tests were taken
into account, the average absolute error of the non-dimensional 1st
harmonic amplitudes of surge, heave and pitch motions reduced to
26.2%, 18.1% and 11.8%, respectively. On the other hand, the aver-
aged absolute errors associated with the mean wave making resistance
and added wave resistance coefficient (considering the actual incident
wave height in the experiments) were found to be 25.0% and 24.3%,
respectively. Generally, numerical errors in conjunction with the dis-
cretization errors as well as the potential flow approximations and
the use of empirical formulas, such as ITTC-57 model-ship correlation
line, are the main sources which contribute to discrepancy between
the computed and the measured results. Moreover, the uncertainty
related to the experimental data as well as the differences between the
experimental and numerical setups (6DOF self-propelled against 3DOF
bare hull) in this study should not be forgotten. The frictional resistance
and thrust deduction factor in waves were assumed to be equal to those
of calm water. However, the interaction effects between waves, hull

and propulsion system may dispute the validity of these assumptions.
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Based on a simple approximations in the FNPF solver, the change of
frictional resistance in presence of waves was found to be less than 2%
of the respective calm water values. Supplementary investigations on
the change of thrust deduction factor as well as frictional resistance
in the presence of waves by higher fidelity viscous flow methods are
encouraged.

The FNPF computational cost for each simulation was approxi-
mately 20–80 core-hours which lies between the computational cost
required by lower fidelity methods (often with lower accuracy) such
as methods based on Strip Theory and higher fidelity methods such as
viscous flow solvers. Although the FNPF computational cost is consider-
ably lower than the cost of higher fidelity methods, yet the results are in
a good agreement with the experimental data. Therefore, the utilization
of the FNPF methods in prediction of the overall performance of ships
in regular head waves is found to be computationally efficient and
cost-effective.
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