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Abstract: Ship maneuvering performance in waves has attracted much attention in recent years.
One of main research efforts for this problem has been devoted to the high-accuracy computation
of hydrodynamic forces and moments, as well as wave-induced motions, for ships performing
maneuvering motions in waves. The objective of this article is to present a numerical study on the
computation of the mean forces and moments, and wave-induced six degrees of freedom motions
for a ship moving obliquely in regular head and beam waves. The RANS (Reynolds-Averaged
Navier-Stokes) solver based on OpenFOAM is used for this purpose. The RANS computations herein
are carried out in a horizontal coordinate system. The numerical wave maker with prescribing values
of flow variables on the domain boundaries is applied for the wave generation in the computational
domain. However, in order to prevent wave reflection, relaxed zones adjacent to the wave maker
boundaries are set up. A new program module is inserted into OpenFOAM to update the flow
velocity and wave evaluation on the wave-maker boundaries and in the relaxed zones during the
RANS computation. The mesh deformation method is employed to allow the ship to perform motions
in space. However, a virtual spring system is attached to the ship so as to restrain the surge, sway and
yaw, while heave, pitch and roll are completely free, so that the ship is able to oscillate periodically
around a certain position in space. The computed mean forces and moments with the inertia effects
agree fairly well with the experimental data, and the computed wave-induced motions are also
in quite reasonable agreement with the experimental data. This study shows a very successful
computation, as well as the procedure of the RANS results processing.

Keywords: obliquely moving ship; head and beam waves; mean forces and moments; 6DOF
motions; RANS

1. Introduction

Nowadays, demands for green ships are strongly increasing, in line with the require-
ments of energy-saving and emission reduction. To this end, we need to use lower-power
ship machineries for the reduction of energy consumption. However, ships are bound to
encounter severe environments when travelling, which in reverse requires that ships must
have sufficient power to overcome the severe environment for safe navigation. Thus, the
accurate and efficient evaluation of ship performance in real sea conditions becomes more
and more imperative at the initial stage of ship design.

When controlling a ship in waves, the ship trajectory will be affected by wave drift
effects, e.g., the ship’s turning circle becomes twisted during a turning motion, compared
with that in calm water. Meanwhile, the ship will oscillate in space, mainly due to the
first-order wave forces and moments. These phenomena increase the risk of ship getting
out of control, or even capsizing in an extreme wave environment.
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Unfortunately, the development of an acceptable method of predicting ship maneuver-
ability in waves has remained a great challenge so far. Generally speaking, the challenge
may be mainly due to the difficulties in computing the hydrodynamic forces and mo-
ments acting on a ship with high accuracy and efficiency, because as long as the forces
and moments in ship motion equations are of high accuracy, ship maneuverability can
be accurately predicted by solving the motion equations. Carrica et al. [1] solved 6DOF
(Six Degrees of Freedom) ship motion equations to predict rudder maneuvers in waves,
where the forces and moments in motion equations are computed by RANS (Reynolds-
Averaged Navier-Stokes) method. Note that the ship motion equations solved by the
authors were transient. To instantly compute the forces and moments by RANS method
is still time-consuming at present, especially considering ship 6DOF motions and real
rotating propellers. Another method usually used for ship maneuvering prediction in
waves is based on system simulation. This kind of method often separates the transient
ship motion problem into a coupling problem of maneuvering and seakeeping. The former
is a low-frequency ship motion problem, whereas the latter is of high frequency. In order
to analyze them separately, it first requires us to clarify the mechanical mechanism of the
coupling problem, e.g., to identify and separate the low-frequency and high-frequency
forces and moments correctly.

The two time-scale method is very popular now for predicting maneuverability
and seakeeping separately, e.g., in the works of Yasukawa [2,3], Skejic and Faltinsen [4],
Zhang et al. [5] and Lee et al. [6]. For such a method, maneuvering performance and
seakeeping performance are separately predicted by solving a group of low-frequency
ship motion equations and a group of high-frequency ship motion equations. Yao et al. [7]
recommended the pure low-frequency and pure high-frequency ship motion equations in
regular waves. The low-frequency wave forces and moments in the group of low-frequency
motion equations, and high-frequency wave forces and moments in the group of high-
frequency motion equations, could be computed by means of a numerical method based on
PFT (Potential Flow Theory). The PFT-based methods have advantages in computational
efficiency. However, it is generally recognized that the maneuvering forces and moments in
calm water computed by PFT-based methods are of low accuracy in practice. The accuracy
of the ship maneuvering forces and moments in waves computed by PFT-based methods
may be questionable as well. High-accuracy computations of wave forces and moments
for coupling cases of maneuvering and seakeeping using PFT-based methods have not
yet been reported, although many efforts have been devoted to that, e.g., in the works of
Yasukawa et al. [8] and Zhang et al. [9].

Although the numerical method based on the solution of RANS equations is time-
consuming for the computation of the hydrodynamic forces and moments acting on
ships in waves, this kind of method is more accurate in theory. The relevant non-linear
hydrodynamics can be dealt with in a more reasonable manner, especially for maneuvering
problems. Until now, just a few studies on the computation of the hydrodynamic forces and
moments, as well as the motions, for a maneuvering ship in waves by the RANS method
have been reported, e.g., the works by Zhu et al. [10] and Uharek [11]. However, RANS
accuracy needs to be further investigated. In addition, the way in which to extract the
low-frequency and high-frequency components of forces, moments or motions from RANS
results is of great interest, as it is quite essential for the development of new modelling
approaches to predict ship maneuverability in waves.

In this work, we employ the RANS technique based on OpenFOAM to compute the
mean forces and moments and wave-induced 6DOF Motions for the container ship S-175
moving obliquely in regular head and beam waves. The relevant methodologies, including
RANS method and the post processing of RANS results, etc., are described. Great efforts
are devoted to the implementation of a new boundary condition module into OpenFOAM,
by which the values of freestream flow relative to the ship can be specified on the wave
boundaries. The other concern is the post processing of RANS results, e.g., the procedure
to compute the mean forces and moments with inertia effects. The numerical results are
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compared with experimental data, and good agreements are observed. This study shows a
very successful computation, as well as the procedure of RANS results processing.

2. Methodology
2.1. Description of the Problem

In order to investigate a ship’s hydrodynamic performance in waves by means of
a towing tank test, it is generally required to use something like soft rope or a spring to
restrict the ship’s slow-drift motions of surge, sway and yaw due to the waves. Figure 1
illustrates the situation of a ship model towed obliquely in regular beam waves. The
oblique angle β0 is defined in the horizontal plane when the ship (shown by the dashed
line in Figure 1) is towed obliquely with a velocity of u0 in calm water. Due to the actions
of both the waves and spring, the ship will oscillate periodically around a mean position in
space. The mean position, e.g., the position of the ship shown by the solid line in Figure 1,
is determined by u0, β0, spring stiffness, wave length, wave height, and wave incident
angle. In such a situation, the mean ship heading is different from the ship heading in calm
water, and the mean oblique angle can be assumed as β = β0 + ∆β, where ∆β is caused by
the spring and slow-drift effects of waves. Note that ∆β is not zero when the ship moves
obliquely, even in calm water, because the deformation of the spring system will occur,
producing forces and moments which balance the hydrodynamic forces and moments
acting on the ship. Therefore, the real oblique angle β in calm water is also a sum of β0
and ∆β. It is the same thing for the wave incident angle. If the wave incident angle χ0 is
defined in the horizontal plane when the ship is at rest in calm water, the real-time incident
wave angle χ will change periodically as the ship oscillates in the waves, and the mean
incident wave angle χ is then χ0 + ∆χ, where ∆χ is caused by the spring and slow-drift
effects of waves as well.

Figure 1. Illustration of a ship towed obliquely in regular beam waves.

For the problem of ship maneuvering in waves, we sometimes prefer to analyze ma-
neuvering and seakeeping separately, although they are coupled in nature. The problem of
maneuvering is regarded as a problem of low-frequency ship motion, whereas seakeeping
is of high frequency, as mentioned above. It is necessary to separate these two kinds of
forces, moments and ship motions, when analyzing them separately. For the situation
shown in Figure 1, because the ship oscillates periodically, the transient force or moment
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acting on the ship, as well as the transient ship motion, may be generally expressed in
series form:

φ = φ0 + φw + φs

φw =
∞
∑

n=1
[an cos(nωet) + bn sin(nωet)]

φs =
∞
∑

m=1
[cm cos(mωst) + dm sin(mωst)]

(1)

where φ represents a general variable of force, moment or ship motion; ωe is wave encounter
frequency, which should be understood as the mean encounter frequency; and ωs is natural
frequency of the spring. The wave-induced component φw contains the terms with the
frequencies nωe, where n runs from 1 to ∞. The component φs arises from the spring.

For ship maneuvering, the low-frequency forces and moments acting on the ship, as
well as low-frequency motions, are usually of more concern. Note that φ is a transient
variable. If we perform a time average operation to φ over an appropriate time interval,
the components φw and φs can be completely filtered out, and it then results in φ = φ0.
Obviously, φ0 is a constant of the zeroth order. It may be assumed that the frequency
of φ0 is zero or its period is ∞. Thus, φ0 or φ are of low frequency. For seakeeping, the
wave-induced high-frequency component φw is more interesting. The interference of the
spring is undesirable or even harmful to component analysis, as the components φ0 and
φw will be disturbed by the spring, and do not include just the pure effects of the ship
maneuvering motions and waves. In order to reduce the interference, ωs must be far from
ωe, avoiding resonance. Certainly, the ship maneuvering motions, waves and spring will
contribute to the components φ0, φw and φs.

In this study, we attempt to compute the mean forces and moments, and the wave-
induced 6DOF motions for the container ship S-175 moving obliquely in regular head
and beam waves by employing the RANS technique based on OpenFOAM, as mentioned.
The principal dimensions of S-175 are listed in Table 1. All of the RANS computations
are performed for a bare ship model 3.5 m long. The ship towing speed u0 is 0.879 m/s,
corresponding to the Froude number Fn = 0.15 and the Reynolds number Re = 3.08× 106.
The oblique angles β0 considered are 5◦, 0◦, −5◦ and −10◦. A few head and beam waves
(five wave lengths and one wave amplitude) are taken into account. The non-dimensional
wave lengths λ′ are 0.5, 0.7, 1, 1.2, and 1.5, and the non-dimensional wave amplitude A′ is
0.01, where λ′ and A′ are defined by λ/Lpp and A/Lpp, respectively.

Table 1. Principal dimensions of S-175.

Items Real Ship Model for CFD (1:50)

Lpp [m] 175.00 3.500
B [m] 25.40 0.508
T [m] 9.5 0.190

Cb 0.572 0.572
xG [m] −2.55 −0.051

GM [m] 1.25 0.025
KM [m] 10.5 0.21

ix/B − 0.338
iz/Lpp − 0.272

The above case setup accords with that in the experiment by Yasukawa [12]. In
addition, a virtual spring system consisting of one longitudinal spring and two transverse
springs is attached to the ship model during RANS computations, according to the test
conditions in the towing tank as well. The longitudinal spring with stiffness 529.2 N/m is
attached at the center of gravity, and the two transverse springs with stiffness 313.6 N/m
are attached at the positions 1.15 m and 1.22 m before and behind the center of gravity,
respectively.
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2.2. RANS Method

A right-handed Cartesian coordinate system in the horizontal plane is used to describe
the flow around the ship. When the ship is at rest in calm water, the origin is positioned at
the intersection of the mid-ship sections and the water’s surface, with the x-axis forward,
the y-axis starboard, and the z-axis vertically downwards (see the coordinate system o-xyz
shown in Figure 1). Because the horizontal coordinate system is always fixed during RANS
computations, in order to simulate the ship oblique motion, the uniform oblique flow
relative to the ship is set on the far-field boundaries. However, the available method of
dynamic grid deformation is used to allow the ship to perform 6DOF motions in space due
to the actions of the waves and spring system.

Under the assumption of an incompressible Newtonian fluid, the conservation equa-
tions of mass (continuity equation) and momentum (RANS equation) can be expressed as

∂Ui
∂xi

= 0 (2)

∂Ui
∂t

+
∂
(
UiUj

)
∂xj

= −1
ρ

∂P
∂xi

+
∂

∂xj

[
ν

(
∂Ui
∂xj

+
∂Uj

∂xi

)
−U′i U

′
j

]
, (3)

where xi = (x, y, z) and Ui = (U, V, W) are independent Cartesian coordinates and
flow velocity components, respectively; ρ is the fluid density; ν is the kinematic viscosity
coefficient; P is pressure; and −ρU′i U

′
j is the Reynolds stress tensor.

According to the Bousinesq hypothesis, the specific Reynolds stress is assumed to be

−U′i U
′
j = νt

(
∂Ui
∂xj

+
∂Uj

∂xi

)
− 2

3
δijk, (4)

where νt is the eddy viscosity; k is the turbulent kinetic energy; and δij is the Kronecker symbol.
The k-ω SST turbulence model [13] is employed to approximate the eddy viscosity

in Equation (4), where SST is the acronym of Shear-Stress-Transport, and ω is the specific
dissipation rate. The method of VOF (Volume of Fluid) is applied to capture the free surface
of the water–air flow.

The computational domain is limited by a box, which ranges from −2.5Lpp to 1.5Lpp
along the longitudinal direction, from−2.0Lpp to 1.0Lpp along the transverse direction, and
from −1.0Lpp to 1.0Lpp along the vertical direction. Computational grids are generated by
using the commercial software Hexpress. Figure 2 presents a grid arrangement. The beam
waves in the present consideration propagate from the starboard side to the port side. The
longitudinal and transversal cell size is expanded downstream of the wave propagation, as
seen in Figure 2. The purpose of the cell size expansion is to reduce the cell number, and to
dampen the wave amplitude downstream.

Because wall functions are employed to model the flow in the boundary layer, the
spacing of the first grid point to the hull surface is justified to satisfy the use condition that
the near-wall points locate in the log-layer (usually the dimensionless distance y+. is more
than 30) after a few pre-computations. The present mean y+ is around 80. For resistance,
the ITTC (International Towing Tank Conference) committee of resistance recommends
that y+ should range from 30 to 300.

In this study, a new module of the wave boundary condition was programed into
OpenFOAM. The method of prescribing flow values on the far domain boundaries is
employed to generate waves in the computational domain. In the horizontal coordinate
system, the freestream flow velocity in the far field is superposed by the uniform oblique
flow velocity, i.e., (−u0 cos β0, u0 sin β0, 0), and the wave orbital velocity from the solution
of the potential theory of linear waves. If freestream wave evaluation is expressed as

ζ = −A sin(ωet + kwx cos χ0 + kwy sin χ0), (5)



J. Mar. Sci. Eng. 2021, 9, 1176 6 of 16

the velocity components of the freestream flow are

U f = −u0 cos β0 − Aω0
cosh kw(h− z)

sinhkwh
sin(ωet + kwx cos χ0 + kwy sin χ0) cos χ0 (6)

Vf = u0 sin β0 − Aω0
cosh kw(h− z)

sinhkwh
sin(ωet + kwx cos χ0 + kwy sin χ0) sin χ0 (7)

W f = −Aω0
sinhkw(h− z)

sinhkwh
cos(ωet + kwx cos χ0 + kwy sin χ0), (8)

where kw is the wave number and ω0 is the natural frequency of the waves.

Figure 2. Grid arrangement.

The four far boundaries at x = −2.5Lpp, Lpp and y = Lpp, −2Lpp are considered
to be wave boundaries, on which the wave evaluation and flow velocities are specified
by Equation (5) and Equations (6)–(8), respectively. In order to prevent wave reflection,
relaxation zones adjacent to these boundaries are set up. A relaxation function αR(ld) is
applied inside the relaxation zones. The function expression [14] is below.

αR(ld) = 1− el3.5
d − 1
e− 1

, (9)

where ld ∈ [0, 1] is the relative distance, as illustrated in Figure 3. ld is always zero at the
interface between the non-relaxed part of the computational domain and the relaxation
zone, and 1 at the wave maker boundary. αR varies from 0 to 1, depending on ld.
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Figure 3. A sketch of the relaxation zone.

During RANS computations, the wave evaluation and flow velocity in the relaxation
zone are updated at each time step in the following way:

Φ = αRΦcomputed + (1− αR)Φtaget, (10)

where Φ is either the flow velocity component or the wave evaluation; Φcomputed is
the value from RANS; and Φtaget is the freestream value prescribed by Equation (5) or
Equations (6)–(8).

The bottom boundary at z = Lpp is set as a free slip wall. The top boundary at
z = −Lpp is set as a pressure outlet. The boundary types are listed in Table 2.

Table 2. Boundary conditions.

Boundary Type

x = −2.5Lpp, Lpp and y = Lpp, −2Lpp wave boundary
z = Lpp slip

z = −Lpp outlet

The RANS solver in OpenFOAM is based on a finite volume technique which permits
the use of arbitrary polyhedral grids, including hexahedron, tetrahedron, and prism,
etc. A suite of basic discretization schemes and solution algorithms are available. In
the present applications, a second-order upwind difference scheme (UDS) and a central
difference scheme (CDS) are selected to approximate the convective terms and diffusive
terms, respectively. A second-order backward scheme is applied for time discretization.
Turbulence is discretized with the second-order UDS. The systems of linear equations
resulting from the discretization are solved by using iterative solvers, which here are
Gauss-Seidel relaxation for the velocity, k and ω, and a Generalized Geometric Multi-Grid
(GAMG) for pressure. The PIMPLE algorithm, which merges the PISO (Pressure Implicit
with Splitting of Operators) and SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithms, is applied to couple the mass and momentum equations. More
details about boundary conditions and numerical settings can be found in the previous
publication by Yao et al. [15].

Besides this, in order to improve the numerical stability, the virtual wave maker is
inactivated at the beginning, i.e., in calm-water conditions, until it reaches a steady flow.
The calm-water simulation lasts for 100 s. Afterwards, the wave generation starts. For
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each case, around 2000 time steps per encounter period are performed, and ten outer-loop
iterations are carried out during each time step. Each simulation runs for more than
20 encounter periods.

2.3. Post-Processing

The forces and moments directly from RANS are obtained by integrating the pressure
and viscous stress over the hull surface. The pressure is the total pressure, including the
dynamic pressure and static pressure. In the present consideration, the forces and moments,
as well as the ship motions, are evaluated at the center of gravity in the completely ship-
fixed coordinate system. This means that the results from RANS have to be transformed
from the horizontal coordinate system to the ship-fixed coordinate system during the data
post-processing. The low-frequency components and high-frequency components of force,
moment or motion can be extracted by regressing the time histories of the RANS results.
Figure 4 presents the computed time histories of the displacement, velocity and acceleration
of the surge motion for a case. The surge displacement contains the initial longitudinal
elongation of the spring system which produces a force to balance the ship resistance in
calm water. As observed, the traces are explicitly characterized by two different periods.
One is excited by waves, which is definitely consistent with the wave period. The other
is due to the spring system, and larger than the wave-induced one. In order to separate
out the low-frequency component and high-frequency component from the time histories,
Fourier series with double frequencies, i.e., Equation (1), are employed to regress the time
histories. The Fourier series taken here are up to the fifth order. The spring frequency ωs
obtained from regression analysis is around 1.604 s−1, corresponding to a period of 3.92 s.

Figure 4. Surge displacement, velocity and acceleration.

During the towing tank test, the aforementioned forces and moments obtained by
integrating the pressure and viscous stress over the hull surface cannot be directly mea-
sured, as the ship performs inertia motions in the waves. The inertia forces and moments
are naturally included in the measured data. In this regard, it is very similar to the PMM
(Planar Motion Mechanism) test or CMT (Circular Motion Test). For comparison purposes,
we can first subtract the inertia forces and moments from the directly measured data of
the PMM test or CMT, then compare the resulting data with the computed results for
validation. The works by Uharek and Cura-Hochbaum [16] and Lengwinat and Cura
Hochbaum [17] confirmed the contributions of inertia effects to the mean forces and mo-
ments acting on a ship in waves. The inertia forces and moments are not of small values
for some cases, compared with that obtained by integrating the pressure and viscous stress
over the hull surface.

In order to validate the present computed results, they are compared with the experi-
mental data published by Yasukawa [12]. The experimental data should include the inertia
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effects. The mean surge force, sway force and yaw moment, including inertia effects, may
be expressed in a ship-fixed coordinate system as

X = Xh −m
.
u + mvr−mwq + mgT31 (11)

Y = Yh −m
.
v + mwp−mur + mgT32 (12)

N = Nh − Iz
.
r−

(
Iy − Ix

)
pq, (13)

where m is the ship mass; Ix, Iy and Iz are inertia moments and Iy = Iz is assumed; g
is the acceleration due to gravity; Xh, Yh and Nh are the force or moment due to both
hydrodynamics and hydrostatics; u, v and w are components of ship linear velocity; p, q
and r are components of ship angular velocity; T is the transformation matrix; and T31 is
the component at the third row of first column. The dot over a variable denotes a derivative
with respect to time, and the bar over a variable denotes the mean of the variable.

For the data post-processing, the forces, moments and ship motions directly from
RANS are first transformed from the horizontal coordinate system to the ship-fixed coordi-
nate system, as mentioned. Then, Equation (1) is used to regress the resulting data, and
Xh, Yh, Nh,

.
u,

.
v and

.
r can be consequently obtained. For the mean terms of two coupling

motion variables, such as vr, the time histories of their product are calculated at first, and
then the resulting time histories are regressed using Equation (1).

3. Results and Analysis

In order to ensure enough grid resolution, grid dependency analysis is carried out for
the case λ′ = 1 and β0 = −10◦ in head-wave conditions. Coarse, medium and fine grids
with around 0.26, 1.69 and 10.52 million cells are generated, respectively, by systematically
doubling the cell size in three dimensions. As mentioned, during RANS computations,
the virtual wave maker is inactive within the first 100 s, i.e., in calm-water condition, then
afterwards wave generation starts. Table 3 presents the computed surge force, sway force
and yaw moment in calm water using the three grids. As seen in the table, the change
of force or moment becomes smaller with the increasing grid resolution. The maximum
discrepancy between the results on the medium grid and fine grid is below 3%. The
segments of the computed time histories of the surge force, sway force and yaw moment
after activating the wave maker are shown in Figure 5, and the RMSE (Root-Mean-Square
Error) is presented in Table 4. Note that the forces and moment in the figure are due to
hydrodynamics and hydrostatics, without including inertia effects. The time traces also
display the tendency towards convergence, as desired. The medium grid seems to be of
enough resolution for the selected case. In order to reduce the computational time, the
medium grid is therefore used for the other cases considered.

Figure 6 shows a comparison of the computed calm-water sway force and yaw moment
with the experimental data. The force and moment are made non-dimensional by 0.5ρu2

0L2
pp

and 0.5ρu2
0L3

pp, respectively. Very good agreement can be observed. It should be noted that
the real oblique angle β in calm water or the mean oblique angle β in waves is a sum of β0
and ∆β, as mentioned, and ∆β is obtained from RANS. Figure 7 shows ∆β versus β0. As
seen, ∆β is almost proportional to β0 in both clam water and waves. The change rate of ∆β
to β0 becomes larger in waves, especially in head waves, compared with that in calm water.

Table 3. Grid dependency analysis for oblique motion at β0 = −10◦ in calm water.

Grid
Surge Force Sway Force Yaw Moment

Value [N] Diff (%) Value [N] Diff (%) Value [Nm] Diff (%)

coarse −4.28 8.35 −20.14 11.46 −23.54 13.45

medium −3.95 2.47 −18.07 1.98 −20.75 2.93

fine −4.05 − −17.72 − −20.16 −
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Figure 5. Grid dependency analysis.

Table 4. RMSE of the grid dependency analysis, as shown in Figure 4.

Grid Xh Yh Nh

coarse 1.5701 2.4839 2.4549
medium 0.2651 0.8636 1.0873

fine − − −

Figure 6. Sway force and yaw moment versus β in calm water.

Figure 7. ∆β versus β0 based on RANS.

The computed mean sway force and yaw moment with inertia effects for three head
waves are compared with the experimental data in Figure 8. Most of the results show
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excellent agreements with the available experimental data. The errors for the yaw moments
at λ′ = 1.5 are a little bit larger. The reason is as-yet unknown.

Figure 8. Mean sway force and yaw moment versus the mean oblique angle in head waves.

The comparisons of the numerical added resistance and RAOs (Response Amplitude
Operator) of surge, heave and pitch for β0 = 0◦ in head waves with the experimental data
are presented in Figure 9. The added resistance is computed by subtracting the calm-water
resistance from the mean resistance with the contributions of the inertia effects in the
waves, and is made non-dimensional by ρgA2B2/Lpp, where B is the ship breadth. For
short waves, i.e., λ′ = 0.5, 0.7, the computed added resistances agree quite well with the
experimental data. However, the added resistances for long waves are overestimated.
Overestimation for surge RAOs is observed for long waves as well. Nevertheless, the
computed RAOs of heave and pitch generally show fairly good agreements with the
experimental data for both short and long waves.
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Figure 9. Added resistance and RAOs of the surge, heave and pitch for β0 = 0◦ in head waves.

The oblique angle β0 has non-negligible influences on added resistance, especially
for long waves, as shown in Figure 10. For a larger β0, the added resistance decreases in
general, especially in long waves. The influences may be due to the different mean oblique
angle β and the different mean encounter wave angle χ, as β = β0 + ∆β and χ = χ0 + ∆χ,
where ∆β and ∆χ are related to β0 and the wave length. However, these seem not to affect
the RAOs of surge, heave and pitch (see Figure 10), as the curves of the RAO versus the
wave length are almost coincident, although β0 is different.

Figure 10. Computed added resistance and RAOs of surge, heave and pitch for different β0 in head waves.

The RAOs of sway, roll and yaw in head waves at λ′ = 1, 1.5 are presented in Figure 11.
When β0 = 0◦, both ∆β and β are theoretically zero in head waves, and the RAOs of sway,
roll and yaw are zero, as expected. The computed results show general good agreements
with the experimental data. The wave length does not influence the RAOs of sway and
yaw; however, the roll RAOs at λ′ = 1.5 become larger, compared with that at λ′ = 1. In
addition, the sway RAOs are generally of small value compared with the heave RAOs
shown in Figure 9, and the yaw RAOs are also of small value compared with the pitch
RAOs shown in Figure 9.

The computed mean sway force and yaw moment for three beam waves are compared
with the experimental data in Figure 12. Very excellent agreements are found as well.
Figure 13 presents the comparison of the computed motion RAOs in beam waves with the
experimental data for λ′ = 1, 1.2 and 1.5. It is observed that the computed RAOs of surge,
sway, heave and pitch generally agree well with the experiments, whereas the errors for
roll and yaw are large. Computations underestimate the RAOs of roll and yaw. Compared
with the situation in head waves, sway RAOs in beam waves increase prominently.
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Figure 11. RAOs of sway, roll and yaw versus mean the oblique angle in head waves.

Figure 12. Mean sway force and yaw moment versus the mean oblique angle in beam waves.
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Figure 13. Cont.
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Figure 13. Motion RAOs versus the mean oblique angle in beam waves.

Figure 14 presents the wave snapshots for S-175 performing straight head motion and
oblique motion in head waves. For β0 = −10◦, the wave surface on the starboard side
is squeezed due to the ship’s oblique motion. Green water on bow deck is observed. In
addition, wave reflection from the side boundaries is not found, which indicates that the
used method of generating waves works quite well.

Figure 14. Wave snapshots for S-175 in head waves λ′ = 1.

4. Concluding Remarks

This article presents a study on the computation of the mean forces and moments, as
well as the 6DOF motions, for a ship moving obliquely in regular head and beam waves.
The RANS technique based on OpenFOAM is employed for this purpose. Great efforts
have been made towards the implementation of new wave boundary conditions, and the
post-processing of the RANS results. This shows that the computed mean surge force,
sway force and yaw moment with the contributions of inertia effects generally agree quite
well with the experimental data, which confirms the inertia effects due to waves. The
computed motion RAOs show reasonable agreement with the experimental data as well.
This explicitly demonstrates the reliability of the RANS solver and the correctness of the
data post-processing.

To separate out the low-frequency component and high-frequency component of force,
moment or motion purely induced by waves remains challenging, as the disturbances
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from the spring to the components always exist. The influences of the spring on the forces,
moments and ship motions should be carefully investigated in the future. For numerical
computations, in order to avoid the influences of the spring, constant forces and moments,
which can offset the slow drift effects of waves right, could be added into ship motion
equations during motion prediction. If so, the ship is able to oscillate around a certain
potion in space, without a spring constraint. Nevertheless, a new problem may arise, as
the required constant forces and moments are unknowns in advance.
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