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ABSTRACT
The evaluation of a ship’s performance in seaways is crucial

for its efficient operation including passenger comfort and fatigue
strength. With growing computing power, proper CFD predic-
tions become increasingly attractive. During the EU project
"Extreme Seas" an extensive experimental test campaign with a
model of a chemical tanker has been conducted. In this paper, the
motion of the vessel in regular waves within the Stokes-II regime
are assessed by means of CFD-Simulation and compared to the
experimental results. Moreover, the influence of the surge motion
on the overall ship response is investigated by conducting the
simulations with two enabled degrees of freedom as well as with
a spring system to additionally enable surge motions and repro-
duce the experimental setup. Comparison to experimental data
is performed by means of response amplitude operators for heave
and pitch. The simulations show a reasonable agreement with
the experimental results for both investigated numerical setups.
However, the CFD results indicate that a restricted surge motion
leads to an overestimation of the pitch response for long waves up
to the peak of the response amplitude operator. In contrast to that,
the heave motion is barely influenced by the surge motion. These
findings are scrutinized through application of the Boundary El-
ement Method confirming the potential accuracy improvement
when including surge motions in the seakeeping simulations.
Keywords: CFD, seakeeping, wave-structure interactions

1. INTRODUCTION
Naval hydrodynamics is on its way towards full scale numer-

ical predictions considering complete sea trials as well as harsh
seakeeping conditions [1, 2]. Still, an integral part is the valida-
tion of the numerical approaches [3, 4]. This commonly poses
several challenges, e.g. due to limited availability of full-scale
data or the violation of scaling laws for model-scale experiments.
However, the latter issue becomes negligible for seakeeping in-
vestigations at model scale where inertia forces dominate and
friction effects turn irrelevant (i.e. no flow separation) which is
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the case for straight heading and moderate wave steepness. Es-
pecially Computational Fluid Dynamics (CFD) can theoretically
circumvent such limitations allowing the replication and assess-
ment of numerical model tests at arbitrary scales. With the rise
of computational power and evolution of CFD algorithms, CFD
is applied to vast range of maritime problems from propeller per-
formance and hull optimization to full manoeuvre simulations
[3, 5, 6]. For the evaluation of a ship’s seakeeping behaviour,
reduced order methods based on potential theory are well estab-
lished. However, in contrast to most of these models, CFD is able
to cover also steep waves, their nonlinear effects and the influence
of friction [7, 8], which increases fidelity and reliability of the
results for a wide range of real wave phenomena.

In the present work, the commercial CFD code Star-CCM+
[9] is utilized for the assessment of the seakeeping performance
and its comparison to the experimental data. The work provides
RANS simulation results and corresponding experimental data
for the motion of a chemical tanker (CT) in regular head waves.
The full range of the experimental results has been presented
in [10] and the corresponding tanker geometry has been part of
the extended CFD study in [11]. Within this paper, two numer-
ical modelling approaches with increasing complexity are used
to recreate the experimental setup and investigate the influence
on the simulated results. In the referenced experiments, the ship
is connected to a spring-pendulum system which allows surge
motions to a certain extend. However, the restriction of the surge
motion is a regularly applied approach in CFD when simulating
head waves. Therefore, the effect of the surge motions of the
ship on the predicted heave and pitch motion is assessed. In
general, a sufficiently accurate ship response in head waves can
be obtained by fixing all motions except heave and pitch motions
[12–14]. This procedure assumes a negligible effect of the surge
motion and allows to simplify the numerical setup as no artificial
restoring force for the surge motion has to be applied to prevent a
constant drift of the ship. Nevertheless, for waves with increasing
wave lengths the surge motion and thus its potential influence on
the overall ship response increases as well. For the investigation
of the influence of the surge motion and its restriction, two numer-
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ical setups are utilized that decrease the abstraction level of the
experimental setup. First, the standard approach is implemented,
which prohibits any surge motions during the simulation. Sec-
ondly, the ship is connected to a simple spring that fixes the ship’s
average position but enables surge motions. The findings of the
comparison of these two setups are confirmed by means of the
Boundary Element Method (BEM). For that, the wave excitation
forces and radiation force from the BEM solver NEMOH [15–17]
are taken to solve the motion equations in the frequency-domain
with and without a restricted surge amplitude.

To sum up, the authors aim to provide a paper showcasing
CFD and experimental results for the chemical tanker in regular
head waves including an assessment of the influence of the surge
motion on heave and pitch.

2. EXPERIMENTAL SETUP
The experiments were conducted at Technical University of

Berlin’s seakeeping basin and have been published in [10]. The
basin has the following dimensions: length 110 m, width 8 m,
depth 1 m and is equipped with a wave generator operating in
piston mode and a wave damping slope to mitigate reflections.
The model was free to heave and pitch, while the surge motion
was bound to an elastic suspension system consisting of a spring
connected via strings to a counter weight on a pendulum. Due
to the employed suspension system, the ship is still able to con-
duct surge motions but restricted in its amplitude. During the
experiment, the model was kept at zero speed and exposed to
head waves. Measurements involved the ship motion, the verti-
cal bending moment (vbm), the green water height on deck and
slamming pressures at bow and stern. The lines drawing of the
chemical tanker is depicted in Fig. 1, whereas Table 1 shows the
main dimensions of the ship.

FIGURE 1: LINES DRAWING OF USED CT GEOMETRY, 20 FRAMES
BETWEEN AP AND FP. STILL WATER SURFACE INDICATED IN
BLUE.

The ship has been investigated in regular waves as well as
transient wave packets (TWPs). The TWPs (refer e.g. to [18])
are individually customised wave groups in terms of an amplitude
spectrum of a certain shape and bandwidth, as well as manipulated
phases. TWPs represent an efficient approach for seakeeping
tests as they allow the analysis of the system behaviour for various
frequencies, e.g. RAOs, within a single test run. On the opposite,

TABLE 1: MAIN PARTICULARS OF THE CHEMICAL TANKER

Quantity Abbreviation Unit Ship Model

Length over all 𝐿𝑜𝑎 [m] 170 2.428
Length btw. perp. 𝐿𝑝𝑝 [m] 161 2.300
Breadth moulded 𝐵 [m] 28 0.400
Draft 𝑇 [m] 9 0.129
Displacement Δ [t] 30666 0.0894
Scale 𝜆𝑠 [-] 1 70

following the conventional approach, a large number of regular
waves of varying frequency is necessary to obtain the RAOs.
Further details can be found in [10] and a thorough assessment
of the TWPs is given e.g. in [19].

2.1 Suspension system
The suspension system which was harnessed during the ex-

periments consists of a spring in front of the ship and a pendulum
behind the ship’s stern. The mass of the pendulum and the spring
are not directly connected to the ship. Instead, the forces of the
pendulum and the spring are exerted via two diverging strings
that are connected to a beam which is then joint with the ship
through a bearing near the ship’s center of gravity (cf. Fig. 2).
By deflection of the pendulum the spring is tensioned prior to a
test run to retain the ship’s average position during the test. This
setup permits surge motions of the ship while the influence on
the other degrees of freedom is relatively small. However, the
surge motion itself depends on the spring characteristics and the
dynamics of the pendulum. A schematic overview of the de-
scribed suspension system is shown in Fig. 3. Not all details of
the geometric extent of the setup are documented, giving some
freedom when implementing a suited substitution model for the
simulations.

3. METHODS
A state of the art RANS approach is applied within a commer-

cial Finite-Volume CFD solver to predict the unsteady seakeeping
behaviour of a ship in head waves. Using the Einstein conven-
tion and tensor notation, the fundamental equations are defined
by the Navier-Stokes equations, which are given here in their
Reynolds-averaged form. They consist of mass

𝜕𝜌

𝜕𝑡
+ 𝜕 (𝜌𝑢̄𝑖)

𝜕𝑥𝑖
= 0 (1)

and momentum conservation

𝜕 (𝜌𝑢̄𝑖)
𝜕𝑡

+ 𝜕

𝜕𝑥𝑗

(︂
𝜌𝑢̄𝑖 𝑢̄𝑗 + 𝑢

′
𝑖
𝑢
′
𝑗

)︂
= − 𝜕𝑝

𝜕𝑥𝑖
+
𝜕𝜏̄𝑖 𝑗

𝜕𝑥𝑗
. (2)

Here, 𝜌 denotes fluid density, 𝑡 time, 𝑢 velocity, 𝑥 position and
𝑝 pressure. 𝜏 depicts the viscous stress tensor. The RANS
equations are closed by a linear, two-equations k-𝜔-turbulence
model frequently utilized for simulations in the naval context [3].
In addition to solution methods solely for the RANS equations, the
simulation of a ship hull in waves requires several other modelling
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FIGURE 2: CHEMICAL TANKER MODEL AND ITS CONNECTION TO THE SUSPENSION SYSTEM.

FIGURE 3: SCHEMATIC VISUALIZATION OF THE SUSPENSION
SYSTEM USED IN THE EXPERIMENTS.

approaches. An important cornerstone is a proper formulation for
a two phase flow including a well resolved interface between the
liquid water phase and the air. Besides that, the motions of
the ship or hull need to be incorporated in the numerical setup.
Further relevant aspects include wave generation, treatment of
the boundary conditions and in particular mechanisms to reduce
artificial reflections of disturbances at these boundaries.

3.1 Modelling the two phase flow

The two main approaches to model multiple phases mostly
differ in their reconstruction of the interface between phases.
While interface-tracking methods directly solve for the position
of the surface between phases, volume based methods like the
well established Volume of Fluid (VoF) method utilize scalar
field functions. The VoF approach is particularly suited for the
standard CFD algorithms but allows only an indirect identification
of the location of the interface [20]. The applied VoF-method
solves an additional transport equation for the volume fraction 𝛼𝑖

for 𝑛 − 1 phases where 𝑛 represents the number of all modelled

phases (here: 𝑛 = 2). The transport equation is given by

𝜕𝛼𝑖

𝜕𝑡
+ ∇ · (𝛼𝑖v) = 0 , (3)

while the volume fraction of the last phase can be obtained from

𝑛∑︂
𝑖=1

𝛼𝑖 = 1 . (4)

The volume fraction defines the amount of volume which is occu-
pied in every cell by the specific phase. Therefore, regions filled
with a single phase contain only cells with a volume fraction of
one for the respective phase and zero for the remaining phases.
Thus, the interface is characterized by a volume fraction ranging
between 0.0 ≤ 𝛼𝑖 ≤ 1.0. At this phase interface, the fluid prop-
erties are taken based on the mixture of the phases. In order to
achieve an accurate solution, an adequate mesh resolution at the
interface is required. Additionally, special numerical schemes are
needed to obtain a sharp edge between the phases, as the interface
tends to be smeared. In this case, the High Resolution Interface
Capturing (HRIC) scheme is applied to maintain a clearly de-
fined separation of the respective phases [21]. The HRIC scheme
adapts the spatial discretization schemes for the equations for the
volume fraction, as the common upwind or central schemes are
not well suited for the characteristics of the additional transport
equations for the volume fraction [22].

3.2 Integration of rigid body motions
The motions of the ship are defined by the six equations of

motion covering three translational and three rotational degrees
of freedom (DOF). In the current work, only the pitch, heave and
the surge DOF are considered. These equations are coupled to
the RANS equations through the body forces acting on the ship
and vice versa. In order to implement the body motions in the
simulation, multiple approaches are known, which either deform
the mesh according to the movement of the body or rigidly move
the whole mesh. Due to its high flexibility, the overset mesh ap-
proach is well suited for a wide range of motion related problems
such as seakeeping simulations. The main idea is to make use of
a static background mesh covering the total flow domain and an
additional overset mesh for the flow domain bound to the moving
body. This additional mesh is directly connected to the motions
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of the body and thus moves relatively to the static background
mesh. The key for the overset mesh approach is an accurate in-
terpolation of the flow quantities between the two meshes since
only one mesh at a time is active in regions where the two meshes
overlap. The quantities at the edge of the overset mesh need to
be transferred either to the background mesh or from background
mesh to the overset mesh. This usually implies some restrictions
for the maximum time step and the mesh resolution at these loca-
tions. So a critical part are the cell sizes at the interface of overset
and background mesh that have to be of similar size in order to
achieve a proper interpolation quality. This requires a priori es-
timation of the ship motions to utilize proper mesh refinements
or an automated, adaptive mesh refinement procedure like it is
provided in Star-CCM+. Despite these restrictions, the overset
grid approach is well established for seakeeping simulations, both
for its flexibility and high efficiency compared to approaches re-
quiring continuous remeshing due to direct mesh deformations
[13, 23].

3.3 Wave generation and boundary conditions
In order to generate a desired wave in the numerical flow do-

main, the associated flow variables velocity, pressure and water
volume fraction can directly be imposed at the boundaries of the
flow domain. This requires specification of the time-varying flow
quantities which can be obtained from wave theories but also from
external methods like potential flow solvers. In this study, the re-
quired boundary values are computed internally through a proper
nonlinear wave theory. Although small water waves are well ap-
proximated by linear wave theories, the wave parameters utilized
in these investigations lead to waves, whose nonlinear behaviour
is not negligible, therefore requiring nonlinear wave theory for
their description [24, 25]. A well established approach for that
is the fifth order Stokes theory based on a Fourier expansion of
the velocity potential around the dimensionless wave steepness
[26, 27]. Fifth order Stokes theory was already successfully ap-
plied for wave generation in CFD for waves not conforming to
linear wave theory. As it can be seen from Fig. 7, higher order
Stokes theories are applicable for steeper waves and also smaller
water depths than linear wave theory which makes it favorable
when investigating wider ranges of wave parameters. In Star-
CCM+ it is possible to impose boundary conditions for waves
based on fifth order Stokes theory, which is used to prescribe
specific wave characteristics at the inlet of the domain and also
to enforce these in certain regions [28]. The forcing of the so-
lution towards simpler analytic solutions is an important key to
significantly reduce the required domain size. For the sake of
computational efficiency the boundaries need to be placed near
the flow of interest, although this increases the spurious influ-
ence of the boundaries e.g due to numerical reflections. In order
to reduce their influence, various approaches ranging from the
implementation of numerical beaches, porous media to artificial
source terms are known. One approach is the mentioned forcing
towards an analytic solution, that is provided by the utilized CFD
code. The idea is to define a forcing zone in which a source term
is added to the momentum equations. The source term is defined
by:

𝑞𝑓 ,𝑖 = 𝑏𝑖 (𝑥) 𝜌𝑖
(︁
𝑊𝑖 −𝑊∗

𝑖

)︁
(5)

where 𝑊𝑖 is the velocity in one of the spatial directions at cell 𝑖,
𝑊∗

𝑖
is the analytical solution, 𝜌𝑖 the density and 𝑏𝑖 is a smoothly

varying function in space that scales the strength of the forcing
source term. By penalizing deviations from the analytical so-
lution towards the boundaries and using the analytical solution
simultaneously as the boundary condition, reflections can be sig-
nificantly reduced. All the conducted simulations rely solely on
this forcing approach.

For the sake of brevity, well-known fundamental equations
are omitted here. Interested readers are referred e.g. to [29]
for CFD in general and e.g. to [3, 30] for maritime aspects.
In the following, specific details on the numerical setup will be
presented.

4. NUMERICAL SETUP
Although the numerical setups depend on the specific case

defined by the respective wave parameters, the base settings are
presented in the following. These are in line with best-practice
recommendations in the literature [13], guidelines e.g by the
International Towing Tank Conference (ITTC) [31] and the Star-
CCM+ software user guide [28].

4.1 Flow domain and boundary conditions
The boundary conditions of the flow domain are chosen ac-

cording to [31]. A standard velocity based inflow condition to-
gether with a pressure-based outflow condition is imposed at inlet
and outlet. The bottom boundary condition is given by a no-slip
wall, while the boundary at the top is also defined as an inflow
condition. As the flow problem is symmetric to the x-z-plane (ac-
cording to the coordinate system with positive x-axis from stern
to bow, y-axis to portside and z-axis from keel to deck), a sym-
metry condition is used for the side boundary located at midship.
For the remaining side boundary, a velocity inlet condition is uti-
lized, although other options like a slip-wall condition or symme-
try condition might be feasible as well. All the applied boundary
conditions are also highlighted in Fig. 4 and Fig. 5. The locations
of the boundaries fulfill the minimum requirements given in [31]
and depend on the simulated wave length. The domain is enlarged
with increasing wave lengths in order to minimize the influence
of the boundaries on the flow around the ship. By application of
the forcing approach, emitted disturbances are damped towards
the lateral and longitudinal boundaries of the domain. For all
simulations, the forcing technique is applied at the inflow and
outflow boundary, as well as the side boundary. The length of
the forcing zones is at least 1.5 wave lengths normal to inflow
and outflow boundary (𝐿𝑓 𝑜𝑟𝑐𝑖𝑛𝑔 = 1.5𝜆) and 1.0𝐿𝑝𝑝 normal to
the side boundary (𝐿𝑓 𝑜𝑟𝑐𝑖𝑛𝑔, 𝑠𝑖𝑑𝑒 = 1.0𝐿𝑝𝑝). Here, 𝐿𝑝𝑝 and 𝜆

denote ship length between perpendiculars and wave length, re-
spectively. The domain extent is then chosen in such a way that
there is a minimum distance between the forcing zone and the ship
which is called here the buffer zone. The buffer zones are chosen
rather large with 𝐿𝑏𝑢 𝑓 𝑓 𝑒𝑟 = 1.0𝜆 and 𝐿𝑏𝑢 𝑓 𝑓 𝑒𝑟 , 𝑠𝑖𝑑𝑒 = 1.0𝐿𝑝𝑝

preventing influence on the flow of interest as the flow can de-
velop undisturbed towards its physical state. The extent of the
forcing zones and buffer zones are visualized in Fig. 4, while
Fig. 5 shows the domain extends (distance 𝑊 to the side bound-
ary shown in Fig. 4), whose definitions are summarized in Tab. 2.
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FIGURE 4: OVERVIEW ON THE FORCING AND BUFFER ZONE
LENGTHS AND APPLIED BOUNDARY CONDITIONS

FIGURE 5: OVERVIEW ON THE COMPUTATIONAL DOMAIN EX-
TENTS AND APPLIED BOUNDARY CONDITIONS

The distance to the bottom boundary is defined by the depth of
the model basin 𝑑 and the ship’s draft.

TABLE 2: DIMENSIONS OF FLOW DOMAIN

Dimension Size

𝐻𝑢 𝐿𝑝𝑝

𝐻𝑙 𝑑 − 𝑇

𝑊 2.0 𝐿𝑝𝑝

𝐿𝑖 max(2.0 𝐿𝑝𝑝 , 2.5𝜆)
𝐿𝑜 max(2.5 𝐿𝑝𝑝 , 2.5𝜆)

4.2 Mesh
The discretization of the domain, the mesh, is a hexahedron

dominated, unstructured, trimmed mesh that is adapted to spe-
cific waves through various local refinements. Especially the free
surface requires a high mesh resolution to accurately capture the
interface between water and air as well as the large gradients in
this region. General guidelines for the resolution of the mesh at
the free surface suggest to use a certain number of cells per wave
length and per wave height. For all waves, the number of cells is
set to 20 per wave height and 80-100 per wave length following
recommendations given in [28]. To account for the exponential
decay of the wave motions additional refinements along the ver-
tical axis are placed below the mean waterline reaching to depths
where the particle velocity is reduced by a factor of two, four and
eight. The mesh refinements around the ship aim for a proper

FIGURE 6: CHARACTERISTIC BACKGROUND AND OVERSET
MESH

mesh resolution around more complex geometrical parts of the
ship like the stern and the bow. The influence of the friction
on the seakeeping behaviour is assumed to be small so that the
boundary layer does not need to be fully resolved. Because of
that, only a small number of prismatic cell layers is generated at
the wetted ship surface, whose size is approximated by the wave
celerity and an y+ value of around 80. Besides these physics
based refinements, further refinements are present at the overlap
region of the background mesh and the overset mesh in order to
ensure a sufficient interpolation quality in the overset approach.
Figure 6 shows a representative mesh consisting of background
and overset mesh covering the total domain, including a more
detailed view of the overset mesh. The combined number of cells
from overset and background mesh is mainly depending on the
wave length but it ranges from 3.1 millions for the longest sim-
ulated wave to 5.1 millions for the shortest simulated wave. It
should be noted that these number do not directly refer to the total
number of active cells as the overset approach implies on-the-fly
activation/deactivation of cells leading to an effective number of
cells which is reduced by around one million.

4.3 Numerical schemes
For the solution process, a SIMPLE algorithm is applied

that semi-implicitly solves the momentum equations, a pressure-
correction as well as additional equations, e.g. for the turbulence
model in a segregated manner [32]. Convective flux terms are
evaluated through a second order scheme, whereas the gradi-
ents required for the viscous flux terms are approximated by the
Least-Squares approach. A second order Backward Differentia-
tion Formula (BDF) is utilized as a time integration scheme for a
time accurate flow solution. The time step for temporal evolution
has to be chosen according to the discretization schemes and in
conformity with the CFL condition. For second order time inte-
gration schemes, Courant number should not be higher than 0.5
in simulations with free surface according to [28] and preferably
even below 0.25. In general, the time step needs to be small
enough to resolve the physical phenomena of interest which for
simulations of a ship in regular waves implies at least a suitable
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temporal resolution of the wave period 𝑇𝑤. In practice, the time
step is set to at most Δ𝑡 = 𝑇𝑤

1000 , which is smaller than the usual
recommendations given e.g in [28] or given by ITTC but allowed
to maintain a lower discretization error over the total duration of
the simulation. Especially, the recommendation to set Δ𝑡 = 𝑇𝑤

100
proposed in [31], is too high for our specific test case to preserve
a stable and accurate resolution of the free surface. It was found
that an important factor for the restrictive time step size is the
limited water depth of only 70m in real scale.

4.4 Wave parameters
For the determination of the RAOs for the heave and pitch

motion and the assessment of the influence of the surge motion
on them, six regular waves from the Stokes-II domain are chosen.
From these, four are part of the model test and they range from
𝜆

𝐿𝑝𝑝
= 0.8 to 2.6. The specific wave parameters prescribed at the

boundary conditions and given as initial condition are defined in
Tab. 3. In this, 𝜆 is the wave length and 𝜔 and 𝐻 denote wave
frequency and wave height, respectively. The waves are also
classified in Fig. 7 with respect to their relative height and the
relative water depth. It can be seen that the defined waves are not
captured by linear wave theory and deep water approximations.
Instead they are influenced by nonlinear effects as well as by a
limited water depth. Especially the longest waves are significantly
influenced by bottom effects.

TABLE 3: WAVE PARAMETERS USED FOR THE RAOS

𝜆[𝑚] 𝜔[𝑟𝑎𝑑/𝑠] 𝐻 [𝑚]
1.840 5.788 0.0286
2.386 5.065 0.0429
2.871 4.581 0.0428
3.540 4.061 0.0571
4.680 3.398 0.0856
6.000 2.844 0.1200

4.5 Implementation of the surge motions
In order to investigate the influence of the surge motion on

the heave and pitch motions within the experimental setup, the
suspension system of the experiments is abstracted and modelled
instead by a simple spring which is connected to the center of
gravity of the ship and a fixed point in space. This allows the ship
to surge although the spring stiffness is restricting the magnitude
of the surge motions. From the experiments, the spring stiffness
is not documented but its value is approximated by comparing
the simulated surge amplitude to the experimental one. In all
simulations the spring constant 𝑐𝑠 is chosen to be 100 𝑁

𝑚
and the

resulting spring force 𝐹𝑠 is defined by

𝐹𝑠 = 𝑐𝑠Δ𝑥 (6)

with
Δ𝑥 = | |𝑥𝑒𝑛𝑣 − 𝑥𝑐𝑜𝑔 | |2 − 𝑙𝑟 .

The relaxation length 𝑙𝑟 allows to vary the distance between the
spring’s mounting locations 𝑥𝑒𝑛𝑣 and 𝑥𝑐𝑜𝑔 without changing the

Simulated Waves

FIGURE 7: OVERVIEW OF APPLICABILITY OF WAVE THEORIES
CF. [25].

effective elongation. So, with a proper distance between 𝑥𝑒𝑛𝑣 and
𝑥𝑐𝑜𝑔 at the ship’s moving center of gravity, the vector of the spring
force is only slightly varying despite the ship’s heave motion. In
order to allow a decay of the spring eigen frequency in feasible
time scales, a damping term

𝐹𝑑 = 𝑏𝑠 𝑥̇ (7)

is additionally included in the x-direction. The damping constant
𝑏𝑠 is chosen very small, leading to a damping factor 𝐷𝑠

𝐷𝑠 =
𝑏𝑠

2√𝑐𝑠𝑚𝑠ℎ𝑖𝑝

of only 0.05.

5. RESULTS
Before conducting the simulations, the temporal and spatial

discretization was reassessed to assure a sufficient resolution of
the mesh and the time integration. As the chosen time steps sizes
are reduced by one order of magnitude compared to recommenda-
tions of the ITTC (cf. Sect. 4), errors resulting from the temporal
discretization should be sufficiently small. With respect to the
spatial resolution, common references and guidelines are consid-
ered which are confirmed through refinement studies during the
development of the numerical setup.

Wave elevation measurement The computation of the RAO
requires, besides the ship’s response, the accurate wave amplitude
to be measured. In several studies [13, 14, 23] the wave elevation
is directly measured within the simulation, although this approach
has some shortcomings. First, the measurement location is not
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FIGURE 8: EXEMPLARY TIME SERIES OF THE SURFACE ELEVA-
TION AT THE INITIAL POSITION OF THE CT’S CENTER OF GRAVITY

the same like the reference position for the ship response, which
is usually the center of gravity. Secondly, the ship motions lead
to radiation of waves that influence the undisturbed regular wave.
Particularly to circumvent the latter effect, all wave amplitudes are
measured in a separate simulation. These simulations share the
same setup and background mesh like the actual simulations but
the overset mesh together with the ship geometry is removed to
solely simulate the undisturbed wave. Moreover, the wave probe
can be directly placed at the initial position of center of gravity
of the ship. In Fig. 8, the time history of the surface elevation
𝜁 at such a wave probe is shown for the wave with 𝜆 = 2.871𝑚.
For the determination of all the wave amplitudes, only the last
three periods are considered by averaging the span between the
maxima and minima:

𝐴𝑤 =
1
2

∑︁𝑛
𝑖=𝑛−2 𝜁𝑚𝑎𝑥,𝑖 − 𝜁𝑚𝑖𝑛,𝑖

3

Response Amplitude Operator A ship’s response to waves is
usually related to the exciting wave amplitude, which gives the
Response Amplitude Operator (RAO) allowing comparisons in-
dependent of the specific wave amplitude. Therefore, the motion
amplitudes which are presented along the paper are given as the
RAO scaled from model to real ship size via Froude scaling laws.
The specific RAOs are defined by:

𝑅𝐴𝑂ℎ𝑒𝑎𝑣𝑒 =
𝐴3
𝐴𝑤

𝑅𝐴𝑂𝑝𝑖𝑡𝑐ℎ =
𝐴5
𝐴𝑤

,

wherein 𝐴3 and 𝐴5 correspond to the ship’s heave and pitch
amplitude and 𝐴𝑤 to the measured wave amplitude.

5.1 Ship response with suppressed surge motion
The standard approach to model the ship in head waves is to

prevent any surge motion / lateral motion of the ship by applying
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FIGURE 9: RAOS OF THE SHIP’S HEAVE MOTION WITH SUP-
PRESSED SURGE MOTION

an external forces that compensates the sum of all other forces in
that direction. With this approach, all the waves defined in Tab.
3 are simulated with the CT free to heave and pitch.

Figure 9 depicts the simulated ship responses and also shows
experimental results obtained by a TWP, which implies linear
wave response behaviour, as well as results for the experimental
counterparts of the simulated Stokes-II waves. The agreement
between CFD and experimental results is good. Especially the
CFD results for the longer waves almost perfectly match the ex-
perimental results. The simulated responses in shorter waves are
still in an acceptable range of accuracy, although the predicted
heave response is underestimated compared to the experimental
results for the single regular waves.

The outcome for the pitch response of the ship is visualized
in Fig. 10. In contrast to the results for the heave response, the
highest deviations in the pitch RAO are found for the longest
simulated waves. So, the pitch response at the peak of the RAO
at around 𝜔 = 0.5 is overestimated while the shortest simulated
waves lead to small deviations when compared to the experimen-
tal results. Thus, the CFD simulations are not only able to cover
the overall characteristics of the measured pitch RAO as well as
the heave RAO but also reach an adequate accuracy level.

5.2 Ship response with surge motion
To allow surge motions, a spring force is applied lateral di-

rection to the ship, whose initial elongation is determined by
the average wave force, which can be obtained from the previous,
constrained simulations. As the spring force almost ideally acts in
longitudinal x-direction without inducing any additional moment,
its influence is restricted to the surge motion of the ship. There-
fore, any differences to the simulations with only two degrees of
freedom should originate from the additional surge motion. In
Fig. 11 an exemplary time series of the heave, pitch and surge
motion of the chemical tanker exposed to a wave (𝜆 = 3.54𝑚) is
shown. The heave and pitch oscillations quickly reach a constant
amplitude, while the oscillating surge motion is superimposed by
an additional decaying transient. This transient originates from
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the coupling with the spring whose eigen oscillation decays ac-
cording to the theory of a 1-D mass-spring system with∝ 𝑒𝐷𝑠𝜔𝑠 𝑡 .
Therein, 𝐷𝑠 is the damping factor of the spring-system and 𝜔𝑠

the respective eigen frequency. The amplitudes of the heave and
pitch motion are evaluated and presented as RAOs in Fig. 12
which also contains the results from the simulation with the re-
stricted surge motion. For the heave motion, there is almost no
difference between the two setups. For all the simulated waves,
the heave RAO is nearly the same, indicating that the surge mo-
tion has a negligible influence on the heave motion even for the
longer waves with a more pronounced surge motion. In con-
trast to that, the pitch motion is significantly influenced by the
surge motion. This is shown in Fig. 13 where the computed pitch
RAOs with surge motion clearly differ from the ones computed
with the restricted surge motion. The differences are small for
the shortest waves as the surge amplitude is small itself. With
increasing wave length, the differences increase towards the peak
of the pitch RAO. The change in the RAO leads to an higher
agreement between the CFD results and the experimental results
for the longer waves. This suggests that modelling the effect of
the surge motion can increase the accuracy of the predicted pitch
motion, most notably in the frequency range around the peak of
the pitch RAO.

5.3 Assessment of surge motion effect with Boundary
Element Method
In order to critically scrutinize the findings from the CFD

simulations, the open-source BEM solver NEMOH [15–17] is
utilized to assess the effect of the surge motion with a model of
reduced complexity. NEMOH is based on the well-established
Boundary Element Method which solves the potential equation in
the frequency-domain for fluid-body interactions in linear waves.
For a detailed description of the method and the solver refer e.g
to [33, 34]. In our case, all hydrodynamic forces, the added mass
matrix and hydrodynamic damping matrix are computed for all
six degrees of freedom with the help of NEMOH. However, the
motion equations which directly lead to the RAOs for all degrees

of freedom are transferred to a constrained linear optimization
problem, that is solved externally. In accordance to the procedure
in the CFD solver, all motions, except the allowed pitch, heave and
potentially surge motion, are restricted to zero without restricting
the forces in these directions. A difference to the CFD setup in
three degrees of freedom is that the surge motion corresponds to
the natural surge motion without an additionally applied spring
force. In Fig. 14, the RAO for heave, pitch and surge (2 DOF and
3 DOF) computed with the elaborated approach are compared
to the experimental RAOs. It can be seen that the BEM results
match the experimental results quite well, especially for the heave
motion. Most notably, the difference in the heave motion for the
2-DOF case and the 3-DOF case is vanishing small which directly
confirms the findings from the CFD results. Moreover, the change
of the pitch RAO when allowing surge motions is also following
the trend from Fig. 13. For short waves, there is almost no effect
of the surge motion on the pitch motion, while for longer waves
the influence increases. The highest deviations are present at
the peak of the pitch RAO. Here, the restricted surge motion
leads to a higher peak and higher overall values of the pitch
response in long waves. So for both, heave and pitch motion,
a high agreement between CFD and BEM results is identifiable
supporting the initial findings in Sect. 5.2. Considering the
high agreement between BEM and experimental results and the
easier applicability of the BEM compared to CFD, BEM might
seem like the favorable tool for computing RAOs in head waves
of moderate steepness. However, the accuracy of the BEM is
likely to decrease for oblique or steeper waves where viscous and
nonlinear effects become relevant that are not modelled by the
standard BEM.

6. CONCLUSION
In this work, the motion response of a chemical tanker in

regular head waves is assessed by means of CFD calculations
and compared against results obtained from experiments. The
numerical results with the standard setup, in which the ship is only
free to heave and pitch, reveal reasonable agreement. In addition
to that the numerical setup is critically assessed with respect to
the restriction of the surge motion by utilizing a spring-system to
model surge motions. By this, the influence of the surge motion
on the heave and pitch motion is assessed and compared to BEM
calculations. CFD and BEM consistently indicate a negligible
influence on the heave motion but a significant influence on the
pitch motion. Integrating the third degree of freedom for the
surge motion of the ship leads to a smaller predicted pitch motion
for long waves up to the peak of the CT’s pitch RAO. According
to these findings, the prediction accuracy for the pitch motion in
head waves can be increased by including the influence of surge
motions. Future investigations could aim for an assessment of
the TWP-technique in CFD to significantly decrease the effort for
obtaining the RAOs in regular waves.
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FIGURE 11: SHIP RESPONSE IN HEAVE, PITCH AND SURGE TO THE WAVE WITH λ = 3.54m
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