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ABSTRACT

A Reynolds Averaged Navier Stokes (RANS)-based Com-
putational Fluid Dynamics (CFD) methodology imple-
mented in Siemens STAR-CCM+ is applied to investigate
energy efficient course keeping control of a marine vessel
under six degrees of freedom (6-DOF) free-running con-
ditions. The framework integrates controller-in-the-loop
CFD simulations to evaluate coupled propeller RPM and
rudder control strategies aimed at maintaining heading sta-
bility while minimising hydrodynamic resistance and asso-
ciated propulsive power demand. A proportional-integral—
derivative (PID) controller is adopted as a computation-
ally efficient baseline suitable for potential onboard imple-
mentation. Controller tuning is performed directly within
the CFD environment using resistance variation, power es-
timation derived from computed thrust and torque, and
trajectory-tracking metrics aligned with energy efficiency
objectives. Power assessment is based solely on CFD-
predicted hydrodynamic loads without inclusion of en-
gine response modelling, ensuring methodological clarity
and consistency. The Office of Naval Research Tumble-
home (ONR-T) combatant is analysed at model scale in
calm water and regular head-wave conditions across repre-
sentative Froude numbers. The numerical setup employs
time-accurate URANS with overset meshing to capture
propulsor—hull interaction under self-propulsion, together
with synchronised controller updates at fixed time inter-
vals. Validation demonstrates that predicted resistance and
propeller thrust agree with benchmark experimental data
within 5%, confirming numerical fidelity and providing a
validated foundation for adaptive RPM based energy opti-
misation and forthcoming experimental comparison.
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1 INTRODUCTION

Energy-efficient ship operation increasingly requires co-
ordinated decisions in propulsion and steering, particu-
larly in waves where course-keeping demands can increase
power consumption through rudder-induced resistance and

altered propulsor inflow. From a control perspective, ma-
rine craft guidance and autopilot design are well estab-
lished, with widely used formulations for manoeuvring
dynamics, stability, and feedback control design (Fossen
2021). However, from a propulsion and hydrodynamics
perspective, the mechanisms by which active steering and
propulsion actions modify wake topology, propeller load-
ing, and thrust demand remain challenging to quantify
without high-fidelity flow resolution (Molland & Turnock
2011).

A key limitation of many conventional studies is the sep-
aration between control-oriented models and propulsion-
resolved hydrodynamics. Low-order manoeuvring models,
including response models such as the Nomoto formulation
and modular approaches such as MMG, are computation-
ally efficient and widely used for controller development
and real-time simulation (Nomoto et al., 1957; Yasukawa
& Yoshimura, 2015; Fossen, 2021). However, these mod-
els typically rely on empirical or regression-based hydro-
dynamic derivatives obtained from captive tests, sea trials,
or system identification, and they employ simplified treat-
ments of propeller—rudder interaction and wake dynamics.
As a result, they may not fully represent unsteady propul-
sor loading, transient rudder inflow, or wave-induced dis-
tortions of the propeller inflow and hull pressure field in re-
alistic sea states (Molland & Turnock, 2011; Yasukawa &
Sakuno, 2020). Conversely, propulsion-focused CFD stud-
ies often prescribe motions, impose fixed shaft speed (or
steady self-propulsion points), and/or apply quasi-steady
actuator settings. Such assumptions can obscure the cou-
pled response that emerges when the vessel is allowed to
run free and actuator commands are updated online as part
of a closed-loop control task.

Recent research has begun closing this gap by applying un-
steady Reynolds-averaged Navier—Stokes (URANS) meth-
ods with dynamic overset-grid techniques for free-running
manoeuvring simulations, including course-keeping con-
trol modules directly coupled to CFD solvers (Wang et
al., 2017; Cura-Hochbaum, 2011; Kim et al., 2021). In
parallel, several studies have investigated self-propulsion
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and propeller—hull interaction in waves using fully coupled
RANS approaches, demonstrating that thrust, torque, and
propeller operating conditions evolve significantly when
ship motions and propulsion dynamics co-develop in un-
steady environments (Carrica et al., 2008; Mofidi and Car-
rica, 2014). In the context of manoeuvring and course-
keeping in waves, URANS-based analyses have further
shown that regular and irregular sea states can substantially
modify manoeuvring characteristics, control demand, and
propulsor loading trends, thereby motivating high-fidelity
CFD approaches that resolve the flow physics underpinning
controller performance (Kim & Tezdogan, 2022a; Kim &
Tezdogan, 2022b).

For validation, the Office of Naval Research Tumblehome
(ONR-T) benchmark provides a valuable experimental ba-
sis because free-running trajectories and time histories have
been measured in calm water and waves and released as
datasets suitable for CFD benchmarking (Sanada et al.,
2013). These data enable direct assessment of whether cou-
pled CFD—control frameworks reproduce measured yaw-
rate and course-keeping behaviour under defined wave pa-
rameters. Here, denotes the incident wave length, L is the
ship waterline length (so =L is the wave-length ratio), and
H denotes wave height, such that H= represents the wave
steepness (Sanada et al., 2013). Moreover, ITTC recom-
mended practices for CFD verification, validation, and un-
certainty analysis support structured assessment of numeri-
cal fidelity when comparing predictions against benchmark
experiments (ITTC, 2017).

Motivated by these developments, the present work devel-
ops and applies a controller-in-the-loop URANS method-
ology in Siemens STAR-CCM+ (v2406) to quantify how
adaptive propeller-RPM actions, coordinated with rudder
control, influence mean resistance, mean propulsive power,
and propulsor loading trends during free-running course-
keeping. Focusing on the ONR-T model, the study evalu-
ates a seven-case adaptive RPM schedule linked to wave-
phase indicators and validates the resulting yaw-rate re-
sponse against published ITHR experimental data (Sanada
et al., 2013). The resulting analysis targets the cou-
pled evolution of control demand and propeller loading
in waves, with the control-oriented objective of reduc-
ing mean power while maintaining a prescribed heading-
keeping task (Windén, 2014; Kim & Tezdogan, 2022a).

2 NUMERICAL AND CONTROL METHODOLOGY

2.1 Model particulars

The Office of Naval Research Tumblehome (ONR-T) com-

batant model is considered at model scale. The geometric

scale ratio between the full-scale vessel and the model is
= 48:935, as reported in the original experimental cam-

paign (Sanada et al., 2013; Sanada, 2019).

Principal particulars of the fully appended configuration,
including propulsor characteristics, are summarised in Ta-
ble 1. Here, FP denotes the Forward Perpendicular, and
LCB represents the longitudinal centre of buoyancy mea-
sured aft of FP.

Table 1: ONR-T principal particulars at model and full scale
Adapted from Sanada et al. (2019).

Parameter Symbol Model Scale Full Scale Unit
Length of wa- Lwi 3.147 154 m
terline

Waterline beam By 0.384 18.8 m
Draft T 0.112 55 m
Displacement \Y 0.07314 8576 m°
volume (fully

appended)

LCB (aftof FP) LCB 1.625 79.7 m
Propeller diam- D 0.1066 - m
eter

Number of Z 4 4 -
blades

Propeller shaft " 5 5 deg
angle

2.2 Governing equations and free-running formulation
The flow was solved using an unsteady Reynolds-averaged
Navier-Stokes (URANS) approach with a free-surface for-
mulation and a six-degree-of-freedom (6-DOF) rigid-body
motion model. Hydrodynamic forces and moments were
evaluated at each time step and were coupled to the rigid-
body dynamics to obtain the free-running response.

The incompressible URANS equations were solved:

V-u=0; (1)

Ou 2 —
@+u~Vu =-Vp+ Vu-V.- uvu + g;
2)

where u denotes the mean velocity vector, p the pressure,
and u’u’ the Reynolds stress tensor arising from turbu-
lence modelling.

Hydrodynamic forces and moments were coupled to the 6-
DOF rigid-body motion equations:

m V = thd + Fgrav + Feer,

. 3)

IQ+Qx (IQ) = Mhyd + Metri;
where V and €2 represent the translational and angular ve-
locity vectors, m is the vessel mass, and I is the inertia
tensor.

2.3 Mesh strategy, propulsor modelling and time step
resolution

Propeller—hull interaction was resolved using an overset-
mesh approach. A rotating cylindrical sub-domain enclos-
ing each propeller was embedded within a dynamic (ship-
follow motion) background mesh, allowing rigid-body ro-
tation with rotational speed updated at each time step by
the controller. Two additional overset regions were ap-
plied around the rudders to capture local flow separation



and control-induced loading. Data exchange between back-
ground and overset grids was handled through interpolation
within the overlap region.

For the overset simulations, additional refinement blocks
were applied across innerlap and overlap regions to main-
tain compatible cell sizes, ensure stable hole-cutting, and
improve donor—acceptor interpolation. As shown in Fig-
ure 1, the refinement strategy includes: (A) an innerlap re-
gion smoothing the transition from fine overset meshes, (B)
the ship overset region enabling six-degree-of-freedom mo-
tion, and (C) an overlap refinement zone enhancing inter-
polation accuracy between overset and background grids.
This approach mitigates errors associated with abrupt mesh
transitions and improves coupling robustness during pro-
peller rotation and rudder deflection.

Figure 1: Computational mesh of the ONR-T model showing
background refinement, overset propeller region, and near-
wall prism layers.

Near-wall resolution was achieved using 10 prism layers
on the hull, rudders, and appendages, targeting y* < 100
consistent with wall-function treatment under the SST k-1
turbulence model. Vertical refinement across the free sur-
face was applied to accurately capture wave elevation and
wave-induced velocity gradients using the Volume of Fluid
(VOF) method. The overall resolution strategy followed
ITTC recommended practices (ITTC, 2017) and guidelines
for unsteady RANS simulations in head seas (Tezdogan et
al., 2015).

A time-accurate URANS formulation was employed with
a time step At = 0:002 s, selected based on propeller rota-
tional resolution and wave frequency. Temporal stability
was assessed using the Courant—Friedrichs—Lewy (CFL)
number defined as

UAt
FL=——; 4
C Ax “

where U is the local flow velocity and AX the characteristic
mesh size. The CFL number was maintained below unity
throughout the computational domain to ensure numerical
stability.

Table 2: Mesh and numerical resolution parameters.

Parameter Value
Total cell count 16.2 million
Background mesh 3 million
Ship overset mesh 4.6 million
Propeller overset meshes (2) 7.6 million
Rudder overset meshes (2) 1.0 million
Number of prism layers 10
Target y™* < 100
Time step size At 0.002 s
Target CFL number <1

Spatial discretisation Second-order

2.4 Wave generation

Regular head waves were generated using a Volume of
Fluid (VOF) free-surface formulation with a numerical
wave forcing boundary condition. The wave parameters
were selected to match the IIHR benchmark condition for
the ONR-T free-running tests.

The wave condition was defined in terms of the non-
dimensional wavelength ratio =L and wave steepness
H= , where denotes the incident wavelength, L the ship
waterline length, and H the crest-to-trough wave height.
The corresponding numerical values are summarised in Ta-
ble 3. These parameters represent moderate regular head-
wave excitation consistent with the published ITHR dataset.

The vessel was allowed to respond in full six degrees of
freedom under active PID autopilot control.

A numerical wave probe was positioned upstream of the
ship model to monitor the incoming free-surface elevation
and support the determination of the wave-phase indica-
tor used for adaptive RPM triggering. The measured phase
information was then related to the ship-fixed reference lo-
cations using the encounter period.

Table 3: Wave parameters for head-wave simulations.

Parameter Head-wave condition
Scale 1/48.935
Froude number 0.20
Advance velocity 1.11 m/s

Wave length ratio =L =1:0
Wave steepness H= =0:02
Wave frequency 0.7 Hz

Wave heading Head Waves

2.5 Computational domain and boundary conditions

The computational domain is defined to minimise bound-
ary interference while capturing incoming waves and the
downstream wake development. Appropriate inlet, out-
let, side, and top boundary conditions are applied, with a
free-surface formulation to represent the air—water inter-
face. The vessel advances in the positive X-direction, with
body-fixed 6-DOF motion enabled. The global coordinate
system and motion directions adopted in the study are il-
lustrated in Figure 2. The wave propagation direction and






