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Abstract
In this work, a computational procedure for the prediction of motion of rigid bodies

floating in viscous fluids and subjected to currents and wavesis presented. The procedure is
based on a coupled iterative solution of the equations of motion of a rigid body with up to six
Degrees Of Freedom (DOF) and the Reynolds-Averaged Navier-Stokes Equations (RANSE)
describing the turbulent fluid flow. The fluid flow is analyzed using a commercial CFD
package (Comet) which can use moving grids made of arbitrarypolyhedral cells and allows
sliding interfaces between fixed and moving grid blocks. Thecomputation of body motion
is coupled to the CFD code via user-coding interfaces on the basis of each iteration. A fully-
implicit predictor-corrector procedure is employed for the calculation of body motion, taking
advantage of the iterative nature of the fluid-flow solver.

The method is used to compute the motion of floating bodies/ships subjected to waves,
showing favorable agreement with experiments. Extension to more complex ship maneu-
vering applications is further conducted, which requires modeling of interaction of ship, its
rudder(s) and its propeller(s). With the ship hull and the rudder modeled geometrically and
the propeller simulated by a body force model, turning circle and Zigzag maneuvers are
performed as examples and the comparison with measurementsshows promising agreement.
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Chapter 1

Introduction

1.1 Motivation

Model tests in the towing tank have been the most frequently used way to predict the hy-
drodynamic performance of a new ship. With the increasing demand on ship performance
(speed, size, efficiency, environmental impact etc.) and navigational safety, performance-
based safety criteria are becoming ever more important. International rules and recommen-
dations have been established. Therefore designers demandthe performance of a ship to be
assessed at its early design stage. Although model tests will still be indispensable, this calls
for prediction tools, which, in principle, should not rely on model test results. The use of
Computational Fluid Dynamics(CFD) tools is the obvious choice.

As complementary tools to towing tank tests, CFD analyses are used today to study
a large variety of ship forms for optimization purpose and toprovide a large amount of
detailed information on the flow, which can help the designers to improve the performance
of a new ship. However, in the long-term objective, the CFD tools should be able to predict
the hydrodynamic performance of a ship taking into account all physical phenomena which
characterize the flow around a full-scale ship under its realoperating conditions. This means
a single code would be capable of handling different tasks inthe field of ship hydrodynamics,
which has conventionally been broken into several areas:� Resistance� Propulsion� Seakeeping� Maneuvering

Although the so-calledVirtual Towing Tank(or Numerical Towing Tank) based on mod-
ern CFD tools has been placed on the agenda of worldwide research groups, the aforemen-
tioned ambitious goal has not been achieved yet. The only affordable way to study the cou-
pled complicated problem of ships maneuvering in waves until today is to define a simplified
problem and decouple the complex system by either completely ignoring the less important

1
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phenomena or approximating them by other methods or simple corrections. Such a modified
problem is set up being as close as possible to the original one. However, maneuverability
does not depend on hydrodynamic characteristics of single parts like ship hull, propulsion
system and rudder separately. Rather, the ship response to steering inputs is determined by
the interaction of these three fundamental components. To better capture this interaction a
more general approach is required.

With further development of computer technology, state-of-the-art CFD methods offer
the opportunity to study aforementioned different problems in ship hydrodynamics by a uni-
fied technique. In this thesis, a coupled method is developedand examined to tackle ship
hydrodynamic problems in different areas. Turbulent free-surface flow and flow-induced
ship motion are solved simultaneously so that interacting behaviors as mentioned above can
be studied by a single code. In other words, an important steptowards the long-term objec-
tive, theNumerical Towing Tank, is taken here. The applicability and the accuracy of the
method developed is assessed. To be comparable to the real towing tank, both captured or
semi-captured maneuvers and completely free runs of a self-propelled and -steered ship will
be performed. The possibility of wave generation in the numerical tank is demonstrated.

1.2 Background

In practice, ship motions in waves are either predicted using experiments or numerical meth-
ods based on the potential theory, which assumes an irrotational ideal fluid without viscosity.
Motions and waves are mostly linearized (strip method or panel method), or potential flow
computations with linearized boundary conditions are combined with non-linear simulations
of motions. More advanced simulations use time integrationof the equations of motion
where the hydrodynamic forces are calculated based on empirical formulae and special cal-
culations for individual force components. This is done forexample in SIMBEL (see Pereira
[67]), where the hydrodynamic forces on the hull are computed based on a strip theory be-
forehand for a variety of frequencies and section immersions. An overview of a variety of
such methods can be found in Bertram [11]. These methods are considered as fast and robust
tools in the design stage because they allow a large number ofvariants to be analyzed for
the purpose of optimization. They are applicable to the assessment of statistical quantities,
which can be the only final results in a natural seaway due to its stochastic nature. The mo-
tion of a smooth body in waves can be computed using these methods with reasonably good
accuracy (especially when empirical corrections are applied). However, they are not suit-
able for flows, where viscous effects or breaking waves play an important role. Bilge keels,
roll damping tanks etc. can be dealt with in the potential theory only with further empirical
corrections, which not only decrease the accuracy of the prediction, but are also sometimes
expensive because experimental data and experience are required for such corrections. For
several practically important cases like ship motions in large amplitude waves, ship response
under impact wave load (slamming), ship maneuvering etc., large errors can be introduced by
the potential theory assumptions. The need for a numerical tool that can predict the motions
and loads in large waves, taking into account viscous effects, turbulence, flow separation and
wave-breaking phenomena, is thus obvious.

Ship hydrodynamics computations based on solving the Reynolds-Averaged Navier-
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Stokes Equations (RANSE) were initiated in the 1980s, and since then a number of research
groups have developed methods for solving viscous flow problems. Computations of vis-
cous turbulent flow around ship without consideration of thefree surface have been widely
adopted to predict the flow field (especially the wake distribution) and the friction resistance,
often employing commercial CFD codes. An acceptable range of accuracy has been achieved
for the prediction of friction resistance coefficients, namely error bounds from 1 to 10 %. It
has also been applied rather often to compute steady flows around a maneuvering ship to
predict hydrodynamic coefficients for the hull, see Cura Hochbaum [19], Ohmori at al. [61]
and Nonaka at al. [60]. El Moctar [23] utilized a commercial CFD code to analyze the inter-
action of ship hull, rudder and propeller. Sato at al. [74] combined hull forces computed by
a RANSE code and a mathematical model representing rudder and propeller force to simu-
late Zigzag maneuvers. Bellevre [9] and Takada et al. [83] used similar methods to simulate
the maneuvers of a submarine and the performance of an advanced keel of a racing yacht
with horizontal and vertical rudders considering six Degrees Of Freedom (DOF) motion.
Unsteady RANSE computations were performed by Ohmori [62] for Planar Motion Mecha-
nism (PMM) motion of a ship using a moving-grid system and by Chen and Huang [17] for
a berthing ship in full scale applying a Chimera grid system.

The last decade has seen increasing consideration of free surface deformation in
RANSE computations for ships. The breakthrough in ship hydrodynamics was seen at the
Tokyo 1994 Workshop (Kodama et al. [44]), where no less than ten methods featured this
capacity. Although the earliest numerical method (Marker-and-Cell, MAC) devised for un-
steady free surface flow problems was already proposed in 1965 by Harlow and Welch [34],
it is mainly used to investigate internal flows, such as sloshing. The first references in ship
hydrodynamics are from the mid-eighties, when Miyata et al.[53] introduced their version
of the MAC method called TUMMAC. A large number of referencesto subsequent develop-
ments is documented by Larsson [48] and Miyata [56].

Moving grid methods, sometimes called Lagrangian grid methods or interface-tracking
methods, see Hirt et al. [35] and [36], are until today the most widely used approach for mod-
eling the free surface in computational ship hydrodynamics, De Bernardis [10]. Examples
can be found in Miyata et al. [55], who applied curvilinear grid systems and a finite-volume
method to study the free surface flow about a Wigley hull and a HSVA tanker in steady
straight course. In such applications, only the water flow iscomputed and a Lagrangian grid
is constructed to be adapted to the instant position of the free surface, which is unknown
at the beginning of computation. The limitation of such methods is that they cannot track
surfaces that break apart or intersect, which draws a barrier for the method to be applied
to problems with large amplitude free surface deformations(e.g. wave breaking) and ship
hull with complicated geometry. Despite these shortcomings, moving grid solvers have been
considerably improved, and on the Gothenburg 2000 Workshop(Larsson et al. [49]), seven
out of 13 CFD solvers with free surface capacities were stillusing this technique .

The first viscous transient free surface flow computation by aVolume-Of-Fluid (VOF)
method appeared more than twenty years ago, see Hirt and Nichols [37]. Many similar
methods have been presented since then. The VOF approach has, however, just recently
become more widely used in ship hydrodynamics. These methods employ a numerical grid
that includes both water and air domain and does not follow the free surface deformation.
Some of these methods solve the part of the water flow only (normally ignoring viscosity
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of the water); others solve both water and air flow. In the latter methods, the position of
the free surface is determined by solving an additional transport equation for the volume
fraction of one phase (water or air). Such a method is used in this work. Some examples and
a detailed description of the VOF approach can be found in Muzaferija and Perić [58]. The
VOF methods have proven to be very suitable to analyze many problems in free-surface ship
hydrodynamics such as sloshing, slamming, surface-piercing propellers and large amplitude
ship motion in waves.

Early applications of the VOF method analyze flow characteristics around bodies mov-
ing with prescribed motion. Arai et al. [4], Schumann [77] and Sames [73] applied such
methods for water impact (slamming) problems of two dimensional sections such as wedges,
circular cylinders and bow sections. A 3D ship bow water entry was investigated by Muzafer-
ija et al. [57] and Klemt [42]. Also, investigations of radiation and diffraction problems
are conducted by applying the VOF techniques. One of the early works was conducted by
Kawamura and Miyata [40] for flow around a high-speed ship. Hino [38] and Azcueta et al.
[7] and [8] carried out comparative studies on the free surface flow around a ship model with
a blunt bow involving breaking waves. Computations of breaking waves were presented
by Schumacher [76] for waves behind a submerged hydrofoil and by Caponnetto [15] for
flows around a planing hull (spray generation, detachment and reattachment of the water at
the chine). Wilson et al. [89] computed diffraction problems of a forced steadily advanc-
ing naval combatant in regular head waves. In maneuvering applications, extensive work
has also been done for the Series 60 hull form in steady oblique motion with focus on free
surface deformation, see Alessandrini and Delhommoeau [3], Tahara [82] and Queutey and
Visonneau [69]. Their results were compared with experiments published by Longo and
Stern [52] with satisfactory agreement.

Since the motion of a floating body is a direct consequence of the flow-induced forces
acting on it while at the same time these forces are a functionof the body movement itself,
the prediction of flow-induced body motion in viscous fluid isa challenging task and requires
coupled solution of fluid flow and body motion. One of the first works analyzing the body
motion by a free surface RANSE method can be found in Orihara and Miyata [63], where
sinkage and trim of semi-planing boats are simulated. Further extension of the work to heel
motion of a sailing boat is given in Miyata et al. [54]. Subramani et al. [81] and Orihara [65]
predicted flows about a high-speed ship considering sinkageand trim. Orihara and Miyata
[64] examined the effectiveness of their RANSE code as a design tool for a hull form with
smaller resistance in waves. Dynamic heave and pitch motions of a ship in head waves have
been studied by several researchers, see Kinoshita et al. [41], Sato et al. [75], Azcueta [5]
and Cura Hochbaum and Vogt [20]. Azcueta [6] simulated the dynamic sinkage and trim
of a sailing boat as well as its motion in waves. Recently, Klemt [43] has analyzed a fast
conventional passenger ferry advancing in head waves emphasizing on the ship motion and
slamming loads on the bow door. So far, to the author’s knowledge, this coupled solution
technique has not been applied to maneuvering motion of a ship with one exception presented
by Akimoto and Miyata [2], where motions of a sailing boat have been predicted. Only the
hull has been modeled geometrically. The appendages have been idealized by a wing theory
and empirical equations.

Although the conventional codes based on strip theory or panel methods will still be
used in the near future for seakeeping and maneuvering applications, the coupled solution
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of flow and motion involving RANSE solvers will be useful in investigating problems where
the influence of viscous effects or nonlinearities is significant, such as roll motion, slamming,
large motion in waves and maneuvering.

1.3 Present Contributions

The present work aims at the application of the coupled solution of RANSE and body motion
to seakeeping and maneuvering in waves. On this way, the workpursues mainly three goals:

1) Building up a viscous numerical wave tank.
In this tank, small amplitude waves and large amplitude wavepackages are generated.
The accuracy and the damping-factor of the generated waves are assessed and differ-
ent methods (e.g. inlet condition and moving non-slip wall)for wave generation are
examined.

2) Implementing the rigid body dynamics into the existing flow solver.
The method allows for time-accurate simulations of floatingbodies in waves, where
motions of both 2D simple-geometry bodies and 3D complex-geometry ships are ana-
lyzed.

3) Extending the method further to more complex ship maneuvering applications.
The aim is to obtain a time-accurate simulation of a whole maneuvering procedure of
a self-propelled ship. This requires modeling the interaction of ship, its propeller(s)
and its rudder(s). Turning circle and Zigzag maneuvers are performed as examples.

Such analyses have to cover rather long periods of real time to give insight into the
maneuvering characteristics. Typically, the whole maneuver has to be simulated, which
requires a method with high accuracy for the body motion. Therefore, an accurate rotation
operator is implemented in this work whereas previously applied methods, see Azcueta [5]
and Klemt [43], do not ensure orthogonality of the body-fixedcoordinates.

The first two parts of the present work were begun almost simultaneously under the
framework of a BMBF1 research project ROLL-S2 aiming at developing and validating a
computational technique for the coupled analysis of viscous flow and flow-induced body
motion in waves. The interaction of flow and floating-body without incoming waves is in-
vestigated to test the robustness and accuracy of the coupled algorithm, the moving-grid
technique for body motion and the prediction of free surfacedeformation. Test cases such
as water entry of a 2D rectangular and circular cylinder etc.are validated and published in
Hadžić et al. [30] and Xing-Kaeding et al. [98]. In addition, waves are generated and tested
in the viscous numerical tank before the interaction of waves and floating bodies can be an-
alyzed. Two techniques are applied for wave generation in this work, namely by specifying
the inlet condition and by simulating the flapping motion of awave-maker. The latter tech-
nique is particularly attractive for validation purpose. Relevant numerical parameters and the

1German Ministry of Education and Research
2Safety of ships and cargo at large ROLL angle at Sea
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required resolution of grids are examined and discussed to achieve an accurate prediction of
the wave profile and minimize the wave damping during its propagation.

By combining these two parts, the technique was then ready tobe used in prediction of
the motion of a floating body in waves. A variety of 2D simple-geometry bodies were first
tested in the numerical wave tank subjected to both small amplitude waves and large ampli-
tude wave packages. Correspondingly, experiments were conducted for validation purposes
at two water tanks, namely at the Technical University Hamburg-Harburg (TUHH) and the
Technical University Berlin (TU Berlin) . Due to the very promising agreement in these test
cases, see Xing et al. [91]-[92] and Hadžić et al. [30]-[31], the work is extended to applica-
tions in three dimensions, which is obviously of main interest in practice. A RoRo vessel
running against incoming regular waves atFn = 0.22 was selected as an example and the
predicted motion was compared with the model test results, showing satisfactory agreement.
The underlying work on ship seakeeping applications was documented in Xing-Kaeding et
al. [95]. The first two parts of the work were summarized in thefinal report of the ROLL-S
project, see Hadžić et al. [32].

Since this coupled approach in the present work has demonstrated its robustness and
accuracy, the method is further extended to more challenging ship maneuvering applications.
The ultimate goal is to perform a transient motion simulation of the whole maneuvering
process of a self-propelled ship with its own operating rudder. This requires the modeling of
the maneuver organs, e.g. propeller and rudder, and their interaction with the ship in turbulent
free surface flow. The rudder is geometrically modeled and surrounded by sliding interfaces
to allow rotation of the rudder during computation. The propeller is simulated by applying
body forces distributed to a layer of finite-volume cells in the propeller plane for the time
being to avoid further complication of the geometry and reduce the computing effort (due to
the current limit on computer performance). Before any time-accurate maneuver like turning
circle or Zigzag maneuver can be performed, the modeling of the single components, i.e.
rudder and propeller, and their interaction between each other has to be validated, see Xing
et al. [93] for this basic work. Also, the boundary conditions and moving-grid techniques
have to be tested and assessed beforehand. This work was presented on several international
conferences, see Xing et al. [94], Xing-Kaeding and Jensen [96]-[97], and Jensen et al. [39].

Building upon this experience, simulations of turning circle and Zigzag maneuvers were
performed for self-propelled and -steered ships freely floating at the free surface in the vis-
cous numerical water tank. This kind of simulation – as mentioned in the last section – is
yet not common among research groups worldwide. The presentwork rather belongs to one
of the first works applying the coupled technique and a unifiedapproach to different fields
of ship hydrodynamics, taking an important step towards theambitious goal of theVirtual
Towing Tank.

1.4 Structure of the Thesis

The methodology of the coupled simulation of fluid flow and flow-induced body motion is
introduced in Chapter 2. The theoretical basis of flow solver, rigid body dynamics and their
coupling procedure is introduced first. Then it is explainedhow the algorithms for fluid flow,
body motion and coupling of both are implemented numerically. In the following section, the
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initial and boundary conditions for ship hydrodynamic applications are discussed. Finally,
different types of numerical grids applied in this work are outlined and grid-moving strategies
adopted in this work are addressed.

Chapter 3 presents a number of two-dimensional test cases offlow and floating body
interaction focusing on verification and validation of the numerical method and demonstra-
tion of the robustness and reliability of this coupled approach. First, water-entry and -exit of
a horizontal circular cylinder are computed with the main concern on accurate predictions
of the cylinder motion and the water elevation over time (e.g. jets formation during water-
entry). The computational results are compared with experiments, showing good agreement.
Especially in terms of the free surface deformation, jet forming, traveling, and collapsing as
well as entrapped air bubbles near the cylinder have been captured successfully. Then, waves
– both small amplitude regular waves and large amplitude wave packages – are generated and
tested in the viscous numerical wave tank. Recommendationsof the selection of numerical
parameters/schemes and necessary grid resolutions for wave generation are given. Next, the
motion of simple-geometry bodies – in both constrained and free motion – is predicted in
regular waves. A rectangular cylinder, a mid-ship section with and without keels, and the
interaction of two freely floating bodies are computed. The motion of the rectangular cylin-
der is validated by own experiments. Finally, the large motion of a rectangular cylinder is
predicted under large amplitude wave packages, further demonstrating the applicability and
reliability of the underlying coupled procedure and the adopted moving-grid strategy.

Chapter 4 extends the method further to 3D problems of predicting the motion of
a complex-geometry ship subjected to waves. Incoming waves– both head and oblique
waves – are generated in the viscous wave tank. As they traveltowards the ship, the result-
ing ship motion is realized by the underlying moving-grid method, which is proven to be
stable and effective. Computational results are compared with available experiments, show-
ing satisfactory agreement. The emphasis of this chapter isto demonstrate the applicability
of the present numerical method in studying special problems in seakeeping to reduce the
number of expensive model tests in the towing tanks. In addition, robustness, flexibility and
accuracy of the coupled method are further examined, which serves as a preliminary step
for more complex simulations in ship maneuvering simulations, which will be presented in
Chapter 6.

To be capable of predicting ship motions during maneuveringoperation, a necessary
step beforehand is to model the maneuvering organs like propeller and rudder as well as
their interaction with each other and with the ship hull. Three sub-steps are taken in Chapter
5. The first sub-step comprising the first two sections in Chapter 5 deals with rudder and
propeller models individually. The rudder is geometrically modeled first in 2D, and then in
3D (without and with rudder fin), and numerical parameters influencing the simulation are
discussed. The propeller is modeled by a body force distribution simulating the effect of
propeller thrust, torque and side force on the fluid flow. Two methods to determine the total
thrust of the propeller are proposed, which are applied later in the maneuvering tests. The
second sub-step is to couple the propeller with the rudder and to model their interaction with
each other. The rudder forces – both lift and drag forces – increase dramatically due to the
rudder’s location in the slipstream of the propeller. The axial velocity distribution on the
propeller plane becomes less homogenous due to the presenceof the rudder. The third sub-
step is to assemble the propeller and the rudder in the regionof the ship wake so that their
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interaction with a hull in captured motion is simulated. Theimportant maneuvering forces
– rudder forces behind the propeller and the ship hull – are further examined under different
angles of attack, and the comparison with the experimental data shows very satisfactory
agreement.

As techniques for modeling individual maneuvering devicesand their interaction with
the ship hull are examined in Chapter 5, the simulation of motion of a maneuvering ship with
appendages is focused on in Chapter 6. The main goal of this chapter is to show how robust,
reliable and accurate this coupled method is in applications to such complex maneuvering
operations and thus to demonstrate the applicability and flexibility of the unified approach
to different problems in ship hydrodynamics. A container ship is selected as example to per-
form different maneuvers in this chapter. Steady drift motions at a series of drift angles are
first computed – with free surface considered – for the fully-equipped container ship to ex-
amine the hydrodynamic forces and moments acting on the shiphull and the rudder surfaces
and validate them with measurements, which builds up a solidbasis for further maneuvering
motion simulations. Then, turning circle maneuvers are conducted in the numerical water
tank. The Wigley hull – due to its simple geometry – is used to examine the suitability of the
boundary conditions and the moving-grid strategies by a semi-captured turning circle test (no
rudder is modeled), where roll, heave and pitch motions are free while surge, sway and yaw
motions are predefined. The turning circle maneuver of 6-DOFship motion is then computed
for the self-propelled container ship on its own operating rudder. Since no model test result
is available for the turning circle maneuver of the container ship, the computed maneuvering
characteristics of the ship are compared to the measurements from full scale trials, showing
reasonably good agreement. As the last and most challengingapplication, Zigzag maneuvers
are simulated for the Wigley hull and the container ship. A captured25Æ Zigzag maneuver
of the Wigley hull is conducted against incoming head waves to test the applicability of the
boundary conditions. A quite realistic and complex wave pattern can be observed in this
simulation. Then, the fully-equipped container ship performs a10Æ/10Æ Zigzag maneuver by
its own operating rudder. The predicted track, motion and maneuvering characteristics of the
ship are compared to available model test measurements, showing promising agreement.

The last chapter summarizes this work, draws conclusions and gives suggestions on
future research work.



Chapter 2

Numerical Method

2.1 Introduction

This chapter describes the underlying numerical method forthe coupled simulation of fluid
flow and the flow-induced body motion. First, the theoreticalbasis of the flow solver, rigid
body dynamics and their coupling algorithm is introduced insection 2.2. In the follow-
ing, section 2.3 gives the numerical implementation of thiscoupled procedure. Section 2.4
describes the initial and boundary conditions for ship hydrodynamics applications. In the
last section, numerical grids are discussed concerning thedifferent types of grids and grid-
moving strategies adopted in this work.

2.2 Theoretical Basis

2.2.1 Fluid Flow

The finite volume method is employed here for computation of incompressible viscous
fluid flows with free surface. The solution domain is divided into a finite number of non-
overlapping control volumes (CVs). The integral form of conservation equation is applied
to each CV (see Eq. 2.1), where piecewise profiles expressingthe variation of variables
(�) over the CV and its neighboring CVs are used to evaluate the required integrals. If the
equations for all CVs are summed up, the conservation equation for the solution domain as
a whole can be obtained, since surface integrals over inner CV faces cancel up. This implies
that the integral conservation of quantities (�) is exactly satisfied over any group of CVs
and, of course, over the whole calculation domain, which makes the finite volume method
especially attractive.

The generic conservation equation for a scalar quantity is written in its integral form:ddt ZV �� dV + ZS �� (v � vb) �n dS = ZS �r� �n dS + ZS q�;S �n dS + ZV q�;V dV ; (2.1)

9
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wheret is time,� denotes the density of the fluid,V is the volume of each CV bounded by
a closed surfaceS, v is the fluid velocity vector whose Cartesian components areui, vb is
the velocity of the CV surface, andn is the unit vector normal to the CV face and directed
outwards.� is the diffusion coefficient,q�;S contains portions of the flux vector which are
not included in the term�r�, andq�;V is the volumetric source of the conserved scalar
quantity�.

The scalar quantity� can be any conservedintensiveproperty (intensiveproperty means
the the property which is independent of the amount of matterconsidered.). This property
can be the unit 1 (for mass conservation), velocity vectorv (for momentum conservation),
turbulence quantities like kinetic energy of turbulence orits dissipation rate, enthalpy, or
concentration of chemical species. For incompressible flows, the corresponding equations
for mass and momentum conservation are expressed below:ddt ZV � dV + ZS � (v� vb) � n dS = 0 ; (2.2)ddt ZV �v dV + ZS �v (v � vb) � n dS = ZS (T� pI) � ndS + ZV �b dV : (2.3)

In the above equations,T is the viscous stress tensor,p is the pressure,I is the unit
tensor, andb represents the body force vector. Only Newtonian fluids are considered here:
in Cartesian coordinates the components of the viscous stress tensor�ij are defined as�ij = � �ui�xj + �uj�xi !� 23Æij�r � v (2.4)

with � being the molecular viscosity of the fluid andÆij the Kronecker delta (1, wheni = j,
otherwise0).

When the control volume moves or changes its shape, the so-called space conservation
law (SCL) has to be satisfied. It is expressed by the following relation between the rate of
volume change of the CV and the velocities at its facesS:ddt ZV dV � ZS vb � n dS = 0 : (2.5)

Solutions of continuity and Navier-Stokes equations, Eqs.(2.2) and (2.3), are not easy
to obtain because the continuity equation, Eq. (2.2), does not have an independent variable
and the pressurep, which appears in the momentum equation, Eq. (2.3), is an extra unknown
in addition to the unknown velocity vector. In incompressible flow, the pressure is therefore
indirectly determined via the continuity equation, which needs to be treated with special
attention, see section 2.3.1 for more details.
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Modeling of free surface flows

Methods for computation of free surface flows can be grouped into two broad categories.
Interface-tracking methods appeared earlier, where normally only the water flow is computed
and numerical grids have to be adapted to the instant position of the free surface. Since the
free surface position is normally unknown at the beginning of computation, the complexity of
adaptation of the grid to the free surface draws a barrier forthe method to be applied to a ship
hull with complicated geometry. Furthermore, difficultiesof grid adaptation rise dramatically
when strong deformations of the free surface (like breakingwaves) appear. Another type of
method, the so called interface-capturing method, is more suitable to analyze complex wave
phenomena and ship geometry, and therefore has been taken inthis work. This method treats
the continuum as a mixture of two species (water and air) and assumes:� The mixing of two immiscible species on the molecular level does not take place. So

the mass diffusion flux can be set to be zero.� Two species share the same velocity, pressure and temperature field. This assumption
is only relevant in a small part of solution domain where the interface exists since all
transport equations are identical as in the case of one-fluidflow where only one fluid
is present.

In addition to the conservation equations for mass and momentum, a transport equation for
void fraction of the liquid phase
 is introduced:ddt ZV 
 dV + ZS 
 (v � vb) � n dS = 0 : (2.6)

Here the void fraction of the liquid phase
 is defined as
 = VlV ; (2.7)

whereVl denotes the volume occupied by the liquid phase in a CV with the volumeV .

The computational domain extends over both water and air phase; the void fraction
 is
set equal to 1 for CVs filled by water, 0 for CVs filled by air, andbetween 0 and 1 if one CV
is partially filled with one and partially the other fluid. As it is assumed that both fluids share
the same velocity and pressure if0 < 
 < 1, both fluids are treated as a single effective fluid
whose properties vary in space according to the volume fraction of each phase, i.e. :� = �1
+ �2 (1� 
) ; � = �1
 + �2 (1� 
) ; (2.8)

where subscripts 1 and 2 denote the two fluids: 1 for water and 2for air.

No boundary is represented by the interface between two fluids. If surface tension is
significant at the interface, it can be treated by a body forcein the momentum equation as a
function of the volume fraction
, which is achieved by introducing thecontinuum surface
force (CSF) model (see Brackbill et al. [12]). In the applicationsof this work, surface
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tension forces are in general small at the free surface and therefore neglected.

Modeling of turbulence

For computations of turbulent flows around ships, the so-called Reynolds Averaged
Navier-Stokes equations are solved instead of directly solving the Navier-Stokes equations,
although turbulent flows are actually well described by the Navier-Stokes equations. How-
ever, theDirect Numerical Simulation(DNS), which, as it says, solves the Navier-Stokes
equations directly, is of little practical interest since it can only be applied to simple flows
of low Reynolds number (Rn) at the current state of computer resources. Another approach
is the so-calledLarge Eddy Simulation(LES), in which the large-scale turbulence eddies
are directly resolved by the numerical grid while the small-scale turbulence is treated by a
turbulence model. This method is in its beginnings of being applied to complex flows in engi-
neering practice, but its computational cost is still too high to be applicable to highRn flows
around ships. An alternative to LES is theDetached Eddy Simulation(DES), which could be
a good compromise between accuracy and cost. In the DES approach, RANS is used for the
attached boundary layer and LES is used for the free shear flowresulting from separation,
Travin et al. [85]. To the author’s knowledge, this method has not yet been applied to ship
flows. The fact that ships have rather complex geometry and turbulent flows around ships
usually have high Reynolds number makes the RANS method the only currently available
approach.

The RANS equations have the same form as conservation equations for laminar flow,
see Eq. (2.2)-(2.3). The only difference is that the variables are now replaced by averaged
ones by ensemble averaging (or time averaging if the flow is not transient). Each quantity is
replaced by its average and a fluctuation:ui = ui + u0i ; (2.9)� = �+ �0 ; (2.10)

where the overbar denotes the averaged quantity and0 denotes the fluctuating part of a vari-
able, which also applies later on.

This poses no problem with the linear terms since averaging any linear term in the
conservation equations gives just the identical term for the averaged quantities in the RANS
equations, which is the case for the continuity equation. However, for momentum and scalar
equations, additional terms result:��ui� = ��(ui + u0i) ��+ �0� = ��ui�� �ui0�0 ; (2.11)��uiuj = ��(ui + u0i) �uj + u0j� = ��uiuj � �u0iu0j ; (2.12)

The last term of the above equation brings more unknowns thanequations available and
therefore has to be modeled to close the equation system.
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The well-known eddy-viscosity types of turbulence models are selected in this work,
which assume an analogy between the turbulent and viscous diffusion and then model the
effects of turbulence by introducing turbulent diffusivity terms.

For scalar quantities ��u0i�0 = �t ���xi (2.13)

where�t represents the turbulence diffusivity coefficient.

The terms��u0iu0j, see Eq. (2.12), called as Reynolds stresses, are expressedby a similar
form as the viscous stress tensor:��u0iu0j = �t  �ui�xj + �uj�xi !� 23 �Æijk (2.14)

wherek is the kinetic energy of turbulencek = 12u0iu0i ; (2.15)Æij is the Konecker delta and�t is the so-called eddy viscosity.

The dynamic viscosity in the momentum equation, Eq. (2.3), is now replaced by a so-
calledeffectiveviscosity: �e� = �+ �t : (2.16)k-� turbulence model

The most popular eddy-viscosity model is the standardk-� model (see Launder and
Spalding [50]), which will be briefly introduced here.

Since the turbulence/eddy viscosity�t is not a material property, it depends on density,
velocity (expressed by the square root of kinetic energy of turbulence) and turbulence length
scale as expressed below: �t = �C�pkL ; (2.17)

whereC� is a model parameter.L is the turbulence length scale, which is determined by the
turbulence dissipation rate�, andk is the kinetic energy of turbulence as introduced above.

The determination of turbulence length scaleL is not obvious. The following relation
is assumed following the fact that the rates of constructionand destruction of turbulence are
in near-balance in the so-called equilibrium turbulent flows:
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Substituting Eq. (2.18) into Eq. (2.17), the turbulence viscosity�t can be rewritten as�t = �C�k2� : (2.19)

Employing the standardk-� model, the pressure is modified bypm = p+ 23�k : (2.20)

The conservation equations fork and� have the same form as for other scalars and can
be derived:ddt ZV �k dV + ZS �k (v � vb) � n dS = ZS ��+ �t�k�rk � n dS + ZV (Pk + PB � ��) dV ;

(2.21)ddt ZV �� dV + ZS �� (v� vb) � n dS = ZS ��+ �t���r� � n dS+ (2.22)ZV "C�;1 Pk �k � C�;2 ��2k + C�;3max (PB; 0) �k# dV;
wherePB is due to buoyancy and is neglected here.Pk represents the production of turbulent
kinetic energy by shear and is modeled asPk = ��u0iu0j �ui�xj = �t  �ui�xj + �uj�xi ! �ui�xj ; (2.23)

The values of the empirical coefficientsC�, �k, C�;1, C�;2, C�;3 and�� in the standardk-� turbulence model are given in Table 2.1.

Another turbulence model, the RNG (Renormalization Group)k-� model (see Yakhot
and Orzag [99]), has also been tested in this work. This modeldiffers from the standardk-�
model in the following two aspects:� An additional source term for the� equation is introduced, which is associated with

the effect of the rate of mean flow distortion on turbulence dissipation rate:S� = � ZV C�f 3 �1� fC�;5 �1 + C�;6f 3 ��2k dV ; (2.24)
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Table 2.1: Values of empirical coefficients in the standardk-� turbulence modelC� C�;1 C�;2 C�;3 �k ��
0.09 1.44 1.92 1.44 1.0 1.3

Table 2.2: Values of empirical coefficients in the RNGk-� turbulence modelC� C�;1 C�;2 C�;3 C�;5 C�;6 �k ��
0.085 1.42 1.68 1.42 4.38 0.012 0.72 0.72

wheref = S k� ; with S = q2DijDji and Dij = 12  �ui�xj + �uj�xi ! : (2.25)C�;5 andC�;6 are empirical parameters given in Table 2.2. This extra termis believed
to be important when the dimensionless shear (ratio of turbulent dissipation time scalek=� and the mean flow distortion time scale1=S ) is large compared with unity.� The model parameters differ from the standardk-� turbulence model and are given in
Table 2.2.

The comparison on the numerical results using the two modelswill be shown for a
rudder profile in section 5.2.3.

2.2.2 Rigid Body Dynamics

Frames of reference

To describe the rigid body motions, the frames of reference to which the motions of the
rigid body are referred, are defined here first:� A global coordinate system (GS) is a non-rotating, non-accelerating Newtonian ref-

erence system. It coincides with a space-fixed coordinate system if it is defined as a
frame of reference fixed to space, or it can also be a frame of reference moving at a
constant velocity with its axes parallel to the space-fixed coordinate system. It is de-
fined here with the XY plane parallel to the undisturbed free surface plane and Z axis
pointing upwards for convenience. This frame of reference is taken to describe the
RANS equations and to record the position and orientation ofthe rigid body.� A body-fixed coordinate system (BS) is set to be originated atthe mass center of the
body, maintaining the orientation of the body. With respectto a ship, the x-axis is
in the longitudinal direction pointing towards the ship bow; the z-axis is set to be
upwards pointing to the superstructure of the ship, and y-axis is pointing the port side
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following the right-hand rule. This coordinate system is helpful to identify the rigid
body orientation and to realize the body motion or constraincertain angular motions
of the rigid body.� An intermediate frame of reference (IS) is defined as a non-rotating Newtonian system
with the body mass center as its origin. The angular momentumequations become
simpler in this system since the momentum lever of linear momentum vanishes. It is
possible to construct the angular momentum equations in such a system because in
principle the reference point of the body angular momentum can be chosen in space at
random. Though, a good deal of care must be exercised in doingso because it must
be considered simultaneously a space-fixed and body-fixed point. In other words, at
any instant of time (time ceases to flow), the body can have velocity and acceleration
relative to it, but never a displacement. In this way, the velocity and acceleration of
the center of mass computed relative to this point are absolute and relative to the GS.
This type of reference system was devised by Leonard Euler (see e.g. Kolk [45]) and
will be used in this work to compute the velocity and acceleration. As the velocity
and acceleration of the body computed in this system – as already mentioned – are
absolute and relative to the GS, GS will be referenced later on to coincide with the
displacement.

Governing equations of rigid body motion

The governing equations of the motion of a rigid body with sixDegrees Of Freedom
(DOF) in a Newtonian reference system are:d (mvC)dt = f : (2.26)d (MC � !C)dt = mC : (2.27)

In the above equations,m represents the mass of the body,vC is the velocity vector of
the center of mass of the body,MC is the tensor of the moments of inertia of the body,!C is
the angular velocity vector of the body,f is the resultant vector of forces acting on the body,
andmC represents the moments acting on the body with respect to itscenter of mass.

Since the mass of the rigid body is supposed to be constant andthe moments of inertia
of the body keep constant with respect to BS, Eq. (2.26) and Eq. (2.27) can be written asm _vC = f ; (2.28)

and d (MC � !C)dt = MC � d (!C)dt = MC � _!C + !C �MC � !C = mC : (2.29)

with respect to the BS.
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According to the principle of virtual work, we can set[Ærg℄T � f g = [Ær℄T � f ; (2.30)[Ærg℄T �mCg = [Ær℄T �mC : (2.31)

Here, the superscriptg indicates the variables expressed in terms of the GS (or IS),
which applies throughout this work.Ær denotes an infinitesimal virtual displacement vec-
tor. Then, the equations with respect to the GS can be derived(for the derivation, see Ap-
pendix A): m _vgC = f g ; (2.32)

and MCg � _!Cg + !Cg �MgC � !Cg = mCg : (2.33)

Here,MgC is the tensor of the moments of inertia with respect to the mass center of the body
expressed in GS. When the body rotates,MgC is changing; therefore it is updated each time
the body position changes by the following expression:MgC = TT �MC � T�1T : (2.34)

HereMC is the constant moments of inertia with respect to the BS and usually known at the
initial stage for a certain rigid body.TT stands for the transformation matrix from the BS to
the GB (or IS). The columns ofTT are the unit vectorsx, y andz attached to the BS.

Eulerian angles

Once the angular velocities of the body are obtained, the orientation of the body can be
determined from the tensorTT, whose columns are the unit vectorsx, y andz attached to
BS. In engineering applications, the interest is in how far the vehicle (body) has been rotated
about its own axes (x, y andz) from the space-fixed reference (GS) rather than how far the
vehicle should be rotated about the axes in the GS. For instance, one speaks about the roll
motion of a ship, indicating how far the ship has been rolled about its own longitudinal axis
from a horizontal space reference. This being the case, one would like to rotate one axis
system successively about its own axes so that at the end of the third rotation the axis system
would be parallel to the expected axis system. Care must be taken to the order of the rotation,
since they do not obey the commutative law thereby requiringthe sequence of rotations to
be kept. Though the sequence is arbitrary, the following onehas been taken here to follow
the common practice of ship hydrodynamics.

As explained in Fig. 2.1, we rotate first by aboutZ, then by� aboutY0
(whereY0

is
the new orientation of theY-axis brought about by the -rotation), and finally by' aboutx (wherex is the new orientation of theX-axis brought about by the -rotation and by the
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Figure 2.1: Sequence of rotation.�-rotation, and moreover it is the newx axis attached to BS). Note thatX, Y andZ are the
space-fixed axes, andx, y andz are the body-fixed axes. It should be also noticed that the
procedure generates three axes intermediate to the space- and body-axes, which are denoted
with single primes and not necessarily being orthogonal.

The following equations describe the intermediate axes as defined above in vector form:X0 = x� (x � Z)Zjx� (x � Z)Zj ; (2.35)Y0 = Z�X0 ; (2.36)

The three Eulerian angles , � and' can be obtained: = ar
sin h�X�X0� � Zi ; (2.37)� = ar
sin h�X0 � x� �Y0i ; (2.38)
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sin h�Y0 � y� � xi : (2.39)

Here, the Eulerian angles , � and' are defined asyaw, pitchor trim androll or heelangles
respectively.

The transformation matrixTT from BS to GS can now be expressed in terms of the
Eulerian angles', � and by pursuing the reverse sequence of the rotation:TT = 0B� 
os � sin 0sin 
os 00 0 1 1CA � 0B� 
os � 0 sin �0 1 0� sin � 0 
os � 1CA �0B� 1 0 00 
os' � sin'0 sin' 
os' 1CA= 0B� 
os � 
os sin' sin � 
os � 
os' sin 
os' sin � 
os + sin' sin 
os � sin sin' sin � sin + 
os' 
os 
os' sin � sin � sin' 
os � sin � sin' 
os � 
os' 
os � 1CA :

(2.40)

As shown in Fig. 2.1, the orientation of the body in space can be fully described by the
Eulerian angles', � and about the axesx, Y0

andZ, respectively. As the rate of change
of the body’s orientation is its angular velocity, it follows that the angular velocity!Cg has
scalar components of_', _� and _ along the aforementioned axes in the following form:0B� !gC;1!gC;2!gC;3 1CA = 0B� 00_ 1CA+ 0B� 
os � sin 0sin 
os 00 0 1 1CA � 0B� 0_�0 1CA+0B� 
os � sin 0sin 
os 00 0 1 1CA � 0B� 
os � 0 sin �0 1 0� sin � 0 
os � 1CA � 0B� _'00 1CA= 0B� 
os 
os � � sin 0sin 
os � 
os 0� sin � 0 1 1CA �0B� _'_�_ 1CA (2.41)

Constrained motion

It is sometimes desirable that kinematical constraints canbe considered for the simula-
tion of body motion. Either they can be someimaginaryconstraints to simplify the compu-
tational model and reduce the computational effort or they are physicalconstraints as often
used in the model tests to concentrate on some degrees of freedom of the model and restrict
others.

The analytical expression of the constraint equations for arigid body can be generally
formulated as: �k (d; t) = 0 k = 1; 2; :::; p; p < 6 ; (2.42)
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heret is time andd denotes the dependent coordinates, i.e.:

d = 0BBBBBBBB� rxryrz'� 
1CCCCCCCCA ; (2.43)p is the total number of the constraints. The degrees of freedom of the rigid body therefore

reduces to f = 6� p : (2.44)

The number of degrees of freedomf indicates the minimum number of variables which
would have described the motion of the rigid body completelyand therefore are called inde-
pendent variables. It is possible to formulate the equations of motion under constraints with
both dependent or independent coordinates, García De Jalón and Bayo [27]. In general, the
method of the Lagrange multipliers using dependent coordinates offers a simple concept and
permits the calculation of forces associated with the constraints (which depends on the La-
grange multipliers) with a minimum additional effort. However, as the numerical integration
proceeds, this method may suffer a violation of constraint conditions progressively leading to
unacceptable results in all but short simulations (constraint stabilization is usually required
for long simulations). In contrast, in the formulation of independent coordinates the instabil-
ity problem in the integration of constraint equations using Ordinary Differential Equation
(ODE) solvers disappears. Another important advantage of using independent coordinates
is a reduction in the number of equations to be integrated. Only f = 6 � p equations are
obtained using the independent coordinates instead of6 + p equations if dependent coordi-
nates and the method of the Lagrange multipliers are used (atleastp equations in case that
projection matrix is employed). Therefore the independentcoordinates have been selected
here; the method used here is based on the Jacobian matrix, asexplained below.

If f independent coordinates can be pointed out first, one can actually rearrange the
above constraint equation, Eq. (2.42), to define the body position (dependent coordinates)rgC
andTTg as a function of independent coordinates and time:rgC = r (q; t) ; TTg = TT (q; t) ; (2.45)

whereq denotes the selected independent coordinates (there mightbe more than one possi-
bility):

q = 0BBB� q1q2:::qf 1CCCA : (2.46)

Differentiating the above equations, one obtains



2.2. THEORETICAL BASIS 21vgC = �r�q � _q + �r�t = JT � _q+ v0
(2.47)

and !gC = �s�q � _q+ �s�t = JR � _q + !0 : (2.48)

Here, the3� f Jacobian matrix for translation motion is

JT = �r�q = 0BBBBB� �rx�q1 �rx�q2 ::: �rx�qf�ry�q1 �ry�q2 ::: �ry�qf�rz�q1 �rz�q2 ::: �rz�qf
1CCCCCA (2.49)

and the3� f Jacobian matrix for rotation motion is

JR = �s�q = 0BBBBB� �sx�q1 �sx�q2 ::: �sx�qf�sy�q1 �sy�q2 ::: �sy�qf�sz�q1 �sz�q2 ::: �sz�qf
1CCCCCA : (2.50)

�s = [�sx; �sy; �sz℄T is an instant vector about which the rigid body rotates. Its components
can be obtained from the following tensor:�TT � TTT = 0B� 0 ��sz �sy�sz 0 ��sx��sy �sx 0 1CA : (2.51)

The elements in the matrixJR, Eq. (2.50), can be calculated as shown in the following. Take
the first column as an example:

�TT�q1 � TTT = 0BBBBB� 0 ��sz�q1 �sy�q1�sz�q1 0 ��sx�q1��sy�q1 �sx�q1 0 1CCCCCA : (2.52)
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Further differentiating the velocities, Eqs. (2.47) and (2.48), the accelerations of the rigid
body are obtained: _vgC = JT � �q+ LT � _q+ _v0

(2.53)

and _!Cg = JR � �q+ LR � _q+ _!0 : (2.54)

Here LT = � (JT � _q)�q + 2�v0�q (2.55)

and LR = � (JR � _q)�q + �!0�q + �JR�t ; (2.56)

with _v0 = �2r�t2 ; _!0 = �2s�t2 : (2.57)

Substituting Eqs. (2.48), (2.53) and (2.54) into Eqs. (2.32) and (2.33), the governing
equation under constraint conditions reads:M � �q+N = Fg ; (2.58)

where M =  mJTMgC � JR ! ; (2.59)

N =  mLT � _q+mv0MgC � (LR � _q) +MgC � _!0 + �JR � _q+ !0��MgC � �JR � _q+ !0� ! ; (2.60)

Fg =  fgmgC ! : (2.61)

HereFg can be divided into two parts:



2.2. THEORETICAL BASIS 23Fg = Fi;g + Fq;g : (2.62)Fi;g denotes the impressed forces (or moments) acting on the body, which can be obtained
either from the fluid flow (see section 2.2.3) or any external sources andFq;g denotes the
forces (or moments) which maintain the given constraints.

The forces (or moments)Fq;g, usually calledforces of reaction, remain yet unknown at
this point. To eliminateFq;g, D’Alembert’s Principle can be applied:Xk ÆrkTFek = 0 : (2.63)

Note that the superscript g has been omitted here since the principle is generally valid for
all coordinates. In Eq. (2.63),Ær denotes the virtual displacements which are assumed to be
reversible and the indexk denotes the body in a multi-body system, which will be omitted
since only one single body is considered here.Fek are the so-calledeffective forces(see
Lanczos [47]), which result if the forces of inertiaIk are added to the impressed forcesFik
which act on a pointPk . The effective forces can be expressed asFe = Fi + I = Fi �mA ; (2.64)

whereA denotes the acceleration of the body. From the second NewtonLaw,mA = F : (2.65)

Substituting Eqs. (2.64) and (2.65) into Eq. (2.63), one obtainsX ÆrT � �Fi �mA� =X ÆrT � �Fi � F� : (2.66)

With the help of Eq. (2.62)X ÆrT � �Fi � F� =X ÆrT � (�Fq) = 0 : (2.67)Ær must be consistent with the given kinematical constraints:Ær = J � Æq ; (2.68)

with J =  JTJR ! ; (2.69)

whereJT andJR are given in Eqs. (2.49) and (2.50) respectively. Substituting Eq. (2.68) into
Eq. (2.67), it can be obtained
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So JT � Fq = 0 : (2.71)

Substituting Eq. (2.62) into (2.58), then multiplying the matrix JT to both sides of
Eq. (2.58), the unknown termFq;g is eliminated with the help of Eq. (2.71). The resultant
equation reads �JT �M� � �q+ JT �N = JT � Fi;g : (2.72)

The above equation hasf = 6 � p variables and can be solved similarly as Eqs. (2.32) and
(2.33). If one is interested in obtaining the reaction forces, they can be obtained after the
equations of body motion are solved (Eqs. (2.62) and (2.58)):Fq;g = M � �q+N� Fi;g : (2.73)

An example in ship hydrodynamic applications

An often encountered case in ship hydrodynamic applications is taken here as an exam-
ple to demonstrate how the constraint conditions can be constructed. The ship is supposed to
advance with constant velocityV and constant course angle . That is to say, four degrees of
freedom, namely sway, heave, roll and pitch motion are free and therefore can be selected as
independent variables. So the independent coordinatesq can be expressed correspondingly

q = 0BBB� yz'� 1CCCA ; f = 4 : (2.74)

The ship positionrC and orientationTT, see Eqs. (2.45) and (2.40), can be expressed by the
independent coordinates and time:rC = 0B� rxryrz 1CA = 0B� �ysin + V t
os y
os + V tsin z 1CA ; (2.75)

TT = 0B� 
os � 
os sin' sin � 
os � 
os' sin 
os' sin � 
os + sin' sin 
os � sin sin' sin � sin + 
os' 
os 
os' sin � sin � sin' 
os � sin � sin' 
os � 
os' 
os � 1CA :(2.76)
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The Jacobian matrices for translation and rotation motionsare obtained following Eqs. (2.49)
and (2.50) respectively: JT = 0B� � sin 0 0 0
os 0 0 00 1 0 0 1CA ; (2.77)

JR = 0B� 0 0 
os 
os � � sin 0 0 sin 
os � 
os 0 0 � sin � 0 1CA : (2.78)

Other matrices and vectors are calculated according to Eqs.(2.55), (2.56), (2.47), (2.48)
and (2.57): LT = 0 ; (2.79)

LR = 0B� 0 0 0 � _' 
os sin �0 0 0 � _' sin sin �0 0 0 � _' 
os � 1CA ; (2.80)

v0 = 0B� V 
os V sin 0 1CA ; !0 = 0 ; (2.81)_v0 = 0; _!0 = 0 : (2.82)

2.2.3 Coupling of Fluid Flow and Rigid Body Motion

For computing the interaction between fluid flow and rigid body motion, the equations of the
rigid body motion have to be coupled with the flow solver. All variables describing the fluid
flow and boundary conditions have to be revised or updated according to the transient rigid
body motion. At the same time, the motion of the rigid body is strongly influenced by the
forces acting on the body surface from the fluid flow around thebody.

Since the RANS equations describing the fluid flow around the body are expressed
in terms of the GS, it is then convenient to compute the body motion also in the GS
(or IS). Such that the surface forces acting on the body surface from the fluid flow
can be integrated directly from the fluid solver and the body velocity acting on the body
can also be directly fed back to the fluid as part of moving non-slip wall boundary conditions.
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Computation of impressed forces

The impressed forces acting on the body consist of field forces, surface forces and
external forces. The surface forces can be integrated from the pressure and shear forces
acting on the body surface and the field forces are usually regarded as gravity force. The
resultant forcef i;g can be computed by the following expression:f i;g = ZS (T� pI) � n dS +mg + f ge : (2.83)

HereT stands for the viscous stress tensor whose components are�ij introduced in Eq. (2.4),I is the unit tensor,g is the gravity acceleration vector andf ge denotes any explicit external
forces acting on the rigid body.

Field forces do not contribute to the moment around the center of mass, but the moments
due to surface forces (pressure and shear forces) need to be integrated:mi;gC = ZS (r� rC)� (T� pI) � n dS +mgC;e : (2.84)

Here the vectorr represents the position of a certain point on the body surface andrC the
position of the mass center of the body with respect to GS, seeFig. 2.2. The vectormgC;e
includes all explicit external moments applied to the rigidbody.
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Figure 2.2: Motion of the floating body due to the forces acting on the body

Moving no-slip walls

The surface of the rigid body is usually considered as non-slip wall. The velocities
at such a moving wall should therefore be specified and updated at each time instant. The
velocities at the body surfacevb can be computed once the position and the velocity of the
rigid body are known (see Fig. 2.2):vb = vC + ! � (r� rC) : (2.85)
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2.3 Numerical Implementation

2.3.1 Fluid Flow

Since all the governing equations of fluid flow have the form ofEq. (2.1), this equation will
be taken as an example to show how the mathematical model is transformed into a system of
algebraic equations. Three choices are made first:� Vectors and tensors will be expressed in their Cartesian components, which leads to a

form of all equations strongly conservative and less sensitive to grid smoothness.� Control volumes will be organized in an unstructured mannerand can have arbitrary
shape, which offers the great flexibility to adapt the grid tocomplex 3D geometry.� The computational node lies in the center of each CV and collocated variable arrange-
ment is used. Such an arrangement requires least memory to store geometry data and
makes it easier to implement boundary conditions and local grid refinement.

The spatial domain has to be subdivided into a finite number ofCVs, which can in
principle be of any shape. For practical purposes CVs are usually defined by a finite number
of vertices, which are connected by straight lines or edges.Closed polygons of edges define
cell faces, which may not be planar since the vertices may notall lie in one plane. The CV is
thus enclosed by a certain number of cell faces. The Eq. (2.1)can be expressed for each CV
asddt ZV �� dV| {z }unsteady term + mXj=1 ZSj �� (v� vb) � n dS| {z }
onve
tive term = mXj=1 ZSj ��r� � ndS| {z }di�usive term + mXj=1 ZSj q�;S � n dS + ZV q�;V dV| {z }sour
e term

(2.86)

wherej is the index of the CV face withm being the total number of the cell faces.

As indicated, Eq. (2.86) has four distinct parts: unsteady term, convective term, diffu-
sive term and source term. These terms have to be evaluated bydifferent approximations,
which will be briefly given below, for more details see Demirdžić et al. [21] and Ferziger
and Perić [25].

Discretization of the unsteady term

Only implicit methods are considered to discretize the unsteady term, in which the
solution at a new time leveln depends on the unknown variable values also at the new time
level n and therefore cannot be computed without iteration and solution of large algebraic
equation systems. The reason is that explicit methods, which compute the new solution
solely from the information on past data and are therefore much simpler, suffer from severe
constraints on the allowed time-step size for stability reasons. The maximum allowed time
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step by explicit schemes is proportional to the square of thespatial mesh size; this makes
explicit schemes especially inefficient when the grid is locally very fine (e.g. near walls).

For most cases in this work, the second order Implicit Three Time Levels (ITTL) scheme
is selected to approximate the unsteady term in Eq. (2.86), the expression for constant time
step is given below:ddt ZV �� dV � 3 (��V )n � 4 (��V )n�1 + (��V )n�22�t ; (2.87)

where� stands for the dependent variables (
, ui, k, �) andn for the time level. Since� is
required at three time levels, the solutions of� at two previous time levels have to be stored,
and to start the computation two time levels scheme, e.g. theimplicit Euler (IE) scheme, has
to be used: ddt ZV �� dV � (��V )n � (��V )n�1�tn : (2.88)

To assess the influence of the time integration scheme on the results, the IE scheme is
tested in some analyses. All other terms, see Eq. (2.86), areevaluated at the new time stepn
in implicit methods as indicated above.

Discretization of the convective term

The convective term is nonlinear and needs to be linearized,the Picard iteration ap-
proach is adopted here: ZSj �� (v� vb) � n dSj � ��j � _mj ; (2.89)

here��j stands for the averaged value of the convected variable� at the cell-facej (normally
the value at the cell-face center is used as approximation) and _mj denotes the mass flux
through this cell face: _mj = ZSj � (v � vb) � ndSj ; (2.90)

Applying SCL (see Eq. (2.5)),_mj can be expressed as:_mj � �j �v�j � njSj � _Vj� ; (2.91)

wherenj andSj are the normal vector and the area of the cell-surfacej and _Vj is the rate
of change of the CV volume due to the motion of the cell-surface j. The calculation of_Vj
should be consistent with the discretization scheme of the unsteady term. If the ITTL scheme
is used,
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� _Vj = ddt ZV dV � 3V n � 4V n�1 + V n�22�t= 3 (V n � V n�1)� (V n�1 � V n�2)2�t= 3ÆV n � ÆV n�12�t ; (2.92)

whereÆV n andÆV n�1 are the changes of the CV volume between the time leveln and(n�1)
and between(n � 1) and(n � 2) respectively. The change of the CV volume is the sum of
the swept volume of all CV surfaces, i.e.ÆV n = �ÆV nj andÆV n�1 = �ÆV n�1j . Then_Vj � 3ÆV nj � ÆV n�1j2�t ; (2.93)

whereÆV nj andÆV n�1j denotes the swept volume by the CV surfaceSj between the time
leveln and(n� 1) and between(n� 1) and(n� 2) respectively.

If the IE scheme is used, similar derivation is valid. i.e._Vj � ÆV nj�t : (2.94)

The evaluation of��j andv�j for the cell-faceSj has a strong influence on both the
accuracy and stability of the numerical method. The interpolation operation forv�j needs
some special attention to ensure the strong coupling of velocity and pressure, which will be
introduced later. The calculation of��j follows common interpolation practices for convective
terms, which are briefly introduced here:� First-order Upwind Differencing (UD) scheme, which relieson the donor-acceptor

concept and can be expressed as�jUD = ( �P ;when the 
ow is from P to Pj�Pj ;when the 
ow is from Pj to P ; (2.95)

whereP andPj denote the CV centerP and its neighbor CV centerPj, which share
the cell-facej. In this work, the UD scheme has always been used for the discretization
of the turbulence quantities.� Second-order Central Differencing (CD) scheme, which is basically a linear interpola-
tion scheme. Based on the simplest second-order linear approximation� (r) = �P + (r�)P � (r� rP ) ; (2.96)

the cell-face value can be calculated:
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�jCD = 12 ��P + �Pj�+ 12 �(r�)P � (rj � rP ) + (r�)Pj � �rj � rPj�� ; (2.97)

whererP , rPj andrj are the vectors pointing to the CV centerP , Pj and their common
facej.
Using Gauss theorem, ZV r�dV = ZS �ndS ; (2.98)

the gradients at the CV center, i.e.(r�)P , can be approximated:(r�)P � RS �ndSV� 1V mXj=1�jSjnj : (2.99)� Blend of UD and CD schemes, which is intended to avoid both theextensive numerical
diffusion of the UD scheme and the unbounded solution and unphysical wiggles of
the CD scheme, and therefore is a compromise between accuracy and stability. By
introducing the blending factor�� (0 � �� � 1),�jo = �jUD + �� ��jCD � �jUD� : (2.100)� High-Resolution Interface Capturing (HRIC) scheme, specially designed for the scalar
variable� = 
 in free-surface flows. Effort is focused on both keeping the interface
sharp and avoiding non-physical oscillations. It belongs to the family of blending of
UD and CD schemes but with a varying blending factor, more details see Appendix B.� Deferred correction approach, adopted whenever possible to improve the stability and
efficiency of the numerical method. Only first-order approximations and the near-
est neighbors contribute to the coefficient matrix and the correction terms involving
higher-order schemes or too many neighbors are calculated explicitly from the previ-
ous iteration and added to the source terms.

Discretization of the diffusive term

The diffusive term can be discretized using midpoint rule approximation for the surface
integral: ZSj �r� � n dSj � ��jSj�r��j� � nj� ��jSj 8><>: ���� !j + 24 ���n!j �  ���� !j35old9>=>; ; (2.101)



2.3. NUMERICAL IMPLEMENTATION 31

where��j stands for the value of diffusivity at the cell-face center,calculated using the CD
scheme, Eq. (2.97),� denotes the local coordinate connecting the CV centers on either side
of the surfacej. The first term in the brackets is an implicit part of flux approximation, being
expressed as:  ���� !j = �Pj � �PLP;Pj ; (2.102)

whereLP;Pj = jrPj � rP j is the distance between pointsPj andP . The second term denoted
with ’old’ is the deferred correction and calculated using interpolated cell center gradients
from the previous iteration. The cell center gradients can be obtained using Gauss theorem,
see Eq. (2.99). The deferred correction term takes account of the non-orthogonality of the

grid, it becomes zero when� coincides withn (i.e. �j�j = n).

Discretization of source terms

The source terms are integrated using the midpoint rule:mXj=1 ZSj q�;S � n dS � mXj=1q�;Sj � njSj (2.103)

and ZV q�;V dV � q�;V;PVP : (2.104)

The source term is usually treated explicitly, except that apositive contribution to the
coefficient matrix can be obtained in the final algebraic equations by treating them implicitly.

Treatment of pressure

As already mentioned in section 2.2.1, special attention has to be paid when the Navier-
Stokes equations are dealt with. In the momentum equation the pressure featuring in the
source term is mostly unknown, while at the same time no explicit variable for the pressure
can be found in the continuity equation. This naturally rises the question how the indirect
information contained in the continuity equation can be converted into a direct algorithm for
calculation of the pressure.

If the momentum equations are discretized and the pressure gradient term is not in-
cluded in the source terms but explicitly arranged, these may be written as (here only one
velocity componentui is taken as example):AuiP um�i;P +Xj Auij um�i;Pj = Qm�ui � VP �  �pm�1�xi !P ; (2.105)
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whereP is the index of an arbitrary CV center and the indexj denotes the neighbor CVsPj that appear in the discretized momentum equation;m is the outer iteration counter, thusum�i represents the current estimate of the solutionui at themth iteration. The source termQ
contains all of the source terms except the pressure term, which is given explicitly and written
in the integral form. The terms on the right hand side are evaluated using the variables at the
preceding outer iterationm� 1.

The velocity at nodeP can therefore be expressed as:um�i;P = Qm�ui �Pj Auij um�i;PjAuiP � VPAuiP  �pm�1�xi !P= �um�i;P � VPAuiP  �pm�1�xi !P : (2.106)

As only the gradient of pressure appears in the above equation, which is normally calculated
using a second-order Central Differencing Scheme (CDS), a checkerboard pressure field
might be produced with the discretized momentum equation being satisfied. A similar danger
is encountered by discretizing the continuity equation since a zigzag velocity field would
satisfy the equation although it is fully unrealistic. To couple the pressure field properly with
the velocity field and to avoid the aforementioned situations, the SIMPLE1-type algorithm,
see Patankar and Spalding [66], has been adopted here.

In this algorithm, a pressure-correction is used instead ofthe actual pressure. The ve-
locities computed from the linearized momentum equationsum�i;P and the pressurepm�1P are
taken as provisional values to which a small correction mustbe added:umi;P = um�i;P + u0i;P and pmP = pm�1P + p0P : (2.107)

Writing a similar equation as Eq. (2.106) forumi;P andpmP and substracting (2.106) from this
equation, one can get u0i;P = �u0i;P � VPAuiP  �p0�xi!P ; (2.108)

where�u0i;P is defined: �u0i;P = �Pj Auij u0i;jAuiP : (2.109)

Since the velocity correction�u0i;P is related to velocity corrections at the neighbor CVs and
unknown at this point, it is neglected here. So Eq. (2.108) becomes:u0i;P = � VPAuiP  �p0�xi!P : (2.110)

1Semi-Implicit Pressure-Linked Equations
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To evaluate the continuity equations, the cell face velocities are however needed. They
are calculated by interpolating neighbor CV values and subtracting a correction term which
should detect oscillations and help to smooth them out (Rhieand Chow [71]):um�i;j = ui;j � VPAuiP j 24 �p�xi!j �  �p�xi!j35 ; (2.111)

where an overbar denotes interpolation andvi;j follows the common interpolation practice in
calculating the cell-face values, see Eq. (2.97). The second term is a third-order pressure dif-
fusion term, acting as a correction of the interpolated velocity. The correction term vanishes
if the pressure variation is smooth.

The continuity equation is necessarily satisfied by velocities resulted from the momen-
tum equation under an assumed pressure field, so their sum results in a mass source (see
Eq. (2.91)): Xj _mj =Xj ��jvm�j � njSj � _Vj� = � _m ; (2.112)

which must be corrected to be zero. The corrections of the cell face velocities are also
proportional to the pressure correction gradient (c.f. Eqs. (2.110) and (2.111)):u0i;j = � VPAuiP j �p0�xi!j : (2.113)

To make the continuity equation be satisfied, the velocity correction has to compensate the
mass source of Eq. (2.112): Xj ��v0j � njSj� = �� _m : (2.114)

By substituting Eq. (2.113) into Eq. (2.114), one can obtain�Xj 8<:�Xi 24 VPAuiP j �p0�xi!jni;j35Sj9=; = �� _m : (2.115)

Once the pressure correctionp0P is obtained, the velocity and pressure can be corrected:ui;P = um�i;P � VPAuiP  �p0�xi!P ; (2.116)

The pressure correctionp0P computed above tends to overestimate its magnitude due to
the neglected term above (Eq. (2.109)) and therefore needs to be under-relaxed by a factor�p (typically 0.2 to 0.3) to avoid slow convergence or divergence of the solution procedure:
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Resulting algebraic equations

The integrals in Eq. (2.86) have now been evaluated by using appropriate quadratures
and assumptions about the spatial and temporal variation ofthe variables. After assembling
all the terms, there results an algebraic equation for each CV of the formAP�P +Xj Aj�Pj = QP ; (2.118)

whereP denotes the cell center andPj is the center of thej neighbor CV. The coefficientAj contains contributions from surface integrals over faces common to the cell around nodeP and the corresponding neighborPj; AP contains in addition contributions from the un-
steady term and possibly from source terms (volume integrals).QP contains all terms which
are treated as known (source terms, parts of surface integrals treated explicitly as deferred
corrections, and a part of the unsteady term).

For the solution domain as a whole, the algebraic equation system can be written asA �� = Q ; (2.119)

whereA is a squareM �M coefficient matrix,� is the vector of unknowns,Q is the vector
of right-hand sides, andM is the number of CVs. The matrixA is sparse, having in each
row only a small number of non-zero elements (usually equal to the number of CVs which
have faces common to the cell centered around nodeP ). The non-zero elements may be
distributed in a regular, diagonal pattern, or be completely irregular, depending on the type
of grid used.

To solve the system of linearized algebraic equations, iterative methods are adopted.
The iterative solvers are especially attractive since the linearized system of algebraic
equations is only an approximation of the original system ofnonlinear equations, and a
sufficiently improved solution can sometimes be achieved injust a few iterations. For
equations with a symmetric coefficient matrix (e.g. pressure-correction equation), the ICCG
(Incomplete Cholesky Conjugate Gradient) method is used. While the CGSTAB (CG
Stabilized) method is adopted for equations with an asymmetric coefficient matrix (e.g.
velocity component equations), see Van den Vorst [86].

The algorithm of fluid flow

Equations of the form of Eqs. (2.118) and (2.119) are obtained for each variable (ve-
locity components, pressure-correction, energy etc.). Asstated above, the solution of each
linearized algebraic equation system is sought by iterative methods (inner iterations). The
underlying nonlinear equations are re-evaluated and newlylinearized in the so-called outer
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iterations. The equation systems are still coupled after linearization. Direct solving the cou-
pled system requires excessive storage and sometimes computational time, therefore it is
rarely done; instead, the segregated algorithm has been adopted here:

1) Provide the initial values for the variables at the timet0 in the whole domain of fluid
flow.

2) Advance the time by�t and, if the grid moves due to the prescribed motion of the
boundary (e.g. at a flapping wave maker or the surface of a moving body), determine
the current location of CV vertices and calculate the current estimate of volumesÆVj
swept by each CV face.

3) Assemble and solve the linearized algebraic equations for the velocity components in
turn, employing the currently available other variables (e.g. pressure and the other two
velocity components).

4) Assemble and solve the algebraic equations for the pressure correction and correct
mass fluxes, velocity components, and pressure.

5) Assemble and solve the algebraic equations for volume fraction 
 and use the calcu-
lated values to update the properties of the effective fluid,such as density and viscosity.

6) Assemble and solve the algebraic equations for turbulentkinetic energyk and its dis-
sipation rate� and obtain turbulent diffusion coefficients.

7) Return to Step 3 (one outer iteration is concluded here.) and repeat until the sum of the
absolute residuals (R�) for all equations has fallen by a prescribed number of orders
of magnitudep. R� = PNi jAP�P +Pj Aj�Pj �QP jPNi jAP�P j < p ; (2.120)

wherep has typically the value of10�3, which is normally sufficiently small for un-
steady flow computation. To obtain a steady flow solution, it is often set one or two
orders of magnitude lower to eliminate the iteration errors.

8) Return to step 2 and repeat until the prescribed number of time steps is completed.

2.3.2 Rigid Body Dynamics

As explained, the forces and moments acting on the free floating body are obtained from
the flow around the body; at the same time, the fluid flow is influenced by the motion of
the body. Therefore, the problem has to be solved in a coupledmanner, considering the
interaction of body and flow. Since the fluid flow has to be solved in an iterative manner
due to its nonlinearity, the determination of the body motion can also be implemented in
a similar way to take advantage of the iterative feature of the fluid solver. Here, a second
order predictor-corrector method is used for predicting the body motion.
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Translation motion

The Eq. (2.32) can be written in the following form with respect to the GS (the labelg
is omitted from now): dvCdt = fm : (2.121)

After integrating the forces around the body surfaces, the velocity at the new time stepn+ 1 is predicted using the velocity at the previous time stepn (explicit Euler method) first,
then corrected for later iterations by applying the trapezoidal rule to compute the derivative
(i indicates thei-th iteration):vi+1C;n+1 = vC;n + fn + f i+1n+12m �t= vC;n + fnm�t| {z }predi
tor + f i+1n+1 � fn2m �t| {z }
orre
tor : (2.122)

When the velocities of the body have been obtained, the position of the body can be
also determined in a similar way:ri+1C;n+1 = rC;n + �vn + vi+1n+1� �t2= rC;n + vn�t| {z }predi
tor + vi+1n+1 � vn2 �t| {z }
orre
tor : (2.123)

The incremental displacement of the rigid body can be computed:�ri+1C;n+1 = ri+1C;n+1 � riC;n+1 (2.124)

Rotation motion

A similar method has been applied to Eq. (2.33) to compute theangular velocities of
the body and the orientation of the body. The discretized form of Eq. (2.33) readsMiC;n+1 � !i+1C;n+1= MC;n �!C;n + �mC;n +mi+1C;n+1� �t2� �!C;n �MC;n � !C;n + !iC;n+1 �MiC;n+1 � !iC;n+1� �t2



2.3. NUMERICAL IMPLEMENTATION 37= MC;n � !C;n + (mC;n � !C;n �MC;n � !C;n)�t| {z }predi
tor+mi+1C;n+1 �mC;n2 �t� �!iC;n+1 �MiC;n+1 � !iC;n+1 � !C;n �MC;n � !C;n� �t2| {z }
orre
tor :
(2.125)MiC;n+1 is computed as follows, see Eq. (2.34):MiC;n+1 = TiT;n+1 �MC � �TiT;n+1��1 : (2.126)

The orientation of the body is determined by the tensorTT, whose columns are the unit
vectorsx, y andz attached to the BS as stated in section 2.2.2. The easiest approach to
obtain the new orientation of the unit vectorxin+1 isxin+1 = xn + �t2 �!C;n + !iC;n+1�� xn ; (2.127)yin+1 andzin+1 being similarly computed. This approach, however, can not guarantee the
magnitude of these vectors being always unity during the integration process, neither them
being orthogonal to each other. Therefore, another approach is employed here to computeTiT;n+1 at the new time step (i indicates thei-th iteration):TiT;n+1 = Tit � TT;n ; (2.128)

whereTit is a rotation operator, by which the body can be rotated aboutan axis in space by a
certain angle. The rotation of the body is executed about theaxisu (defined below as a unit
vector in the direction of the vector!oC) through the mass center of the body. Suppose the
rotational angle aboutu is�o (see below), this rotation operatorTit is expressed by (for more
detail, see Appendix C):Tit =0B� u2x (1� 
os�o) + 
os�o uxuy (1� 
os�o)� uz sin�o uxuz (1� 
os�o) + uy sin�ouxuy (1� 
os�o) + uz sin�o u2y (1� 
os�o) + 
os�o uyuz (1� 
os�o)� ux sin�ouxuz (1� 
os�o)� uy sin�o uyuz (1� 
os�o) + ux sin�o u2z (1� 
os�o) + 
os�o 1CA ;

(2.129)

in which u = !oCj!oCj = (ux; uy; uz) ; �o = j!oCj ��t ; (2.130)!oC = !C;n + !iC;n+12 ; (2.131)
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Here,�t is the time step size in the computation.

This rotation operator such ensures the vectorsx, y andz attached to the BS being both
unity and orthogonal as the simulation proceeds.

OnceTT;n+1 is known, the Eulerian angles of the body can be computed either from
Eq. (2.37)-(2.39) or Eq. (2.40). The incremental Eulerian angles between two successive
time steps (or iterations) and related intermediate axes which serve for grid-moving at each
instant can be computed if the space-fixed axes are replaced in Eqs. (2.35) and (2.36) by the
body-fixed axes of the previous body position:x0 = xi+1n+1 � �xi+1n+1 � zin+1� � zin+1jxi+1n+1 � �xi+1n+1 � zin+1� � zin+1j ; (2.133)y0 = zin+1 � x0 ; (2.134)

The three incremental Eulerian anglesÆ i+1n+1, Æ�i+1n+1 andÆ'i+1n+1 used for rotation of the
computational grid are obtained as� i+1n+1 = ar
sin h�xin+1 � x0� � zin+1i ; (2.135)��i+1n+1 = ar
sin h�x0 � xi+1n+1� � y0i ; (2.136)�'i+1n+1 = ar
sin h�y0 � yi+1n+1� � xi+1n+1i : (2.137)

Constrained motion

As stated in section 2.2.2, Eq. (2.72) has to be applied instead of Eqs. (2.32) and (2.33)
when the motion of the rigid body is under kinematical constraints. Equation (2.72) can be
discretized in the following way:�JT;in+1 �Min+1� � _qi+1n+1 = �JTn �Mn� � _qn + �t2 �JTn � Fn + JT;in+1 � Fi+1n+1�� �t2 �JTn �Nn + JT;in+1 �Nin+1�= �JTn �Mn� � _qn + �JTn �Fn � JTn �Nn��t| {z }predi
tor



2.3. NUMERICAL IMPLEMENTATION 39+ �JT;in+1 �Fi+1n+1�� JTn � Fn � �JT;in+1 � Fi+1n+1 � JTn �Nn�2 �t| {z }
orre
tor :
(2.138)

Once the independent variables_q are obtained, the dependent variablesvC and!C can
be computed from Eqs. (2.47) and (2.48), then the position and orientation of the rigid body
can be easily obtained in the same way as in the case of free motion, already given above.

The algorithm of body motion

The algorithm to compute the body motion with or without constraints is summarized
below:

1) Integrate the pressure and shear forces over body surfaces following Eqs. (2.83) and
(2.84) and add field forces and the external forces;

2) Go to step3a in case of constraint motion; otherwise go to step3b;3a) Determine the matricesJin+1,Nin+1 andMin+1 following Eqs. (2.69), (2.60) and (2.59);
assemble and solve the discretized Eq. (2.138);vi+1C;n+1 and!i+1C;n+1 can be obtained
from Eqs. (2.47) and (2.48);3b) Determine the matricesTit, TiT;n+1 andMiC;n+1 following Eqs. (2.129), (2.128) and
(2.126); assemble and solve the discretized Eqs. (2.122) and (2.125) to obtainvi+1C;n+1
and!i+1C;n+1;

4) Compute the positionri+1C;n+1 and the orientationTi+1T;n+1 of the body by Eqs. (2.123)
and (2.128);

5) Obtain the incremental Eulerian anglesÆ i+1n+1, Æ�i+1n+1 and Æ'i+1n+1 by Eqs. (2.135)-
(2.137); the global Eulerian angles , � and ' can be either calculated from
Eqs. (2.37)-(2.39) or Eq. (2.40);

6) Monitor the residual of body velocities:Riv = kvi+1C;n+1 � viC;n+1kkviC;n+1k < pv : (2.139)Ri! = k!i+1C;n+1 � !iC;n+1kk!iC;n+1k < p! ; (2.140)

wherepv andp! are both set to the value of10�3.
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2.3.3 Coupling of Fluid Flow and Rigid Body Motion

For computing the interaction between fluid flow and rigid body motion, equations of the
rigid body motion are included into the flow solver package COMET via its user coding
interface. The variables describing the fluid flow and body motion have to be updated
whenever necessary. As mentioned in section 2.2.3, the flow-induced body motion is
influenced by the pressure and shear forces exerted from the fluid flow and simultaneously
the fluid flow is effected by the body motion due to the changes of its boundary conditions.
Therefore a method which can accurately predict the coupledsolution of fluid flow and
the floating-body motion is required. As already stated in section 2.3.1, the second order
ITTL scheme for the time integration, a segregated algorithm and an iterative solver have
been adopted to compute the flow motion. The predictor-corrector scheme of the same
order for integration of the body motion (see section 2.3.2)can easily coupled with the fluid
solver. The information like hydrodynamic forces integrated along the body surfaces and
the resulting body velocities (and displacements) can be updated and exchanged between
fluid flow solver and body motion program module at each outer iteration of the fluid solver.
The process continues until the residuals of all equations are satisfied for the current time
step. Usually it takes about 10-15 iterations for each time step.

The coupling algorithm of fluid flow and body motion

Combining the algorithms of fluid flow (section 2.3.1) and body motion (section 2.3.2),
the coupled procedure of flow and body motion is given in Fig. 2.3.

In Fig. 2.3, the absolute residuals for forces (Rf ) and moments (Rm) acting on the body
are computed as Rif = kf i+1n+1 � f in+1kkf in+1k < pf (2.141)

and Rim = kmi+1C;n+1 �miC;n+1kkmiC;n+1k < pm ; (2.142)

wherepf andpm are both given the value of 0.5 in this work. These criteria avoid the body
motion module being called if the forces vary largely.

Under-relaxation and added mass

Under-relaxation factors (0 � � � 1) are employed for both fluid flow and body motion
to enhance the stability of the coupling procedure.

In the flow solver, the under-relaxation is done (except for the pressure-correction equa-
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i > 1 or Rf < pf, Rm < pm ?

i = 1

Rφ < p and Rv < pv, Rω < pω?

Provide the initial values at t = t0 for variables 
      in both flow and body motion modules

i = i + 1

If the grid moves, compute the new position of CV vertices
          and specify the velocity at the non-slip walls

                        Solve the fluid flow equations 
(see the algorithm of fluid flow (section 2.3.1), steps 3) to 6))

            Solve the body motion equations 
(see the algorithm of body motion (section 2.3.2))

Compute the incremental displacements of the body for grid-moving 
                and the velocity of each body surface element

yes

no

yes

tn+1 = tn + ∆t

no

Figure 2.3: The coupled algorithm for flow and body motion.
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tion) by replacing theA andQ in Eq. (2.119) byA) A+ 1� �� D (2.143)

and Q) Q+ 1� �� D ��k�1 ; (2.144)

where� is an under-relaxation factor for the transport of momentum, mass, turbulence quan-
tities or species, whose value employed in this work is givenin Table 2.3.D is a diagonal
matrix consisting of the diagonal elements of the matrixA, and�k�1 is the dependent vector
from previous iteration/time step. As can be seen, the under-relaxation enhances the diag-
onal dominance of the linearized equations, which improvesthe convergence rate of most
iterative linear equation solvers.

For the body motion, under-relaxation acts actually like a varying hydrodynamic mass
term, as will be proven below.

If the implicit second order integration (predictor-correct) scheme is used, it is found to
be neutrally stable irrespective of time step size. So the under-relaxation is nota mustbut
rather used to improve the convergence rate of the iterations aiming at a robust and economic
solution procedure. Söding [79] argued that anadded massterm should be considered in the
integration of the body motion to increase the stability or convergence rate of the solution
procedure. Several methods are proposed to estimate theadded massmatrix, [79]. However,
all of them are yet rather computationally expensive if the added mass matrix is solved for
each iteration (it is also possible to do this less often). Since it is found that an appropriate
under-relaxation corresponds directly to anadded massterm in the equation of body mo-
tion, only the latter varies automatically in time, under-relaxation is used in this work for
simplicity.

To find out how the under-relaxation is related to theadded massterm, the problem is
simplified and investigated first for a system of one degree offreedom. The extension to
other degrees of freedom is obvious. Involving the under-relaxation factor�, the discretized
equation for the velocity at the new time step (see Eq. (2.122)) is replaced byvi+1C;n+1 = � "vC;n +  fn + f i+1n+1m !��t2 �# + (1� �) viC;n+1 (2.145)= vC;n + ��t2m �fn + f i+1n+1�+ (1� �) �viC;n+1 � vC;n� : (2.146)

We now add theadded massterm a � 0 to the discretized equation of motion. The
motion equation, Eq. (2.121), becomes(m+ a) dvCdt = f + advCdt : (2.147)

Following the implicit integration scheme, it can be obtained
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Table 2.3: Selected values of under-relaxation factors forthe flow solver�v �m �k �� �

0.7 0.3 0.7 0.7 0.9

Table 2.4: Proposed values of under-relaxation factors forthe body motion�u �v �w �' �� � 
0.80 0.60 0.60 0.95 0.85 0.85

vi+1C;n+1 = vC;n + �tm+ a  fn + f i+1n+12 + aviC;n+1 � vC;n�t !
(2.148)= vC;n + �t2 (m+ a) �fn + f i+1n+1�+ am+ a �viC;n+1 � vC;n� : (2.149)

By comparing Eqs. (2.146) and (2.149), the following relations result:��t2m = �t2 (m+ a) or 1� � = am+ a ) � = mm + a : (2.150)

Thus, the under-relaxation factor� can be proposed for each degree of freedom of body
motion with the help of an approximatedadded massa (see Newman [59]). The values of
the under-relaxation factors proposed in this work are listed in Table 2.4. Constant under-
relaxation factor has been used for simplicity. In the case of heavy bodies with moderate
motion, the solution is not sensitive to slightly differentchoices of under-relaxation factors.
As can be observed from Eq. (2.150), a larger rate of theadded massrelative to the mass of
the body be expected, a smaller under-relaxation factor be required, as it is the case when
light bodies like water airplanes are subject to high acceleration in a fluid of substantial
density like water.

2.4 Initial and Boundary Conditions

2.4.1 Initial Conditions

For time-dependent problems, initial values should be correctly specified for all variables,
including components of velocity vectorv, pressurep, volume of fraction
, turbulent kinetic
energyk and its dissipation rate� in the fluid flow module. If the initial values are known,
they can be directly given; otherwise they should be approximated as closely as possible to
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reality. For steady problems with a single final solution, the initial values specified do not
effect the final solution, however, a good approximation of these values can help to achieve
a fast convergence of the solution.

In the seakeeping applications of this work, the relative velocity of the fluid to the ad-
vancing ship has been directly initialized in the whole fluiddomain (both water and air)
under the assumption that no current or wind is expected and the fluid is at rest at the be-
ginning. The undisturbed water surface is specified at the beginning of computation. Since
the turbulent kinetic energy and its dissipation rate is mostly unknown, it is assumed that the
turbulence intensity is about1% and the turbulence viscosity�t is of the same order as the
molecular viscosity�, which are related tok and� byk = 32V 2I2 � = k 32L ; (2.151)

whereV is the initial velocity field andL is the turbulence length scale (Eq. (2.18)).

For parameter or grid studies, the initial values of the dependent variables can be best
guessed from a converged solution of a similar problem or thesame problem using other
grids or methods. One of the examples is the steady flow computation around a hydrofoil for
different angles of attack. Once the solution is obtained for one angle of attack (e.g.� = 0o),
one can proceed the computation from the previous one takingits converged solution as the
initial condition for another angle of attack by only changing the boundary condition. This
operation, used in section 5.2.3, has been observed to speed-up the convergence of the solu-
tion by a factor of two to four. Another example is the convergence study on systematically
refined grids. Solutions from the coarser grid can be used as initial condition to accelerate
the convergence of the solution on the finer grid (the principle in the multi-grid method).
Moreover, analytical solutions or solutions obtained fromother codes (e.g. codes based on
the potential flow theory or boundary layer analysis) can also be used as initial guess for a
similarly bounded flow to obtain a fast convergence of the RANSE computation.

In the body motion module, initial values are specified for the position and the velocity
of the body, together with the body’s mass (normally unchanged throughout the computation)
and its moments of inertia for the initial position. All values are given with respect to the GS
in this work.

2.4.2 Boundary Conditions

The solution domain is discretized by a finite number of CVs expanding to both water and
air and bounded by a number of boundaries. The outer boundaryof the solution domain is
in all cases a rectangular box; the inner solution domain boundary consists of body surfaces
such as the ship hull and its appendages. These boundaries can be largely divided into two
groups:� Naturalboundaries, consisting of impermeable walls which may be stationary or mov-

ing (e.g. a flapping wave-maker or surfaces of moving-bodies, such as the ship and its
appendages).
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field to reduce the size of the solution domain. The so-calledinlet, outlet, pressure
boundaries and the symmetry plane belong to the group of theartificial boundaries.
These boundaries (except the symmetry plane) are normally located at a distance away
from the region of interest to minimize their bounding effects.

Both NaturalandArtificial boundaries have to be used in the applications of this work.
The guidelines of these boundary conditions and their arrangements are briefly introduced
below:� Inlet boundary:

The components of the velocity vectors,k and� are specified. The inflow velocities
can be positive or negative, constant (e.g. the constant speed of ship) or varied (e.g. for
wave generation) according to given velocity profiles.

In the ship seakeeping applications, the relative velocityof the water particle at the
free stream to the mass center of the ship is specified for bothwater and air at the inlet
assuming that no wind or current exists. It is also assumed that the turbulence intensity
at the free stream is about1% and the turbulence viscosity�t is of the same order as
the molecular viscosity�.

The inlet boundaries are always located in front of the body and sometimes at the
sides of the body if the transverse velocity of the body is notzero (e.g. ship in drift
motion) or oblique waves are generated. The special topic about wave generation by
inlet boundary condition will be introduced in details in section 3.3.1.� Outletboundary:
The outlet boundary condition can be specified at the portionof the computational
domain where the flow is fully-developed (or far away from theregions of interest)
and leaves the domain. A flow rate can be directly prescribed if it is known; otherwise
a zero gradient of all variables in the flow direction is assumed.� Pressureboundary:
The pressure distribution is given and the velocity at the boundary is obtained with the
Neumann boundary condition by zero-gradient. Other variables (e.g.
, k and� etc.)
are either specified if they are known at the inflow or extrapolated from the interior
using zero-gradient assumption if they are unknown.

The pressure boundary is normally used in combination with inlet-like conditions at
the boundaries where the flow leaves the computational domain for the applications in
this work. The static air pressure is adopted for the top boundary of the solution do-
main, which normally lies in the air throughout the computation and is of little practical
interest. The hydrostatic pressure according to the undisturbed free-surface level is set
at the boundary behind the ship which extends to bother air and water. In case of ship
maneuvering applications, such pressure boundary is also adopted at the rear parts of
the side boundaries, where the fluid is flowing in or out at different time instants with
unknown velocities due to the influence of ship-induced waves. Waves produced by
the ship have been first damped by a numerical beach (a gradually coarsened grid) of2� 5 L behind and beside the ship before they reach the pressure boundary to reduce
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the error made by the hydrostatic pressure assumption. If a damping zone is not suffi-
cient to eliminate all waves (especially in case of incomingwaves), a dynamic pressure
boundary is specified to take into account the pressure variation due to the waves:p (rB; t) = p (rP0 ; t� Æt) ; (2.152)

whereP0 is the center of the control volume next to the boundary andÆt can be com-
puted: Æt = kin (rB � rP0) � i!in ; (2.153)

herekin and!in are the wave number and the circular frequency of the incoming waves.� Symmetry plane:
The normal velocity is set to zero and the tangential velocity together with all other
scalar variables has zero gradient in the normal direction.The symmetry condition is
applied at the longitudinal plane of the ship when both geometry and motion of the
ship can be supposed to be symmetric as in the case of a ship advancing in head waves
(section 4.3). The symmetry plane is also used to restrict the third dimension if only
effects in two-dimensions are of interest (Chapter 3).� Wall:
This boundary is the only natural one. No fluid can flow throughit and the velocity
of the wall is specified. The wall function concept in conjunction with the standardk-� (for some tests the RNGk-�) turbulence model is adopted to model the near-wall
effects, see Wilcox [90]. At such a so-called non-slip wall,the shear stress is calculated
and the tangential velocity is zero. In contrast, a so-called slip wall condition ignores
the shear stress and lets the fluid slip along the wall.

Since the viscous effects play an important role for the motion of a maneuvering ship,
the no-slip wall condition is applied at the ship hull and itsappendages. The velocities
of wall boundaries are specified according to the ship motion(see section 2.2.3). The
slip wall condition is used when the shear stress on the wall is of less importance or
interest (e.g. at the bottom of the tank or at the flapping wave-maker etc.).

2.5 Numerical Grids

To obtain the solution of the discretized equations for fluidflow, the computational domain
is divided into a number of control volumes (CVs). The CVs should provide an adequate
resolution of the whole geometry. The art how these CVs are distributed in the computational
domain plays a vital role as far as both accuracy and efficiency are concerned. The guidelines
used to generate the control volume grid are given below:� Avoid highly skewed cells.

The angle between the line connecting the centers of the neighboring CVs and the
vector normal to the common surface of the neighboring CVs should be optimized in
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such a way that the angle approaches to zero degree. Angles which are larger than
50 degrees should be avoided because they often show a deterioration in the results or
lead to numerical instabilities, especially in the case of transient simulation.� Be as orthogonal as possible to the boundaries of the computational domain (e.g. the
wall, or the inlet and pressure boundaries).
The angle between the line connecting the centers of the CV and the boundary surface
element and the vector normal to the boundary surface shouldbe ideally zero degree.
This requirement is stronger than the requirement for the angles in the flow field far
away from the domain boundaries (the above criterion).� Avoid too high aspect ratios.
The aspect ratio (the ratio of the edges of the CV) should be ensured to be typically
not larger than 20. This restriction can be relaxed near walls.� Avoid too large mesh stretching or expansion ratios.
The expansion ratio (rate of change of cell size for adjacentcells) should be kept mod-
erate (less than 2) to benefit from the cancellation of the leading term in the truncation
error when spacing of the points is uniform. The change in mesh spacing should be
continuous and mesh size discontinuities be avoided, particularly in regions of high
gradients.� Avoid too large warp angles.
The warp angles specify the extent to which the vertices making up a cell face are
non-coplanar, which are measured by the angles between surface normals of triangular
surfaces making up the cell surface. The warp angle should bezero degree as optimum
and not larger than 50 degrees.� Locally refine the grids in the critical regions.
The regions with high flow gradients, high shear or significant changes in geometry
should be refined in accordance with the turbulence wall modeling. In the case of
wall function assumption in conjunction with thek� � turbulence model, the meshing
should be arranged so that the value ofY + at all mesh points adjacent to the wall is
greater than 30 (the form usually assumed for the wall functions is not valid much be-
low than this value, at least not be less than 11) and does not exceed 100. Furthermore,
the locations of refinement interfaces should be away from large flow variations.� Avoid too large density differences of the cells at both sides of the sliding interfaces.
The length of the cells should be similar at both sides of the sliding interfaces to satisfy
the aforementioned criteria. The sliding interfaces should also be away from large flow
variations.

Three different types of grids have been used in this work. Inthe next section, these
three types of grids will be discussed: stepwise regular, surface-fitted and overlapping grids.
Results obtained using these grids will be presented later in the following chapters. As
mentioned before, moving-grids are adopted here to realizethe motion of the body; the
applicability of grid-moving strategies is overviewed in section 2.5.2 and the grid-moving
method mainly used in this work is explained in more details.
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2.5.1 Types of Numerical Grids

The CVs making up the computational grids can have in principle arbitrary shapes, which
gives great degree of freedom in the choice of the type of the grid. Each grid type has
certainly advantages and disadvantages, therefore choiceof the grid type is not a trivial issue.
The grid is furthermore subject to the constraints imposed by the discretization method. In
case of complex geometry, the constraints are often not fulfilled and compromises have to be
made. Three types of numerical grids are tested and applied in this work, whose properties
are discussed below.

Stepwise regular grids

The stepwise regular grid, illustrated in Fig. 2.4, is the simplest approach to generate a
grid; in case of solution domains with inclined or curved boundaries, the boundaries have to
be approximated by staircase-like steps, as shown in Fig. 2.4. The steps at the boundaries
introduce errors in the solution, so that the grid should be locally refined near the inclined or
curved boundaries to minimize such errors.

The stepwise regular grid of Fig. 2.4 has been applied in the water-entry/exit case of a
horizontal circular cylinder (section 3.2). The computational result is compared with both
experiment and results using other types of grids (e.g. surface-fitted grid as will be introduced
next). The results using stepwise regular grid show good agreement with the experiments as
both the free surface deformation and the cylinder motion are concerned; the surface-fitted
grid (see Fig. 2.5) gives however not as good results in this case as the stepwise regular grid
does. More discussions on this issue will be given in the section 3.2.

The stepwise regular grids are however seldom used in ship hydrodynamics mainly due
to the aforementioned errors at the boundaries, which couldbe large and difficult to control
in complex geometry. Further limitations on the solution procedure imposed by stepwise reg-
ular grid are: Special attention has to be paid to treatment of the boundary conditions at the
stepwise walls and the solution algorithm has to allow for local grid refinement near the wall.

Surface-fitted grids

Surface-fitted grids are the most popular type of grids applied in complex geometry
(e.g. ship hydrodynamics) since the grid lines are following the boundaries and such the
boundary conditions are more easily implemented than at thestepwise approximation of
curved boundaries. This type of grids is generally rather flexible; they can be structured,
block-structured or unstructured. Furthermore, such grids can be adapted to any geometry or
the streamlines of the flow. The spacing near the wall or otherregions with strong variable
variation can be made much smaller to reduce the discretization errors.

Surface-fitted grids are mostly used in the applications of this work. One simple
example is shown in Fig. 2.5, corresponding to the water-entry case of the horizontal
circular cylinder as mentioned above. More complicated grids for ships and its appendages
will be individually introduced in the corresponding chapters.
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Figure 2.4: An example of a stepwise regular grid of a 2D circular cylinder

Figure 2.5: An example of a surface-fitted grid of a 2D circular cylinder

Overlapping grids

This kind of grids is also calledChimera grids, since it is more a combination of dif-
ferent grids. With surface-fitted grids used in the foreground near the body (region of most
interest), Cartesian grids or grids of other type are used inthe background of the solution
domain, partially overlapping with the foreground grids.

The advantages of this kind of grids are obvious. Grids for different components of the
solution domain can be separately generated without the constraints from each other, which
makes the grid generation much simpler especially when the geometry is getting complicated
and multi-components are involved. Furthermore, the foreground grids can be moved relative
to the background grids or each other without additional difficulty, which offers the method
great potential in tackling problems involving one or more moving bodies. However, prices
have to be paid in winning these advantages as it is always thecase. The programming and
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Figure 2.6: An example of an overlapping grid of a rectangular cylinder

coupling of the grids could be complicated and additional storage and computational effort
are normally required. The solution procedure is usually sequential and applied on one grid
after another. The interpolation process performed between the grids at the overlapping parts
may introduce additional errors and cause convergence problems if the solution exhibits high
gradients across the interfaces. Furthermore, it is not easy to ensure a unique solution on the
overlapping region and the overall mass and momentum conservation.

One example of such grid is shown in Fig. 2.6, which has been employed in sec-
tion 3.5.2. The computational results are compared later with the results using a single block
of grid with similar grid topology showing promising agreement.

2.5.2 Grid-Moving Strategies

The numerical grid has to be moved in order to remain adapted to the varying geometry
induced by moving bodies/walls.

There are several possibilities for moving-grid strategies:

1) Moving the entire grid with the body without deformation:
In the applications with free surface/waves considered, special care has to be taken
at outer boundaries, since the free-surface location changes there due to the grid
motion. This strategy is only applicable when a single body in an infinite domain is
considered. This approach has been used by Azcueta [5]. In this work, it is used in the
case of water-entry/exit of a horizontal circular cylinderin section 3.2.

2) Moving a part of the grid around the body with it (part A in Fig. 2.7 (a)), keeping the
distant part fixed (part B in Fig. 2.7 (a)), and deforming or remeshing the grid (part C
in Fig. 2.7 (a)) between the two regions A and B, while keepingits topology the same:
In this case the outer boundary of the solution domain is not affected by the body
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motion, which makes the implementation of boundary conditions easier (e.g. at
a wave-maker, inlet boundary, outlet boundary etc.). However, the grid in the
remeshed region may deform too much and attain unacceptableproperties (skewness,
non-orthogonality etc.), therefore great care is needed during the moving-grid process.
This approach is mainly used in this work.

3) Sliding interface:
Different blocks of grids can slide along each other. The cells lying at one side of the
sliding interface are treated as neighbors of the corresponding cells at the other side
of the sliding interface. For the cases where large rotationmotion is expected, sliding
interfaces are used such as in the modeling of a rotating rudder.

4) Using overlapping grids as shown in the previous section:
A surface-fitted grid is used in the neighborhood of the body and moving with it with-
out deformation, see Fig. 2.6. The rest of the solution domain is covered by a fixed
Cartesian grid (parts of it may move if the outer boundaries move, e.g. at a wave-maker
wall) and the two grids overlap in the vicinity of the body. The body can then move
without restriction, and one can also consider several bodies moving relative to each
other. This approach offers the greatest flexibility but it requires more computational
effort and the coupling of the solutions in the overlapping regions and maintaining the
conservativeness are non-trivial issues especially when arbitrary unstructured grids are
used. This approach has been used by Klemt [43]. In this work,the approach of over-
lapping grid is used for one case of the floating body motion inextreme wave packages
in section 3.5.2 for comparison of different moving-grid strategies.

B

A

C
Sliding interface

(a) Grid adaptation (b) Sliding interface

Figure 2.7: Examples of moving-grids

These four moving-grid strategies can be adopted either alone or combined. In
particular, the first, second and third approach are used simultaneously in sections 6.3.2
and 6.4.2 to simulate the behavior of a maneuvering ship where the rudder is contained
in a block of cells surrounded by sliding interfaces whereasthe ship motion is realized
by the first (for surge, sway and yaw motions) and second (for heave, roll, pitch motions)
approach. Alternatively to moving grids, in some cases the body motion can be considered
by introducing additional relative velocities and field forces on a fixed grid. In this work, it
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is used in the case of water-entry/exit of a horizontal circular cylinder in section 3.2 as one
example.

Technique for remeshing

The second moving-grid strategy is mainly used for grid-moving in this work. It is
suitable since this method can allow up to 30Æ rotation (e.g. roll or pitch) motion and suf-
ficient translation (e.g. heave) motion and the ship motion in moderate waves or during its
maneuvering operation is not expected to be larger than these values. Figure 2.7 (a) shows
a two-dimensional example of this moving-grid method for the application of a free-floating
rectangular cylinder subject to wave packages (see section3.5). As can be seen, the fine
grids around the body and the free surface regions keep theirfineness throughout the compu-
tation. So the advantage of this approach is that the grid retains good quality near the body
and in the regions of the whole domain where the free surface lies; highly deformed cells
are usually at some distance away from it. However, the grid smoothing (or remeshing) is
a non-trivial issue in this approach. An appropriate estimation of the maximum grid motion
should be made at the beginning of the grid generation to avoid too large distortion or defor-
mation of grid cells at the block interfaces leading to larger errors or convergence problems.
For example, if the body moves over large distance or rotatesby more than 30Æ, some CVs
may be so deformed that the numerical method would no longer converge. For this case,
other grid managements such as sliding interface (which hasbeen applied in the rotation of
the rudder) may be used as shown in Fig. 2.7 (b).

The smoothing or remeshing algorithms for the deformed blocks of the grids (part C
in Fig. 2.7 (a)) are implemented into the flow solver COMET viaits user-coding interface
together with the movement of the grid of part A in Fig. 2.7 (a). To resolve the high gra-
dient of void fraction
 in the free surface region, a layer of block-structured grids with
fine resolution in the wave height direction is generated near the free surface and can be
stretched, compressed or remeshed following the floating-body motion throughout the com-
putation. The grids below or above the free surface region inpart C can be much coarser and
smoothed by an algebraic smoothing algorithm using the neighboring vertices:rP = 1N NXm=1 rm : (2.154)

More examples illustrating the concept of moving grids are given throughout the fol-
lowing chapters.



Chapter 3

Interaction of Flow and Floating-Body

3.1 Introduction

This chapter presents a number of two-dimensional test cases of flow and floating-body
interaction employing the method described in Chapter 2. The emphasis of this chapter
is on verifying and validating the numerical method and demonstrating the robustness and
reliability of this coupled approach. Though the main concern is not to study any specific
problem in practice, it is however necessary to define the test cases properly and make them
as close as possible to the practice. In ship hydrodynamics,predicting the dynamic response
of floating-bodies is of great importance in a wide range of fields: slamming, launching,
added resistance, roll damping by stabilizer (bilge keels), behavior of one ship or interaction
of two adjacent ships in waves, ship maneuvering etc. Test cases in this chapter are so chosen
that they are not only relevant to these practical applications, but also suitable to validate the
code by available experimental data or analytical solutions. These 2D test cases serve also as
preliminary study for further complex 3D problems, which will be presented in the following
chapters.

This chapter includes several sections:

Section 3.2 presents water-entry and water-exit of a horizontal circular cylinder. The
trajectory of the cylinder, the impact load during its water-entry and the free-surface defor-
mation in a sequence of time instants are compared with experiments showing very good
agreement. Some numerical study on effects of grid resolution, time integration scheme,
turbulence and moving-grid is further carried out for the case of water-entry problem.

To study the behavior of floating-bodies in waves, the accuracy of wave generation in
the numerical tank undoubtedly plays an important role. Section 3.3 describes two methods
for wave generation in a numerical tank:

1) Imposing the inlet velocity

2) Moving a non-slip wall

Not only small but also large amplitude waves are generated and the numerical results are

53
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compared to the potential wave theory, showing favorable agreement. Numerical aspects
minimizing the artificial damping of waves in space and time are discussed.

The floating-body motion in small regular waves is then computed for bodies of simple
geometry in section 3.4. Constrained motion as well as free-floating motion of a rectangu-
lar cylinder is first computed and the corresponding experiments are conducted to validate
the results. Then, a mid-ship section with or without bilge keels is investigated in waves,
showing the roll-damping effects of the keels. As the last case in section 3.4, the interaction
of two adjacent floating-bodies in waves is predicted, demonstrating the applicability of this
approach to investigate multi-floating-body interaction problems.

Section 3.5 investigates extreme motion of a free-floating rectangular cylinder under
large amplitude wave packages. Experiments are conducted in the wave tank at the Techni-
cal University of Berlin with a computer-controlled wave-maker. The comparison of the time
histories of body motion as well as the water elevation at twoprobes gives very good agree-
ment. As mentioned before, the overlapping grid method as analternative to the moving-grid
method is tested here and results of these two approaches arecompared to each other.

3.2 Water-Entry and Water-Exit of a Horizontal Circular
Cylinder

In ship and offshore structure design, the prediction of water impact loads is of great impor-
tance. The hydrodynamic impact (slamming) on ships can necessitate the reduction of ship
speed, cause hull vibration and damage the ship structure. In offshore operations, special
care has to be taken in designing cross members in the splash zone of the incident waves,
which suffer from wave impact loading frequently when continually entering (exiting) the
water.

Owing to the importance of the water impact problem in ocean engineering, it has at-
tracted a large number of investigations. Most previous studies on the water impact problem
are based on the potential-flow assumption. The most important pioneering works can be
attributed to von Karman [87] and Wagner [88]. As an initial work, von Karman developed
a formula to determine the maximum pressure acting on the floats of seaplanes during land-
ing. Wagner treated general problems of impact and planing on the free surface and took
into account the effect of water splash-up on the body duringtake-off and landing of such
planes. Further solutions for the water-entry problem based on potential flow assumption can
be found in Faltinsen et al. [24], Greenhow [29] and Zhao & Faltinsen [100]. The water-exit
problem has been relatively less studied, related works canbe found in Greenhow [29] and
Telste [84]. Korobkin [46] gives a recent review on this topic.

In this section, classical problems of water-entry and water-exit of a horizontal circular
cylinder are solved using the present method to examine whether the method is able to predict
the trajectory of the cylinder and the water surface elevation during water-entry/exit. The
computational results are compared to published experimental data, Greenhow and Lin [28].
Numerical aspects such as grid resolution, time integration schemes, turbulence and moving-
grid effects are further discussed to estimate the numerical accuracy.
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3.2.1 Water-Entry of a Horizontal Circular Cylinder

The neutrally-buoyant circular cylinder used in the experiment and the calculation has a
radius of 5.5 cm. It is released from a certain position abovethe still water level so that the
instant velocity at which the cylinder intersects the watersurface is 4.0 m/s (Rn = �V D� =4:36 �105, Fn = VpgD = 3.85). After the cylinder contacts the water surface, the velocity of the
cylinder is decreased significantly due to the effects of hydrodynamic forces. Two jets are
thrown up at each side of the cylinder and travel straight upward until they become unstable.
Due to gravity effect, the water fronts collapse against each other to throw up another jet.
The cylinder moves further down into the water until it reaches the bottom of the tank att =
0.50 s and bounces up at the depth of 30 cm. A detailed sequenceof photographs has been
taken for the whole process, as shown in the right column in Fig. 3.1.

The numerical tank has been set up as a rectangle with 60 cm height and 60 cm width,
see Fig. 3.2 for the whole domain of the numerical grid (12590cells) employed here. The
non-slip wall condition has been applied at the cylinder surface. Symmetry planes are located
in the longitudinal direction since the problem is supposedto be two-dimensional. The
hydrostatic pressure is applied at the left- and right-handboundaries and the inlet condition is
specified at the lower boundary assuming the fluid domain to beinfinite. The upper boundary
is high enough above the water level so that the static air pressure condition can be applied.
A non-deforming grid is attached to the body and moving all the time with the body. The
CD and IE schemes have been applied here for space and time approximations.

The bounce-up of the cylinder at the bottom of tank is approximated by reversing the
velocity of the cylinder corresponding to a loss-free re-bounce. This simplification is too in-
accurate to simulate the bounce-up process correctly, but is allowed here to avoid complexity
since the water-entry process is of main interest and the free surface deformation should not
be much affected by this simplification, as indicated by comparing the numerical results and
experimental photos aftert = 0.50 s in Fig. 3.1. The numerical grid used here is fully made
of Cartesian cells with local cell-wise refinement in the vicinity of the cylinder as shown in
Fig. 3.2. Other grid topologies like different types of surface-fitted grids, Fig. 2.5, have been
studied. Surprisingly their results (especially the jet formation beside the cylinder) are less
accurate than the one produced by the Cartesian grid. The origin of the problem could be
attributed to the near-wall meshing. Inaccuracies were initiated during the formation of the
water jets after the impact of the cylinder on the water surface.

The numerical results are shown together with the experimental photos in a series of
time instants in Fig. 3.1. As can be seen, jet forming, traveling and collapsing are predicted
by the numerical scheme successfully. Air flow has been computed in the present method;
therefore air effects such as air-cushion effect and cavityformation have been automatically
taken into account. Some air bubbles can be seen along the cylinder due to high-speed water-
entry, and they travel up to the free surface due to the buoyancy effect. The free surface
has been broken in a complex manner by the combination of forming/falling jets, uprising
air bubbles and the cylinder motion itself. A great similarity can be observed between the
numerical prediction and the experimental record.

Figure 3.3 shows the velocity vectors of the fluid around the circular cylinder together
with the pressure field at four selected time instants (cf. Fig. 3.1). One can see, the flow has
been significantly accelerated by the cylinder and in reaction the cylinder suffers a high im-
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(a) t = 0.305 s

(b) t = 0.315 s

(c) t = 0.330 s

(d) t = 0.340 s

(e) t = 0.500 s

Figure 3.1: Free surface deformation of a neutrally-buoyant cylinder water-entry: simulation
(left) and experiment (right).
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(f) t = 0.560 s

(g) t = 0.600 s

(h) t = 0.690 s

(i) t = 0.750 s

Figure 3.1 (continued): Free surface deformation of a neutrally-buoyant cylinder water-
entry: simulation (left) and experiment (right).
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Inlet boundary

Pressure boundary
Pressure boundary

Pressure boundary

Non-slip wall
boundary

Grid spacing:
 ∆x = 0.5 cm

Grid spacing:
∆x = 0.125 cm

Grid spacing:
∆x = 0.25 cm

Figure 3.2: Numerical grid for the circular cylinder water-entry case.

pact load from the fluid and its vertical velocity decreases significantly at the moment when
it enters the water. The impact load and vertical motion of the cylinder are computed by the
code including the hydrodynamic, air and gravity effects. Figure 3.4 shows the time history
of vertical motion and impact load of the cylinder. The vertical positiony is measured from
the initial still water line to the lowest point of the cylinder, which applies throughout this
section. The instantaneous vertical positions of the cylinder are compared with experimental
data with reasonably good agreement (The lower of the two deviating experimental points
has also been doubted by the experimenters, see Greenhow andLin [28].).
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Figure 3.3: Velocity vectors and pressure fields of the fluid during the cylinder water-entry.
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Figure 3.4: Time history of the vertical motion (left) and the impact force (right) during the
cylinder water-entry.
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3.2.2 Water-Exit of a Horizontal Circular Cylinder

The same cylinder has been taken again in the experiment of water-exit. It is pulled out of
the water with a constant speed of 0.87 m/s (Rn = 9:50 � 104, Fn = 0.838) in both experiment
and calculation. The same Cartesian grid shown in Fig. 3.2 isused. Boundary conditions are
applied analogously as in the water-entry case. The grid is not moved in this case; in stead,
the counter-speed of the water is specified at the inlet boundary. Results are compared to the
experiments conducted by Greenhow and Lin [28].

The numerical simulation has successfully predicted the dominating phenomena during
the cylinder water-exit: The water above the cylinder is lifted by the cylinder and thin layers
are formed subsequently around the cylinder. With the cylinder further rising up, the water
layers are drawn down to the water surface, which causes the rush-up and results in the
breaking of the free surface. Figure 3.5 compares the results at six successive time instants
between experiment and computation. As one can observe, favorable agreement has been
obtained between simulation and experiment. The velocity vectors of the fluid around the
cylinder together with the pressure field are shown in Fig. 3.6 at four instants of time. The
pressure distributions along the cylinder circumference are given in Fig. 3.7 for the four
corresponding time instants.

3.2.3 Study on Numerical Effects

A numerical method unavoidably introduces numerical errors, therefore it is necessary to
monitor and estimate the errors caused by different numerical factors to ensure they are
in the range of acceptance. This is important for the verification of the numerical method
as well as the safety of practical design. In principle, one can estimate the numerical
errors by systematically refining the grids and time steps (in case of transient problems)
because if a numerical procedure is convergent and stable, the result is expected to converge
towards a grid- and time-step-independent solution. Additionally, the effect of different time
integration schemes is analyzed here. This study on numerical effects is performed for the
water-entry case.

Grid resolution

To investigate the dependence of numerical error on the sizeof mesh, calculations have
been carried out with systematically refined grids. The finergrid is generated by halving each
single cell into 4 cells from the coarser grid. The time step size has also been halved since
the problem is transient and the time is treated as the fourthdimension of the problem. In
this way, three sets of grid are used for calculations intending to get the grid- and time-step-
independent results. The coarse grid has about 1160 cells, while the medium grid has 4 times
as many as the coarse grid and the fine grid is obtained by refining the medium grid only in
the regions near the cylinder and the free surface, resulting in 12590 cells (this is allowable
because the discretization errors are much lower in the regions far away from the body). The
fine grid has been shown in Fig. 3.2. The time step size is set to�t = 0.001 s, 0.0005 s,
0.00025 s accordingly. In a non-dimensional way, this corresponds to�t VD = 0.072, 0.036,
0.018. The results from the fine grid have already been presented in the previous section.
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(a) t = 0.110 s

(b) t = 0.165 s

(c) t = 0.190 s

(d) t = 0.195 s

(e) t = 0.205 s

(f) t = 0.220 s

Figure 3.5: Free surface deformation of a constant-speed cylinder water-exit: simulation
(left) and experiment (right).



62 CHAPTER 3. INTERACTION OF FLOW AND FLOATING-BODY

Velocity (m/s)
 1.63

Pressure (Pa)

−3.333e+02

−1.319e+00

 3.307e+02

 6.627e+02

 9.947e+02

 1.327e+03

 1.659e+03

 1.991e+03

 2.323e+03

 2.655e+03

 2.987e+03

Velocity (m/s)
 1.59

Pressure (Pa)

−6.179e+02

−2.989e+02

 2.009e+01

 3.391e+02

 6.581e+02

 9.771e+02

 1.296e+03

 1.615e+03

 1.934e+03

 2.253e+03

 2.572e+03

(a) t = 0.110 s (b)t = 0.165 s

Velocity (m/s)
 2.47

Pressure (Pa)

−7.113e+02

−4.326e+02

−1.539e+02

 1.248e+02

 4.035e+02

 6.822e+02

 9.609e+02

 1.240e+03

 1.518e+03

 1.797e+03

 2.076e+03

Velocity (m/s)
 3.01

Pressure (Pa)

−9.437e+02

−7.458e+02

−5.479e+02

−3.500e+02

−1.521e+02

 4.578e+01

 2.437e+02

 4.416e+02

 6.395e+02

 8.374e+02

 1.035e+03

(c) t = 0.195 s (d)t = 0.220 s

Figure 3.6: Velocity vectors and pressure fields during the cylinder water-exit.

Other numerical parameters are kept the same in order to exclude the influence of other
factors.

Figure 3.8 compares the time histories of the cylinder trajectory and impact force using
these three grids. As one can see, the coarse grid does not predict a satisfactory trajectory of
the cylinder and the impact force oscillates strongly when the cylinder enters the water while
the medium grid and the fine grid predict almost identical motion but a slightly different
peak of the impact force. To capture the jet formation, it is shown in Fig. 3.9 that only the
fine grid is able to predict precise shapes of the jets. So the fine grid seems to be necessary if
the free surface deformation during the cylinder water-entry has to be predicted accurately.
For further investigations, the fine grid has therefore beentaken to limit the discretization
error.

Time integration scheme

As mentioned in the previous section, the IE time integration scheme has been used so
far. The second-order ITTL in time corresponding to the second-order CD scheme in space
has also been tested here. Calculations are carried out withboth time integration schemes
keeping other configurations unchanged on the fine grid of Figure 3.2. Figure 3.10 shows
the predicted vertical motion of the cylinder and the total impact force on the cylinder using
these two time integration schemes. As can be seen, the vertical motion of the cylinder,
identically predicted, is less sensitive to time integration scheme. However the impact force
predicted by the second-order ITTL scheme is less smooth than the one from the IE scheme,
indicating that the ITTL scheme is more prone to oscillations.
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Figure 3.7: Pressure distribution along the cylinder circumference at different time instants
(water-exit).
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Figure 3.8: Computed time history of vertical motion (left)and impact force (right) using
three grids (water-entry).

Turbulence effect

It is assumed that turbulence effect is not significant during the cylinder water-entry.
Therefore laminar flow computations have been performed so far. To check whether the
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(a) coarse grid with 1160 cells (b) medium grid with 4640 cells

(c) fine grid with 12590 cells (d) experiment

Figure 3.9: Free surface deformation att = 0.330 s during cylinder water-entry.
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Figure 3.10: Computed vertical motion (left) and impact force (right) during cylinder water-
entry using IE and ITTL time integration schemes.

assumption is valid, the RANS equations with the standardk-� turbulence model have
also been solved for this case. The fine grid and the ITTL time integration scheme have
been chosen. The predicted motion and total impact force aregiven in Fig. 3.11. It can
be seen that identical cylinder motions are obtained by the computations with and without
turbulence modeled. The impact force predicted by RANSE hasa slightly higher peak, but
lower after the cylinder has entered the water. The second peak before 0.32 s is caused by a
restart of the calculation. Figure 3.12 shows the pressure distribution on the cylinder at three
selected instants of time, the same tendency can be observedas from the comparison of the
total impact force in Fig. 3.11. The distribution of the magnitude of the shear stress along
the cylinder wetted-surface at the corresponding time instants are shown in Fig. 3.13, which
is much smaller in magnitude than the one of pressure (cf. Fig. 3.12).
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Figure 3.11: Computed vertical motion (left) and impact force (right) during cylinder water-
entry with and without turbulence model.
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Figure 3.14: Computed vertical motion (left) and impact force (right) during cylinder water-
entry using moving- and fixed-grid methods.
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Alternative to moving-grid

As mentioned before, the results presented so far are obtained by employing the
moving-grid technique. However the grid/body can also be kept fixed; instead, the fluid
can be accelerated and the computation is performed in a body-fixed system. Such an analy-
sis is carried out on the fine grid using the ITTL scheme. Theoretically these two alternatives
should make no difference on the computational results, as can be seen in the predicted ver-
tical motion of the cylinder in Fig. 3.14. However, certain error is introduced due to the
different numerical interpretation. Single precision is used for coordinates of moving grids,
whereas double precision is used for all other values. Sincethe impact force is a very sensi-
tive variable, slightly different results are obtained forthe predicted impact force, as shown
in Fig. 3.14. It can be seen that the impact force calculated by using a moving grid has a
higher peak value and a sharper increase over time than the one produced by using a fixed
grid.

3.3 Wave Generation in Numerical Water Tank

Investigation of motions of a floating-body under the influence of waves is one of the main
interests in this study. Sine the accuracy of wave generation has a direct influence on an
accurate prediction of the body motion in waves, waves are generated and analyzed first in
the numerical tank.

Two methods are applied here for wave generation:� Impose the velocities at inlet boundary.
Velocities can be specified according to the wave theory, seeNewman [59].� Simulate movements of a wave-maker as in experiments by a moving no-slip wall.
The velocity distribution at the moving boundary is specified according to the velocity
of the wave-maker.

The first method is easier and more efficient from the numerical point of view, since
the solution domain can be made smaller and the effort of grid-moving to simulate the flap
motion of the wave-maker can be saved. The second method is more appropriate for the
purpose of validation since the motion of the wave-maker canbe exactly simulated as in
the experiment. To investigate ship motions in waves, the first method is usually preferred
since it is then straightforward to generate irregular ocean waves. However, special attention
has to be paid when the first method is used because the velocity profile of water and air
should match at the instant location of the free surface at the inlet boundary. This can cause
numerical difficulties due to the opposite directions of theflow in water and air across the
free surface (especially in large amplitude waves) and often an approximation is needed, as
explained in the next section.
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3.3.1 Wave Generation by Inlet Boundary Condition

For small amplitude waves, the velocities at the inlet boundaries can be derived from the
linear wave theory. The velocity components(u; v) of water particles at inlet boundaries for
regular plane progressive water waves are:ui = !Aeky 
os(kxi � !t+ �) ;vi = !Aeky sin(kxi � !t+ �) : (3.1)

The wave travels in positivex-direction,y points positive upwards withy = 0 at the undis-
turbed free surface.A is the wave amplitude,k the wave number,! the circular frequency,
and� is an arbitrary phase angle which can be set equal to zero by a suitable choice of the
origin x = 0. The corresponding water surface elevation is expressed as�i = A 
os(kxi � !t+ �) : (3.2)

If air flow plays a minor role it might be ignored at most parts of the inlet boundaries
except the region just above the free surface, where interpolation should be incorporated to
avoid a large gradient of the imposed velocity across water and air. If the air flow is to be
specified at the inflow, its velocity is given in a similar manner as for water. Figure 3.15
illustrates the velocity distribution of a plane progressive wave in water and air and the inter-
polation between water and air.

Small amplitude waves of an amplitude of 0.001 m and a wavelength of 0.196 m (corre-
sponding to a circular frequency of 17.73 s�1 and a phase velocity of 0.553 m/s, see Newman
[59]) have been generated first in the numerical tank. Figure3.16 shows the computed in-
stantaneous free surface location at one time instant and the comparison for one wavelength
of wave profile between computation and the sinusoidal form (as in the linear theory) taking
the highest elevation of the computation as amplitude. As can be seen, the sinusoidal wave
profile agrees very well with the analytical solution according to the linear wave theory. The
part of the numerical grid in the region of the free surface has 20 CVs per wavelength and 8
CVs in wave height to resolve the wave profile. The grid is gradually coarsened outside the
free surface region. The time step is set to�t = 0.005 s, corresponding to 70 intervals per
wave period. The CD and ITTL schemes have been adopted here for space and time approx-
imations. The result is quite satisfactory since the decreasing rate between two successive
wave heights due to numerical damping is about 2% which is almost negligible. Figure 3.17
compares the horizontal velocity component of the fluid particle directly beneath the wave
crest and the vertical velocity component of the fluid particle at the free surface when� = 0
with the analytical solutions, again showing very good agreement. Only at the bottom of the
tank the effect of the rather coarse grid outside the free surface region can be observed.

To generate large amplitude waves the equation (3.1) for thevelocities at the inlet
boundary are not any more exact; nevertheless a large wave amplitude is simply substituted
into these formulae to specify the inlet boundary conditions. A typically nonlinear wave pro-
file is generated automatically and compared with a second-order Stokes wave of the same
total mean energy density, Newman [59], shown in Fig. 3.18. The agreement is satisfactory
though not as good as for small amplitude waves due to the inaccurate boundary condition
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Figure 3.15: Velocity field of a plane progressive wave and interpolation between water and
air.
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in the computation and the ignored viscosity in the analytical solution. The computation
predicts even narrower crests and wider troughs than the second order Stokes wave theory.

It has been shown that potential wave theory can be used in specifying the velocities
at the inlet boundaries for wave generation in the numericalwater tank with a satisfactory
accuracy. However, attention has to be paid to the damping ofwave amplitude in space
and time during propagation of waves. The wave-damping can not be avoided though it can
be decreased by carefully selecting the numerical parameters. In practice, one can try to
estimate the wave-damping in advance and apply a higher amplitude at the inlet to generate
a wave with expected amplitude around the position of the ship, but experience and care are
needed since the damping factor is grid/case-dependent. Generally, the wave-damping factor
can be influenced by the following numerical parameters:� Grid resolution (the number of cells per wavelength and waveheight)� Time step size (the number of time steps per wave period)� Time integration scheme (the first-order IE, second-order ITTL scheme etc.)� Differencing scheme in space (UDS, CDS etc.)

A small amplitude wave (A = 0.001 m and� � 0.2 m) has been generated here to show
the effects of the grid resolution and the time integration schemes, see Fig. 3.19. The coarse
grid used here has 10 cells per wavelength and 16 cells per wave height and the fine grid has
doubled cells per wavelength. A numerical beach with gradually coarsen grids is connected
to the tank forx � 2 m. The CDS is used as the differencing scheme in space and thetime
step size is kept the same for all cases.

It can be observed that both grid refinement in the direction of wave propagation and
the time integration scheme have strong influence on the damping factor. The result from the
second-order ITTL scheme and the fine grid seems to be rather satisfactory, but unacceptable
results are produced by the coarse grid and the IE time integration scheme. The first-order
IE scheme produces large numerical diffusion as expected, which is more serious if the gird
is coarse.

The first-order IE scheme can basically not be applied to analyze problems requiring a
time-accurate simulation (e.g. wave propagation) due to its first-order truncation error and
requirement on too small a time step. It is strongly recommended for problems involving
wave propagation that the second-order scheme (e.g. ITTL intime and CDS in space) should
be employed and the numerical grid should be fine enough to capture the wave profile accu-
rately (at least 20 cells per wavelength and 16 cells per waveheight are needed according to
the author’s experience).

3.3.2 Wave Generation by a Flapping Wave-Maker

Experimental investigations of wave and floating-body interactions are usually conducted in
a towing tank where waves are generated by one or more wave-makers. For the purpose



70 CHAPTER 3. INTERACTION OF FLOW AND FLOATING-BODY

-0.02

0

0.02

0.04

0.06

0.08

2.6 2.8 3 3.2

y(
m

)

x(m)

2nd-order Stokes wave
computation

Figure 3.18: Wave profile for large nonlinear waves.

-0.001

-0.0005

0

0.0005

0.001

0.0015

0 0.5 1 1.5 2

y(
m

)

x(m)

Fine - ITTL
Coarse - ITTL

Fine - IE
Coarse - IE

Figure 3.19: Comparison of wave profile on grid resolution and time integration scheme.

of validation of the numerical simulation by experiments, the flapping motion of the wave-
maker is represented by moving boundaries in the present numerical tank.

As illustrated in Fig. 3.20, a moving no-slip wall boundary is imposed to move about its
rotating axis at the left side of the solution domain. Regular waves have been tested first in
the numerical tank. For convenience, the geometry of the wave-maker in the towing tank of
the former Institut für Schiffbau (now TU Hamburg-Harburg) is taken as an example, which
will be used again in the next section. It flaps sinusoidally from its original position with an
amplitude of 0.018 m in horizontal direction (measured in still water plane) and a period of
0.7 s. The origin of the wave-maker is located at 0.8 m below the water level and the water
depth of the tank is 1.0 m. The fine grid with 20 cells per wavelength and 16 cells per wave
height is employed, together with the second order ITTL and CD schemes.
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Figure 3.21 compares the computed wave profile (att = 8:0 s) with the analytical so-
lutions given by the linear wave theory and the second-orderStokes theory. The wavelength
(also fluid velocity) is underestimated by the linear wave theory, which ignores all non-linear
effects, but overestimated by the Stokes’ solution due to its ignorance of the viscous effects.
It is therefore reasonable that the numerical RANSE result just lies in between. Addition-
ally, the horizontal velocity components of the fluid particle direct beneath the wave crest
and the vertical velocity components of the fluid particle atthe free surface when� = 0 are
compared with the linear analytical solution in Fig. 3.22. The agreement is good except in
the region near the bottom of the tank where the grid is coarseand the CDS tends to induce
oscillations. Figure 3.23 shows the velocity field in the computational domain at a selected
time instant where the solid line indicates the free surfaceposition.

Also in this case, the IE scheme is tested here and its result is compared with the result
from the ITTL scheme in Fig. 3.24. The first-order IE scheme tends to produce severe
numerical damping and a phase shift as the wave propagates and therefore will not be used
in later applications.

Since the agreement between computational and analytical solutions is rather satisfac-
tory using both methods, experiments are conducted at our laboratory and at the Technical
University of Berlin to investigate the interaction of flow and floating-body motion under
different waves packages, where both small amplitude regular waves and large amplitude
wave packages are generated. The computational results concerning both water elevation
and body motion will be compared with the experiments in the following sections.

3.4 Motion of Simple Geometry Bodies in Regular Waves

Two-dimensional simple geometry floating-bodies are computed subject to small amplitude
regular waves in this section, including a constrained or free-floating rectangular cylinder, a
mid-ship section with or without bilge keels and two interacting floating-bodies. The pre-
dicted motions of both constrained and free-floating rectangular cylinder in small amplitude
waves are examined by experiments conducted in the towing tank of the former Institut für
Schiffbau, see section 3.4.1. The latter two test cases (sections 3.4.2 and 3.4.3) are car-
ried out to show the further perspective of the coupled numerical method, e.g. in predicting
roll-damping effects by keels and multi-body interaction in waves.

3.4.1 Constrained and Free-Floating Rectangular Cylinderin Waves

Constrained motion

An experiment is set up in the former Institut für Schiffbauto study the rotational motion
of a cylinder about a longitudinal axis in regular waves. Themodel is made of wood and has
a shape of a rectangular cylinder of 20 cm in length, 12 cm in width and 8 cm in height. The
model is initially set up 3 cm immersed into the water and the rotating-axis is located at the
vertical symmetry plane and 2.5 cm above the still water level, see Fig. 3.25. To minimize
the 3D effects, the model is located with a small distance to the side wall of the towing tank
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Figure 3.23: Computed velocity field for both water and air.
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Figure 3.24: Computed water elevation against time (left) and wave profile att = 8.0 s (right)
using IE and ITTL time integration schemes.

(200 cm in width). An angle ruler is set at one end of the cylinder to record the rotation of
the cylinder in reference to its vertical axis.

Waves are generated by simulating the flapping movements of the wave-maker in the
towing tank, as described in section 3.3.2. The amplitude ofthe rotation angle of the wave-
maker is2:5Æ (the horizontal movement is about 35 mm at the still water level) and the period
is 0.9 s. The cylinder is located at a distance of 2.4 m away from the flapping wave-maker.
Sliding interfaces are employed to allow an arbitrary rotation of the cylinder. The CD and
ITTL schemes have been adopted here for space and time approximations and the time step
size is set to�t = 0.005 s, which corresponds to 1/180 of the wave period.

Figure 3.26 shows the body position and the free surface deformation att = 6.82 s.
The experimental photo att = 6.82 s is shown in Fig. 3.27. As can be seen in Fig. 3.26,
water is about to be splashed onto the top of body and waves break in the vicinity of the
body resulting in small air bubbles enclosed in front of the body. These phenomena can also
be observed in the experiment. Unfortunately, they could not be recorded by the camera
(perpendicular to the angle ruler) due to the 3D effect at theend of the body, where the angle
ruler was installed.

Figure 3.28 compares the angular displacement between experiment and computation.
As can be seen, the phase of the motion in waves is predicted quite well. However rela-
tively large differences appear in the amplitude of the angular displacement. A reduction
of time step size results in an even larger deviation in the amplitude, shown in Fig. 3.29,
indicating that the numerical error is unlikely to be responsible for these differences. The
reasons are supposed to be the ignorance of the friction on the rotational axis and the three-
dimensionality of the problem (the flow can not escape from the sides of the cylinder in the
two-dimensional computation while it does escape in the three-dimensional experiment.). It
is therefore reasonable that the predicted motion by computation is larger than the one in the
experiment (note that the width of the tank is 2 m compared to 0.2 m of the cylinder length).
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Figure 3.25: Set-up of the constrained motion experiment.
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Figure 3.26: Free surface deformation att = 6.82 s: far view (left) and near view (right).

Since the computational effort of three-dimensional computations is large, the next test
case is set up to study a free-floating cylinder of larger aspect ratio (the ratio of length over
width) in waves in expectation that the errors made by the 2D assumption can be reduced
because the first source of error (the friction on the rotational axis) is automatically removed
and the second source of error (the block effect on the flow in two-dimensions) become less
significant due to the release of degrees of freedom (especially horizontal movement) and
the larger aspect ratio of the body.
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Figure 3.27: The experimental photo of the body in constrained motion att = 6.82 s.
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Figure 3.28: Comparison on the angular dis-
placement of the body between computation
and experiment (constrained motion).
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Free-floating motion

The experiment is again carried out in the same towing tank. The model is made of
aluminum plates, which are formed into the shape of a rectangular cylinder with dimensions
of 10 cm in width, 5 cm in height and 29 cm in length, as shown in Fig. 3.30. The averaged
density based on the total weight over total volume is 680kg=m3 so that the model can float
at the free surface in its stable equilibrium (positive GM,Metacentric Height) with 2/3 of
the total volume submerged in the water. The model is initially located 2.5 m away from
the flapping wave-maker with the longitudinal axis perpendicular to the direction of wave
propagation. Regular waves are generated by the wave-makerwith its flapping motion of an
amplitude of 15 mm (at the still water level) and a period of 1.0 s.

The two-dimensional numerical water tank has been set up with 10 m in length and
2.2 m in height, in which water depth is 1.0 m and air height is 1.2 m. Fine grids are
distributed near the body and in the region of free surface (�x = 1.5 cm and�y = 0.5 cm)
for the first 5 m of the tank. Successively coarsened grids as well as UDS are applied in the
numerical beach (x ¿ 5 m) to damp the waves and avoid reflection. The time step size is set to�t = 0.005 s, corresponding to 1/200 of the wave period. The ITTLtime integration scheme
is applied for the computation.

An electric probe has been set up at a position 1.5 m away from the wave-maker in the
experiment to record the water elevation as a function of time. A good agreement concerning
both water elevation and the motion in time has been be obtained between computation and
measurement. Figure 3.31 compares the water elevation as a function of time at the probe
position. The measured and computed horizontal, vertical and angular displacements of the
body are compared in Fig. 3.32, Fig. 3.33 and Fig. 3.34 respectively.

The movement of the body is recorded by a digital video-camera saving 60 single frames
per second. Each frame has the resolution of 320x240 pixel. The camera is set up so that
10 cm width of the body is represented by 80 pixel approximately. The body motion is then
reconstructed from these frames and the assumed time spans between them. Uncertainty can
appear here in the representation of the body motion, such asdeviation of the time span from
1/60 second between two successive frames and the counting error of pixel. The agreement
is however satisfactory except at the initial stage, where small disturbances may exist in the
experiment. As can be seen, the horizontal and vertical motion are basically reproduced in
the computation and the differences in the amplitude of the angular displacement become
smaller as expected. It is noted that the computation generally overpredicts the body motion,
especially the angular motion, which is attributed to neglecting 3D effects in the computation.

3.4.2 Mid-Ship Section with and without Bilge Keels in Waves

The amplitude of ships’ roll motion in waves is of great concern in terms of ship safety. Often
bilge keels are arranged to reduce the roll motion. In this section, a free-floating mid-ship
section is investigated in waves with or without bilge keelsto study the effects of the keels
on roll-damping. The mid-ship section has the dimensions of10 cm in width and 6 cm in
height. The lower corners of the section are rounded with a radius of 2 cm. Two keels of
2 cm are added to the rounded-corners for the variation with keels inclined at45Æ relative
to the vertical axis of the section. The body has an average density of 665.4 kg/m3 and is
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Figure 3.30: Set-up of the free-floating motion experiment.
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Figure 3.32: Time history of horizontal
displacement of the body in waves (free-
floating motion).
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initially located at 2.4 m away from the wave-maker with no forward speed. Regular waves
of 0.025 m amplitude and 0.7 s period are generated. Unfortunately no experimental data is
available to validate the computational results for this test case.

Figure 3.35 shows the computed free surface deformation andthe body position at
t = 6.0 s for the cases without and with keels. It can be seen that the body without keels
has experienced a large rotation (roll motion), while the body with keels has rolled only
very slightly. The time histories of the horizontal, vertical and angular displacements for
the section with and without keels are compared in Fig. 3.36,3.37 and 3.38, respectively.
As can be seen in Fig. 3.38, the amplitude of the roll motion for the section with keels is
only 5Æ compared to the25Æ for the section without keels, i.e. the rotation of the section
with keels has been damped significantly by the keels. The velocity field around one keel
is shown in Fig. 3.39 att = 8.0 s. As can be observed, strong vortices have been produced
due to the existence of keels, which are directly responsible for the roll-damping effect of
the keel. From another point of view, the roll-damping effect of keels can also be interpreted
as transferring the kinetic energy from the roll motion intothe translation motion, as can be
seen from Fig. 3.36, where the section with keels has driftedmore than twice as much in the
wave propagation direction as the one without keels.

3.4.3 Interaction of Two Floating-Bodies in Waves

Besides the behavior of a single body in waves, it is often of interest in practice that the
interaction of two or more adjacent bodies in waves can be considered, e.g. a cargo ship and
a barge during their loading or unloading processes. Therefore another test case is set up to
study the free-floating motion of two adjacent bodies in regular waves. The generated wave
has an amplitude of 0.025 m and a period of 0.7 s. The two bodieshave the same rectangular
cross sections of 10 cm in width and 6 cm in height and the density is half of the water
density. The two bodies are initially located in still waterwith a distance of 25 cm from each
other and are at rest at their equilibrium position, as shownin Fig. 3.40. Waves are generated
and travel towards the two bodies. When the bodies are subjected to the incoming waves,
they tend to move closer to each other, as shown in Fig. 3.41. This is also seen in the time
histories of the computed horizontal distance between the two bodies, shown in Fig. 3.42.
The horizontal, vertical and angular displacements of eachbody are given in Fig. 3.43, 3.44
and 3.45.

In this test case, the moving-grid method has been employed as shown in Fig. 3.46 for
two selected time instants. The computation must be interrupted when the two bodies get
too close to each other due to grid restriction; over-lapping grid would be a good alternative
to study such collision problems.

3.5 Motion of a Rectangular Cylinder under Wave Pack-
ages

So far investigations have been restricted to the interaction between floating bodies and reg-
ular waves. To demonstrate the general applicability of thenumerical method, studies on
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Figure 3.35: Free surface deformation and the position of the 2D mid-ship section att = 6.0 s:
without keels (left) and with keels (right).
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placement of the free-floating 2D mid-ship
section with and without keels.
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Figure 3.39: Velocity vector profile around
one keel att = 8.0 s.
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Figure 3.40: Initial state of free surface
around two floating bodies.

Figure 3.41: Free surface deformation
around two floating bodies att = 3.8 s.
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Figure 3.42: Time history of horizontal dis-
tance between two floating bodies.
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Figure 3.43: Time history of horizontal dis-
placement of each floating body.

-0.03
-0.02
-0.01

0
0.01
0.02
0.03

0 0.5 1 1.5 2 2.5 3 3.5 4

y 
(m

)

time (s)

left body
right body

Figure 3.44: Time history of vertical dis-
placement of each floating body.
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Figure 3.45: Time history of angular dis-
placement of each floating body.
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Figure 3.46: The grid around two floating bodies at two selected time instants.

the interaction between body and irregular waves are carried out in this section. The sec-
ond order CD and the ITTL time integration scheme are appliedfor the computations if not
mentioned specifically.

Experiments for validation purpose are conducted in a wave tank at the Technical Uni-
versity of Berlin, where the motion of the flapping wave-maker is controlled by a pre-defined
computer-program so that in principle random wave packagescan be generated, see Clauss
and Kühnlein [18]. The wave tank has the dimensions of 12.0 min length, 0.3 m in width
and 0.4 m in water depth. Both non-concentrating and concentrating wave packages are gen-
erated: The former travel in the wave tank with a constant wave profile and speed and the
later concentrate at a predefined position to reach a maximumwave height by a combina-
tion of wave components of different speed and amplitude. Two probes atx = 1.16 m andx = 2.66 m (x is the distance from the wave-maker) are set up to measure thewater ele-
vation as a function of time. The same rectangular cylinder made of aluminum plates with
10 x 5 cm cross section and 29 cm length, see section 3.4.1, is positioned initially still atx = 2.11 m. A digital video-camera has been used to record the body motion in time domain.
The water elevations are first measured without the disturbance of the body in the tank to
examine whether the concentrating position coincides withthe expected one. Furthermore
they are used to validate the waves generated by simulating the flapping wave-maker in the
numerical water tank so that the numerical errors produced in wave generation and in body
motion prediction can be distinguished from each other.

3.5.1 Motion under Non-Concentrating Wave Packages

A two-dimensional numerical water tank has been set up with 8m in length and 2 m in
height, in which water depth is 0.4 m and air height is 1.6 m (the upper boundary is located
high to minimize the air flow effect). Relatively fine grids are distributed in the region of free
surface and the first 3 m of the tank. Successively coarsened grids as well as UDS are again
applied in the air and in the numerical beach to damp the wavesand avoid reflection.

To estimate the accuracy of the numerical results, three sets of grids have been gener-
ated. The finer grids are obtained by halving the coarser gridspacing in all directions of
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space as well as in time so that the coarse grid has 1594 cells and the medium and fine grids
have 6248 and 24992 cells, respectively. An example of the adapted grid around the body
from the medium grid can be seen in Fig. 2.7. Cells in the free surface region have a spacing
of �x = 1.5 cm and�y = 0.5 cm. The time step size ist set to�t = 0.01 s, 0.005 s and
0.0025 s for these three grids respectively. The moving-grid method, already described in
section 2.5.2, is applied here to realize flapping motion of the wave-maker as well as the
body motion.

Figure 3.47 shows the comparison of time histories of water elevation at two probes
between measurement and results obtained from three grids.As can be seen, the coarse
grid is insufficient to predict accurately free surface deformation, especially at the second
probe where phase shifting appears. The phase has been well predicted by the medium and
fine grids while the wave height has been over-predicted, which is quite surprising since the
numerical diffusion tends to damp the wave height, as can be found in many publications.
The numerical damping can also be seen here by comparing the results between medium and
fine grids. It is assumed that the flapping wave-maker motion/amplitude was not exactly the
same in the experiment and in the simulation; for the latter,the signal from the software,
Clauss and Kühnlein [18], driving the wave-maker was used as the boundary condition,
since the actual flap motion was not measured. This assumption is also valid for the next
application, where wave height has again been over-predicted by the numerical prediction
for a concentrating wave packages in the same water tank. Note that the results from the
medium and fine grids almost coincide with each other, indicating that a further refinement
would hardly produce any difference in the results and the medium grid with 6248 cells is
sufficient for this application.

The computed body motions using three grids are compared with the measurement in
Fig. 3.48. Again, the results from the coarse grid differ significantly from the ones from the
medium and fine grids in both phase and amplitude and the latter two results are very close to
each other. The over-predicted amplitude of motion is the consequence of the over-predicted
wave height. In all three motions, a phase difference can be observed between computation
and measurement, which however does not exist in the predicted water elevation. It indicates
that the time span between two successive frames of the digital video-camera is not exactly
equal to the assumed value of 1/60 second. Taking into account the uncertainty in the exper-
iment, the numerical method has exhibited its ability in predicting both the wave profile and
the body motion.

3.5.2 Extreme Motion under Concentrating Wave Packages

Large amplitude wave packages are now generated in the watertank (with or without body).
The medium grid from the last section has been used here. Alsothe numerical parameters
and schemes are applied here same as in the last section. As stated before, the flap motion is
derived from a mathematical model to generate waves which concentrate and reach a large
amplitude at a prescribed position (x = 2.11 m in this case), Clauss and Kühnlein [18].

Wave packages are generated in the numerical tank by simulating the flapping motion of
the wave-maker in the experiment. Figure 3.49 gives the timefunction of the rotational angle
of the wake-maker. The computed water elevations at the positions of two measuring probes
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Figure 3.47: Time history of water elevation at two probes:x = 1.16 m (left) andx = 2.66 m
(right).
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Figure 3.48: Comparison on body motion between experiment and computation: horizontal
(left), vertical (right) and angular displacement (bottom).
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Figure 3.49: Time history of the angle of the wave-maker.

are compared with the experiment against time, see Fig. 3.50. A very good agreement is
obtained concerning both the amplitude and the phase. The slight over-prediction of the wave
amplitude reflects again the small difference of the boundary condition between computation
and experiment, as explained before.

An overview of the water elevation, position of the floating body and the flapping wave-
maker can be observed in Fig. 3.51 at four successive time instants. Time is set to zero
when the wave-making flap starts. As can be seen, waves traveling with different speed are
generated and become very steep (almost breaking) until themaximum amplitude is reached
at the position where the body is. When the concentrated wavepackages reach the body, the
body is subjected to a large impact which results in extreme motion of the body. Also it is
observed in both experiment and computation that water is splashed on top of the body and
air bubbles are trapped in the water in front of the body.

The body motion under the load of wave packages is compared between computation
and experiment in Fig. 3.52. The experimental data has been deduced from digital images
as explained before. The uncertainty is around 5% in translation and 9% for rotation and the
time span between images appears larger than assumed. The agreement between simulation
and experiment is quite satisfactory for all three degrees of freedom, despite of the uncer-
tainty in reconstructing the body motion from digital images. Note that the body is 5 cm high
and the amplitude of its vertical motion is 4 cm. And the maximum rotations of about -25Æ
and +20Æ are observed in both experiment and simulation. Figure 3.53compares a close-up
view on the extreme body position and the free surface deformation between computation
and experiment at two time instantst = 7.20 s and 7.54 s. Additional information can be ob-
tained from the computation, such as the velocity field in water and air as plotted in Fig. 3.53.

Using overlapping grid method

As already mentioned in section 2.5.1, the overlapping gridmethod has the advantage
that it poses no restriction on any large motion of the body and therefore is attractive for
studying the extreme motions. As an alternative, the overlapping grid method is examined
here using the test case in this section and the result is compared to the one conducted by the
moving-grid method in a single domain as presented above.
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Figure 3.50: Time history of water elevation at two probes:x = 1.65 m (left) andx = 2.66 m
(right)
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Figure 3.51: Free-surface deformation and position of the wave-maker and the floating body
at four successive time instants.
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Figure 3.52: Comparison on body motion between experiment and computation: horizontal
(left), vertical (right) and angular displacement (bottom).

Figure 3.53: Free-surface shape and body position as observed in the experiment (left) and
the computation (right) att = 7.2 s (top) andt = 7.54 s (bottom).
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The weak-coupling method has been used here which means the computational domain
is separated into two parts: foreground and background domain, which are solved separately
(two sets of systems of equations) and only connected by exchanging data through boundary
conditions. The two separated domains are partially overlapped so that the values for the
intermediate boundaries of the foreground domain can be interpolated from the solution of
the background domain and vice versa. Linear interpolationhas been used here. Figure 2.6
gives the example of such a grid used in this test case. Eitherinlet or pressure boundary
condition is specified at these intermediate boundaries. Inthis case, a pressure condition
has been specified at the upper boundary, inlet conditions have been specified at the other
three boundaries. To enhance a unique solution in the overlapping region and satisfy the
mass conservation, certain correction is necessary after the interpolation process. A detailed
description of such overlapping-grid methods can be found in several publications, see Klemt
[43] and Petersson [68] for recent works, and therefore willnot be given here.

The computed body motion under the large amplitude wave package using overlapping
grids is compared with the experiments as well as with the results using the moving-grid
method in Fig. 3.54. The agreement is quite satisfactory in all three degrees of freedom. As
can be seen, the difference between computations using these two methods is rather small
indicating the error induced by the interpolation process and the intermediate boundaries is
relatively small. Figures 3.55 and 3.56 show the free surface deformation, body position and
pressure field together with the overlapped foreground and background grids. As can be seen,
slight discontinuity of the free surface position can be found in the overlapping region, which
is not surprising since the interpolation process only ensures the consistency of the solution
at the intermediate boundary (if the interpolation error isnegligible) but not necessarily in the
whole overlapped region. Forming a consistent solution in the overlapped region is indeed
difficult in this method. For a better consistency, a strong-coupling overlapping grid method
should be used.

The computational time using the overlapping grid method has increased by a factor
of 1.3 for this test case compared to the moving-grid method in a single domain, which is
caused by not only the increased number of cells (cells doubled in the overlapping region)
but also the searching algorithm and the interpolation process between the foreground and
the background grids. This factor becomes larger for 3D applications since the searching
algorithm and the interpolation process become much more computationally intensive. The
computational time can also be increased dramatically whenthe computation is parallelized
on computers with coarse granularity and a large amount of information concerning grid co-
ordinates and variables between processors has to be exchanged at every outer-iteration/time
step. For further 3D applications in this work, the moving-grid method is applied to avoid too
large computational effort and to achieve a good balance between accuracy and efficiency.
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Figure 3.54: Comparison on body motion between experiment and computations using one-
domain and overlapping grids: horizontal (left), vertical(right) and angular (bottom) dis-
placement.

Figure 3.55: Free-surface deformation, body position and overlapping grids att = 6.8 s (left)
and att = 7.4 s (right).
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 t = 6.8 s t = 7.4 s

Figure 3.56: Pressure field and overlapping grids att = 6.8 s (left) and att = 7.4 s (right).
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Chapter 4

Applications to Ship Motion in Waves

4.1 Introduction

In practice, ship motions in waves are either predicted using experiments or numerical meth-
ods based on the potential theory, which assumes an irrotational flow of ideal fluid. Motions
and waves are mostly linearized (strip method or panel method), or potential flow com-
putations with linearized boundary conditions are combined with non-linear simulations of
motions. An overview of the variety of methods can be found inBertram [11]. These meth-
ods are considered as fast and robust tools in the design stage because they allow a large
number of variants to be analyzed for the purpose of optimization. They are applicable to
the assessment of statistical quantities, which can be the only final result in a natural seaway
due to its stochastic nature. The motion of a smooth body in waves can be computed us-
ing these methods with reasonably good accuracy (especially when empirical corrections are
applied). However, they are not suitable for flows where viscous effects or breaking waves
play an important role. Bilge keels, damping tanks, added resistance, maneuvering motions
etc. can be dealt within the potential theory only with further empirical corrections, which
not only decrease the accuracy of the prediction, but are also sometimes expensive because
experimental data and many years of experience are requiredfor such corrections. Strongly
nonlinear effects like slamming or green water on deck can then only be dealt with by sep-
arate, more sophisticated methods, using results of potential flow calculations as boundary
conditions. Computational methods predicting viscous free-surface flows can, however, deal
with the aforementioned problems without difficulty, but the computing cost is much higher.

After the present method has been applied to a variety of two-dimensional test cases
and validated by either analytical solutions or conducted experiments in the previous chapter,
three-dimensional problems such as the dynamic response ofan advancing ship in waves are
studied in this chapter. The emphasis is on demonstrating the potential of the present numer-
ical method in studying special problems in seakeeping applications to reduce the number
of expensive model tests in a towing tank, leading to a more economical design phase. In
addition, robustness, flexibility and accuracy of the coupled method are demonstrated here
further for 3D problems to make the method straightforward for further complex simulations
in ship maneuvering applications, which will be studied in the following chapters.

In this chapter, three application cases will be presented,which are of more relevance

91
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in research than in practice. Nevertheless, they can be not only considered as demonstration
cases for evaluating and validating the numerical approachas a practical tool in complex
analyses, but are also easily extended to practical applications. These three cases simulate
the dynamic response of a ship (without appendages) with constant speed in waves, where
the moving-grid method is used to evaluate the varying ship position. A Wigley model is
taken first due to its simple geometry. Motions of an advancing Wigley model in regular
waves are presented in section 4.2. Section 4.2.1 studies heave and pitch motions for an
advancing Wigley model subject to head waves. Roll motion isassumed to be negligible
so that the symmetry condition can be applied to reduce the number of grid cells by half.
Section 4.2.2 extends the test case to the motion of a Wigley model advancing with constant
speed in oblique waves, where roll, pitch and heave motions are considered. The grid is
mirrored about the symmetry plane so that twice the number ofcells is required for this test
case. Oblique waves with an angle of attack of170Æ are generated by inlet conditions in front
of and beside the ship. The influence of the differencing scheme in space is investigated for
the case of a Wigley model in head waves in section 4.2.3. Then, the dynamic response of
a RoRo vessel is simulated with forward speed in head waves insection 4.3. The predicted
ship motions are compared with measurements from self-propelled model tests, showing
good agreement.

4.2 Wigley Model in Waves

4.2.1 Wigley Model in Head Waves

The first coupled, three-dimensional simulation of fluid flowand flow-induced floating-body
motion was performed for a Wigley model advancing with constant speed (Fn = 0:3, Rn
= 4:85 � 106 at model scale) in head waves. Only pitch and heave motions ofthe ship were
considered. The Wigley model has the standard form:L:B:D = 10:1:0.625 andL is chosen
as 3.0 m here. The center of mass and the rotation lever for pitch motion are set to0:3125L
above the keel and0:25L respectively. The solution domain extended to1:5L in front of and
beside the ship and2L behind the ship, in addition to a damping zone at the outlet boundary.
The distance from the ship to the bottom of the tank wasL. The grid had 44880 finite
volume cells and most of the grid cells were located near the ship and the free surface, as
can be observed in Fig. 4.1. The grid in the neighborhood of the ship was adapted to the ship
motion at each time step while the grid far from the ship was kept fixed all the time. Regular
waves were generated by specifying the inlet flow according to the Airy wave theory. The
wavelength� was chosen as� = L, the wave height ash = 0.065�.

The ship was kept fixed until the wave front approached the bowand then allowed to
move with two degrees of freedom. Figure 4.2 shows the computed time histories of ship
motions. The large motion at the beginning indicates that the initial position of the ship
was not its equilibrium position. After a few periods, periodical motion occurs about its
equilibrium position. Figure 4.3 shows wave contours together with the ship positions for
four time instants. The wave system due to the ship motion hasbeen strongly damped since
the grid is gradually coarsened behind the ship; however, the interaction of the body and the
incoming wave systems can be well observed.
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Figure 4.1: Computational grid at the free surface level around the Wigley model (mirrored
about the longitudinal plane).
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Figure 4.2: Computed time histories of heave (left) and pitch (right) motions of the Wigley
model.

4.2.2 Wigley Model in Oblique Waves

Subsequently, the motion of a Wigley model advancing with constant speed (Fn = 0.18) in
oblique waves was computed. The center of mass is kept the same as in the section 4.2.1
and the rotation levers for roll and pitch motions are set to0:05L and0:403L respectively.
Waves were generated by specifying the velocities according to the Airy wave theory at the
corresponding inlets (front and side boundaries of the solution domain), see Fig. 4.4. The
angle between the direction of wave propagation and the direction of the ship velocity was170Æ. The wavelength� was chosen as� = L, the wave height ash = 0.01�. To obtain
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Figure 4.3: Computed wave patterns of the Wigley model in head waves at four selected time
instants.

results without the influence of reflection of ship-induced waves at the boundaries for a
longer period, the distance between the side boundaries andthe ship is enlarged to 2L. The
computational grid had more than twice as many cells as in theformer case, since here the
asymmetric motion of the ship must be considered: the roll motion is free in addition to the
heave and pitch motion. Surge, sway and yaw motions were suppressed, since neither rudder
nor propeller was modeled in this case. Figure 4.4 shows the resultant interacting wave
system of both the ship-induced and oblique wave systems. Figure 4.5 shows the resulting
roll, heave and pitch motions, respectively. These three motions are coupled to each other
and the time-averaged roll angle has a negative value under the impact of the oblique waves.

4.2.3 Effect of Differencing Scheme in Space

As mentioned before, differencing schemes in space have an effect on the damping of wave
propagation in the numerical water tank. Their effects on both wave propagation and body
motion are studied here for the case of a Wigley model advancing in head waves.

The first-order UD and the second-order CD schemes are selected here to show the
effects more obviously. The predicted time histories of water elevation atx = 2.2 m are com-
pared in Fig. 4.6. The strong damping on the wave amplitude can be observed as expected.
The comparison of resulting heave and pitch motions of the Wigley model is given in Fig.
4.7. As can be seen, the UD scheme tends to dampen the ship motion substantially (almost
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Figure 4.4: Computed wave pattern of the Wigley model in oblique waves (170Æ).
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Figure 4.5: Computed time histories of roll (top), heave (left) and pitch (right) motions of
the Wigley model in oblique waves (170Æ).
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by half in heave motion) as consequence of wave damping.

The first-order UD scheme should basically not be used unlessthe spatial discretization
is very fine. Normally such a fine grid is neither affordable nor necessary, especially when
problems with complex geometry have to be dealt with. The second-order CD scheme allows
lower grid resolution and offers higher accuracy but tends to oscillations. So it is often
necessary to blend a portion of UD with CD scheme in practice.The optimum blending
factor is case/grid-dependent and therefore difficult to find, but one should always use the
highest value of CD scheme possible to achieve higher accuracy. The blending factor can
be varied locally and higher values of CD scheme (0.9� � � 1.0) can be used if the grid
is smooth and well distributed. The issue of the effects of differencing schemes will be
discussed again for rudder forces in section 5.2.3.
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Figure 4.6: Computed time histories of water elevation using UD and CD schemes.
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Figure 4.7: Computed time histories of heave (left) and pitch (right) motions of the Wigley
ship using UD and CD schemes.
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4.3 RoRo Ship Model in Head Waves

The RoRo vessel, designed by Flensburger Schiffbau-Gesellschaft (FSG), was taken as one
of the test models in the experiments conducted at the Hamburg Ship Model Basin (HSVA).
Parallel to the model tests, corresponding numerical simulations were carried out.

The dimensions of the RoRo ship model are given in Table 4.1. The lines plan for the
RoRo ship is given in Appendix D. The ship model has the model scale of 1/34. The GM of
the ship model can be adjusted for different natural roll periods. The test case has been set
up with the model running against incoming regular waves (180Æ) atFn = 0.22. The regular
waves generated by a flapping wave maker are of 0.15 m height and 4.0 m length, which is
0.7L. The model ship runs with its own propeller and a remotely controlled rudder to keep
the designated course.

In the simulation, the constant speed of the ship is imposed,while heave and pitch mo-
tions are free. Roll motion has been disabled in the simulation since in this case the ship
is running in head waves and the wave frequency is still far from the resonance frequency
of the ship for roll motion. Therefore the roll motion is not expected to be significant, as
proven in measurements. Regular waves are generated by an inlet boundary with velocities
specified according to the Airy wave theory. Small errors could be introduced by the differ-
ences of boundary conditions between experiment and simulation. However, exact boundary
conditions for such an experiment are always difficult to match and the selected approach
lies within the uncertainties of the experiment.

The computation domain extends to 1.3L in front of the ship bounded by an inlet
boundary with velocities specified, 1.5L behind the ship connecting to a 1.5L damping zone
bounded by a hydrostatic pressure boundary, 1.5L at the side of the ship and1:0L in water
depth bounded by slip wall boundaries. Only half of the ship was modeled due to symmetry.
The grid had 550,000 control volumes. A relatively fine grid and local refinement was used
around the ship and the free surface region, see Fig. 4.8 for an overview of the grid at the
free surface and the ship hull and Fig. 4.9 for a close view of stern and bow section of the
grid. One quarter of all cells were in the vicinity of the shipto resolve the boundary layer
and almost half of all cells were around the water surface region to improve the accuracy and
sharpness of the free surface. The time step size is set to 0.01 s, corresponding to 1/160 of
the wave period (T = 1.6 s).

The ship runs with forward speed in head waves with free heaveand pitch motions, as
mentioned before. Fig. 4.10 compares time histories of computed heave and pitch motions
of the ship with experimental data. The heave motion is non-dimensionalized by the ship
length. The numerical results are compared with a corresponding period of time in the
experiment. The agreement is quite satisfactory keeping inmind that boundary conditions
for wave generation are not the same in the numerical tank andin the experiment.

The wetted-surface and the position of the ship are shown in aseries of time instants in
Fig. 4.11. The wave crest hits the ship bow at time 9.75 s and ittravels along the ship until
it reaches the mid-ship at 10.20 s, where the ship bow is approximately at the trough of the
wave. The ship is under the condition of positive and negative bending at these situations.
Therefore, these two critical time instants are taken for further discussion. Fig. 4.12 shows
the wave patterns generated by the RoRo ship at these two timeinstants. The spread angle of
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Table 4.1: Dimensions of the RoRo ship modelLpp B T r LCB
5.364 m 0.765 m 0.174 m 0.409m3 2.517 m

KM GM ixx iyy �
0.393 m 0.0714 m 0.285 m 1.381 m 34

1.5L

L

1.5L

1.5L

Figure 4.8: Computational grid at the free surface level around the RoRo ship.

the wave crests at the ship bow is about 2�19.5Æ, which agrees with the analytical prediction
of the steady wave system due to forward speed of the ship. This indicates that the computed
wave system is actually a superposition of this steady wave system and the unsteady wave
system due to incoming waves and resulting ship motion.

Figure 4.13 shows the dynamic pressure distribution on the ship hull at these two time
steps and Fig. 4.14 the corresponding shear stress distributions. Higher pressure appears at
the bow and the middle part of the ship at these two time instants, respectively. Relatively
high pressure can be observed in the ship bow region at 9.75 s,which corresponds to the bow
flare slamming and is critical when the wave height increases.

Velocity fields in the longitudinal symmetry plane of the ship are shown in Fig. 4.15.
Higher velocity under the wave crest and lower velocity due to the wake of the ship can be
recognized.
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Figure 4.9: RoRo ship grid: viewed from stern (left) and bow (right).
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Figure 4.10: Time histories of heave (top) and pitch (bottom) motions of the RoRo ship.
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(a) t = 9.75 s

(b) t = 9.90 s

(c) t = 10.05 s

(d) t = 10.20 s

(e) t = 10.35 s

(f) t = 10.50 s

(g) t = 10.65 s

Figure 4.11: Wetted-surface and the position of the RoRo ship within one wave period.
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crest trough cresttrough

Figure 4.12: Computed wave patterns of the RoRo ship att = 9:75 s (left) andt = 10:20 s
(right).

Pressure 
   ρU2/2

-4.337e-01
-2.571e-01
-8.055e-02
 9.594e-02
 2.725e-01
 4.491e-01
 6.256e-01
 8.023e-01
 9.789e-01
 1.155e+00
 1.332e+00

t = 9.75 s t = 10.20 s

Figure 4.13: Dynamic pressure distribution on the RoRo shipsurface at two time instants.

Shear stress 
     ρU2/2

 7.813e-06
 7.492e-04
 1.491e-03
 2.232e-03
 2.973e-03
 3.715e-03
 4.456e-03
 5.198e-03
 5.939e-03
 6.680e-03
 7.422e-03

t = 9.75 s t = 10.20 s

Figure 4.14: Wall shear stress magnitude on the RoRo ship surface at two time instants.



102 CHAPTER 4. APPLICATIONS TO SHIP MOTION IN WAVES

Velocity (m/s)

 0.06927

 0.2832

 0.4971

 0.7111

 0.9250
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 2.2090

(a) t = 9.75 s

Velocity (m/s)

 0.101

 0.319

 0.537

 0.754

 0.972

 1.190

 1.408

 1.625

 1.843

 2.061

 2.278

(b) t = 10.20 s

Figure 4.15: Velocity profile in the longitudinal symmetry plane of the RoRo ship.



Chapter 5

Modeling of Rudder, Propeller and their
Interaction with Ship

5.1 Introduction

The importance of navigational safety of ships has become much higher nowadays; accord-
ingly the maneuverability of a ship should comply with appropriate maneuverability stan-
dards. As recommended by IMO, an accurate estimation of a ship’s maneuvering ability at
the design stage is essential to meet these requirements.

At present, the property of a newly-designed ship is mainly predicted by three means:� making use of data obtained from sea trials of similarly-shaped ships.� performing model tests.� simulating the maneuvering performance of ships by some mathematical/numerical
models.

However, the first often lacks reliability and the second always consumes excessive time
and costs. The accuracy of the third method entirely dependson the hydrodynamic coeffi-
cients, which are mostly obtained from potential flow solutions in practice. These methods
concentrate themselves on ease of use and an appropriate approximation of magnitude of hy-
drodynamic forces rather than on the detailed structure of the flow field, they require several
empirical parameters, such as determination of the point offlow separation or the location
of the free vertex. Therefore, a tool that can resolve the details of the flow field and evalu-
ate the forces and moments with a sufficient degree of accuracy is necessary for the further
advancement of ship design technologies.

The described method, coupling the RANS equations with rigid body dynamics, can
be an answer to this problem. Especially, the method has the advantage of requiring no lin-
ear approximations so that it is suitable for the analysis ofviscous flow fields with strong
nonlinearity, such as the flow field around a maneuvering ship. In Chapter 3, it has been
demonstrated that the method is robust and accurate enough to predict the motion of a 2D
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body during water-entry or subjected to small regular wavesand large wave packages. Chap-
ter 4 has further exhibited the accuracy and robustness of the method in 3D problems with
complex hull forms in seakeeping applications. For simulating maneuvering motions of ships
by the present method, three steps are necessary from a CFD point of view.

The first step is to model the flow about a rudder and a propellerindividually, where the
flow around a rudder is solved by CFD (section 5.2) and the propeller is modeled by a body
force model at its position (section 5.3). Since the numerical parameters have an important
influence on predicting the flow around a rudder and consequently on the computed rudder
forces, a parametric study is first carried out for two-dimensional flows around a hydrofoil.
Then the forces on a three-dimensional rudder are predictedfor a rudder alone and a rudder
with a rudder-fin under inflow conditions with different angles of attack.

The second step is the coupling of propeller and rudder (section 5.4) and also their
interaction with a hull coupled by CFD but with no ship motioninvolved (section 5.5). A
large increase in rudder forces (both lift and drag forces) can be observed from computations
due to the location of the rudder in the slipstream of the propeller. The predicted rudder
forces behind the propeller and ship hull are further compared with available experiments,
showing satisfactory agreement.

The final step is to simulate the maneuvering motion of a ship with appendages, such as
drift motion, turning circle maneuver and Zigzag maneuver.This is one of the main goals of
the present study and will be focused on in the next chapter, which is then a straightforward
application based on previous chapters.

5.2 Modeling of Rudder

5.2.1 General Description

Rudders are the most commonly used devices for ship maneuvering. They are normally
placed at the stern of ships (favorably in the propeller slipstream) to deliver a transverse
force and a steering moment about the gravity center of the ship during turning. Since only
spade rudders are considered in this work, they will be introduced in the following. Their
cross sections are profiles, which can generate a lift force under a certain angle of attack by
re-directing the flow to follow the rudder surface. The drag and lift forces are defined as
components of the total force acting on the rudder surface inthe flow direction and perpen-
dicular to it. The rudder forces are mainly influenced by the dynamic distribution of pressure
on the rudder surface. Figure 5.1 shows definitions of the attack angle�, the lift forceL, the
drag forceD, the stock momentQR and the main dimensions of the rudder.

The drag, lift forces and stock moment can be made non-dimensional by the product of
the stagnation pressureq, the rudder areaAR and its mean chord length
:CD = DqAR = D(0:5�v2)AR ; (5.1)



5.2. MODELING OF RUDDER 105CL = LqAR = L(0:5�v2)AR ; (5.2)CQR = QRqAR
 = L(0:5�v2)AR
 : (5.3)

Here,� is the density of water,v is the main flow velocity.AR is defined asAR = 
b ; (5.4)b is the height of the rudder, see Fig. 5.1. The aspect ratio of the rudder is defined as� = b2AR : (5.5)

The drag coefficientCD is decomposed in some cases into two components:CD = CDp + CDf ; (5.6)

whereCDp is the drag coefficient due to pressure andCDf the one due to friction.

The Reynolds numberRn is defined asRn = �v
� ; (5.7)

where� is the dynamic viscosity of water.

One of the most widely used types of rudder profiles is the NACA-00 series, which has
been investigated systematically in wind tunnel measurements, see Abott and von Doenhoff
[1]. Numerical computations of such profiles in viscous flow have been carried out, see
Chau [16] and El Moctar [22] and comparisons with experiments show that the lift force
coefficients have been predicted very well up to the stall angle �stall (the attack angle at
which maximum lift force is produced). However, the predicted stall angle itself and the drag
force coefficient are larger than the measured values. Otherprofile forms, such as HSVA MP
series (MP stands for ’Mixed Profile’) designed by Brix [14],have also been widely used.
One such profile, the HSVA MP73 used for the rudder of the RoRo ship (section 4.3), will
be investigated here.

The computational domain and numerical grid used for 2D computations of the rudder
alone and for 3D computations of rudders with rudder fins and the ship will be introduced
first. Then, numerical parameters are studied for the profileHSVA MP73-20 in 2D. Forces
on the rudder with and without a fixed fin above are computed andcompared with each
other in 3D free stream flow. Rudder forces behind propeller and ship will be analyzed in
section 5.5.
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Figure 5.1: Main dimensions of the rudder (Brix [14]).

5.2.2 Computational Domain and Numerical Grid

The solution domain for 2D analyses is a rectangular block bounded by a non-slip wall
representing the rudder surface as inner boundary and inflow, pressure or slip walls as outer
boundaries. The rudder profile is put into a circular block bounded by a sliding interface,
which enables an arbitrary rotation of the rudder. Since these analyses of rudder forces are
performed as preparatory step for later ship maneuvering applications, the circular inner
grid is embedded in an outer Cartesian block. The inlet and pressure boundaries are always
perpendicular to the direction of flow and lie at a distance of7
 in front of and13
 behind the
rudder, respectively, see Fig. 5.2. Slip wall boundaries are located10
 beside the profile and
parallel to the flow direction. Chau [16] shows that the difference of the computed rudder lift
force coefficientsCL is less than1% between results obtained with outer boundaries located
at 10
 and13:5
 away from the profile. Therefore it is considered to be appropriate to have
a distance of about10
 between profile and outer boundaries. The cells approachingouter
boundaries are gradually enlarged as can be seen in Fig. 5.2.The coarse grid shown in Fig.
5.2 has 3000 cells. The grid is systematically refined in the vicinity of the profile resulting
in a medium grid with 12000 cells and a fine grid with 39000 cells, see Fig. 5.3 for a close
view of the fine grid around the rudder profile.
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Figure 5.2: Computational domain of coarse grid in 2D.

Figure 5.3: Fine grid in the vicinity of the rudder in 2D.
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Three dimensional grids are generated by simple extension of the 2D grid, so that it has
a similar structure with a rudder block surrounded by sliding interfaces. Care has to be taken
at the top and bottom surfaces of the rudder, where the cross section of the rudder has to be
closed with a grid of similar density. The sliding interfaces are used also here to allow the
rotation of the rudder. They should be placed with some distance away from the surface of
the rudder to avoid larger discretization errors near the top and bottom surfaces of the rudder
(due to interpolation at the sliding interface). Thin grid layers are applied to the vicinity of
top and bottom surfaces of the rudder to resolve the boundarylayer. The total number of CVs
used for 3D computation is 80,000 cells. The top and bottom outer boundaries are specified
as slip walls. Figure 5.4 shows a frame of such a grid for the computation of the flow around
a rudder alone.

More challenges in grid generation are met if a rotating rudder grid has to be fitted
behind the ship and below a fixed rudder fin with only a narrow gap between rudder and fin
(5 cm). First, a grid for a rudder and a rudder fin without the ship containing 110,000 cells
has been generated, as shown in Fig. 5.5. The narrow gap is resolved by a number of thin
layers of cells on each side attached to the top surface of therudder and the bottom surface
of the rudder fin. Then a sliding interface is used in between to connect the rotating rudder
block and the fixed block containing the rudder fin. This technique seems to work well,
although one can argue that the flow in the gap is rather slow and therefore can probably be
neglected. El Moctar [22] has shown that the lift force acting on the rudder at the rudder
angle of5Æ without the gap is about2% larger than the one in the case of a 5 cm gap between
the rudder and the rudder fin while the influence of the gap on the drag force is much smaller.

Next, the blocks with rudder and rudder fin have to be arrangedbehind the ship. A
RoRo ship with a double rudder system has been taken for this case. The Costa bulb of the
rudder is neglected here to make the grid generation easier.Blocks with different cell density
or topology are connected by unstructured block interfacesor sliding interfaces (if they move
relatively to each other). The grid generated for such a complex system and a more detailed
view of the ship stern together with rudders at30Æ rotation angle are shown in Figs. 5.6.
The discretization domain extends to1:5L in front of and beside the ship and3:0L behind
the ship with an additional numerical beach. The top and bottom boundaries are1:0L away
from the ship, so the deep water condition is applied. The complete grid has about 1,050,000
cells, half of which are located near the ship hull and the rudder and a quarter of which are
found in the region of the free surface.

As can be seen, the whole grid system turns out to be very complicated. That is also one
of the reasons that most computations in practice are carried out for separated parts so far.
This seems to ease the difficulties in grid generation, but the coupled effect has to be either
ignored or approximated, which may deteriorate accuracy. It is well known that the rudder’s
behavior is completely different if it is placed in uniform stream or in the wake of a ship
(and partially in the slipstream of the propeller). Thanks to techniques like sliding interfaces,
unstructured blocks and cell-wise local refinements, it hasbecome possible to compute the
coupled complex system simultaneously.
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Figure 5.4: Computational domain for rudder without fin in 3D.

Figure 5.5: Grid for rudder with fin in 3D.
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Figure 5.6: Grid for RoRo Ship with two rudders and fins.

5.2.3 Parameter Study of Rudder Forces in 2D

Error analysis and parameter study are first performed for the flow around the rudder pro-
file HSVA MP73-20 in two dimensions. Both modeling errors dueto employing different
turbulence models and the discretization errors due to numerical grids and approximation
schemes will be discussed in this section. Computations in real and model scales (different
Reynolds number) will also be compared.

To study discretization error and modeling error, the iteration error should be kept at
least an order of magnitude lower than the discretization error. To meet this criteria, the
dimensionless residuals of all equations are reduced to10�6 (10�5 in some cases), which is
sufficient since the force coefficients do not change any moreon the four most significant
digits when the residual is below10�5 (10�4 in some cases).

Turbulence models

The RNGk-� turbulence model (mentioned before in section 2.2.1) is tested here and the
results are compared to the standardk-�model. The computations using these two turbulence
models are carried out for the profile in a uniform flow at an angle of attack of� = 8Æ and a
Reynolds number ofRn = 2:7�106. Different blending factors of CD scheme and UD scheme
are varied for both models and computations on a coarse grid and a fine grid are carried out
to study the tendency of the performance of turbulence models depending on approximation
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Figure 5.7: Dependency of computed lift and drag coefficients on blending of CD scheme
and UD scheme for two turbulence models on coarse and fine 2D grids (� = 8Æ andRn = 2:7 �106).
schemes and the grid resolution.

The coarse and fine grids employed here have already been shown in Fig. 5.2 and 5.3.
The non-dimensionalY + of the coarse grid is around 150. On the fine grid it has a value
between 40 and 50. The computed force coefficients using these two models are compared
in Fig. 5.7 as function of blending factors of CD scheme and UDscheme. As can be seen,
both models behave similarly as the blending factor varies.The lift coefficientCL increases
slightly as the blending factor increases while the drag coefficient due to pressureCDp de-
creases linearly with a higher blending factor. As expected, the slope of the dependency ofCDp on the blending factor is smaller when the grid becomes finer.

The RNGk-� model seems to produce higher lift force than the standardk-� model
with fine grid, but seems to be more sensitive on the grid resolution and blending factors
(Oscillations appear on coarse grid for the RNG model if the value of the blending factor is
higher than 0.8). On both grids, the RNGk-� model produces slightly smaller drag coeffi-
cients (concerning bothCDp andCDf ) than the standardk-� model, which agrees with the
prediction of El Moctar [22]. This property of the RNGk-� model is somehow favorable
because the drag force coefficient is normally over-predicted by numerical computations, as
shown by Chau [16] and El Moctar [22]. However, the difference of the total drag coefficient
obtained by the standard and RNGk-� model is less than4% for coarse grid and8% for
fine grid in the computations presented here, while the difference of the total drag coefficient
using either turbulence model to experimental values lies mostly in the range of20% to 40%
(a smaller value can be obtained for a certain attack angle asreported by El Moctar [22]).
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The feature that the RNGk-� turbulence model seems to be more prone to oscillations
when a higher blending factor is used on a coarse grid (or larger Y +) can also be seen
in the convergence behavior of turbulence kinetic energy and mass in Figs. 5.8 and 5.9,
respectively. The computations have been performed on three grids using a blending factor
of 0:9. As can be observed, more iterations are needed using the RNGk-� model and
iterations stop to converge at some stage on coarse and medium grids. The residuals of
turbulence equations using the standardk-� model keep reducing on all three grids to a level
below10�6. Since the standardk-� model seems to be more diffusive and thus more robust
and less sensitive to the fineness of grid (orY +) and values of blending factors than the
RNG k-� model and since the difference of the results using these twomodels is not large,
the standardk-� model is kept for further applications.

Differencing schemes in space

The blending factor of CD scheme and UD scheme has been discussed briefly above
for the rudder lift and drag coefficients for an angle of attack of � = 8Æ. However, the
approximation scheme for convective terms has not only great influence on the computed
force coefficients but also on the stall angle and maximum lift coefficient of the rudder.

As stated before, a blending of CD scheme and UD scheme has been used for most
computations. A lower blending factor means larger portionof UD scheme being used,
which tends to smear the solution and has an effect of additional diffusion. This delays the
flow separation and therefore results in a larger stall angleand a higher unrealistic maximum
lift force coefficient as can be seen in Fig. 5.10. A higher blending factor indicates a
higher order of the scheme (the error decreases more rapidlywhen the grid is refined),
but often causes divergence problems. Therefore, the best strategy is to use the highest
blending factor possible to make a compromise between stability and accuracy. Since the
difference between the results using a blending factor of 0.90 and 0.95 is rather small, a
blending factor of 0.9 is normally used here if it is not specifically stated in later applications.

Reynolds number

Model tests are usually performed in Froude similarity. TheReynolds numberRn
is not obeyed in ship model tests. The numerical computations in this work are also
mostly constructed in model scale for validation purposes though it is not necessary for
the method itself. It is therefore useful to check what effect the Reynolds number has on
the fundamental hydrodynamic characteristics of the rudder profile. Figure 5.11 shows the
computed lift and total drag coefficients for different angles of attack� at two Reynolds
numbersRn = 0:15 � 106 andRn = 2:7 � 106. The coarse grid has been employed here.Y+
has values around 30 and 150 at these two corresponding Reynolds numbers, respectively.
The smaller Reynolds number (Rn = 0:15 � 106) corresponds roughly to a rudder in an
uniform flow with a speed of ship in model tests without considering the wake and the
slipstream of propeller. The numerical prediction coincides with the empirical conclusion
from measurements (see Brix [14]) that smaller drag coefficients are obtained at larger
Reynolds number for all attack angles. The stall angle�stall as well as the maximum lift
coefficientCLmax of the profile becomes larger as the Reynolds number increases. As the
later computations are mostly carried out in model scale, these effects should be taken into
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Figure 5.8: Comparison of normalized residuals of turbulence kinetic energy equations using
two turbulence models on different grids (2D).
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Figure 5.9: Comparison of normalized residuals of mass equations using two turbulence
models on different grids (2D).
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Figure 5.11: Rudder force coefficients of different Reynolds numbers (2D).

account in evaluating the numerical results.

Estimation of discretization error

The discretization error depends mainly on the numerical grid and approximation
schemes used for different terms in the partial differential equations. It can be therefore
best estimated by using systematically refined grids while keeping the schemes the same.
Three grids (as used above) are generated by systematic refinement in the vicinity of the
profile, where discretization error is expected to be large (larger than in the region far away
from the profile). As already mentioned, the coarse and fine grid have 3000 and 39000 cells
respectively and the medium grid has about 10500 grid cells.The non-dimensional wall
distanceY + is kept at about 50 for all three grids in this case to minimizethe effect of turbu-
lence model (equalizing the modeling error due to turbulence models). The case is set up for
the HSVA MP73-20 profile in a flow of an angle of attack of� = 8Æ atRn = 2:7 � 106 using
the standardk-� model and a blending factor of 0.9. The Richardson extrapolation (Richard-
son [72]) is used here to estimate the discretization error and predict the grid-independent
solution, for the predicted pressure drag coefficientCDp, Fig. 5.12.

5.2.4 Forces of Rudders without and with Fixed Fins in 3D

The RoRo ship has twin spade rudders mounted beside the skeg center of the ship, as shown
in Fig. 5.6. The rudder head bearings are integrated into fixed fins in order to keep the
bending moments on the bearings as small as possible. The dimensions of rudders and fixed
fins of the RoRo ship are given in Table 5.1. The rudder thickness varies linearly along the
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Figure 5.12: Richardson extrapolation of pressure drag using results from three grids (2D).

rudder height while the chord length of the rudder
 has been kept the same. The ratio of
rudder thickness over chord lengtht=
 is 0.18 at the bottom of the rudder and 0.25 at the top
of the rudder. Both the thickness and the chord length vary linearly for the fixed fin, as given
in Table 5.1.

Three-dimensional computations are first carried out for the rudder alone in free stream
atRn = 0:15 � 106. The grid with 80,000 cells is used as shown in Fig. 5.4 and themean
value ofY+ is 50. The computed lift and drag force coefficients are shownin Fig. 5.13. The
Figures 5.11 (left) and 5.13 (left) show the curves of lift force coefficient versus the rudder
angle. As expected, the tangent of the curve,dCL=dÆ, atÆ = 0 is much smaller in 3D than in
2D. For small rudder angles, the gradientdCL=dÆ is computed between 5.72 and 6.40 in 2D,
close to the prediction of2� according to potential theory [78]. In 3D flow, the computed
gradientdCL=dÆ is reduced to 3.55. The stall angle�stall as well as the maximum lift force
coefficientCLmax in 3D flow is, however, larger than in 2D flow.

It is known that the installation of fixed fins can not only reduce the bending moments
but also improve the hydrodynamic characteristics of the rudder, given the gap between the
rudder and the fixed fin is kept small. El Moctar [22] has investigated the influence of the
width of the gap on the drag and lift force coefficients of the rudder. For a gap of 5 cm width,
the reduction ofCL is found to be2% at the angle of attack of� = 5Æ, compared to a gap of
0 cm width, and more than6% reduction ofCL is predicted for a gap of 10 cm width. The
reduction rate ofCL decreases as the angle of attack� is increased.CD varies little if the
thickness of the gap is increased from 0 cm to 5 cm; however, itbecomes significantly larger
if the width is increased to 10 cm. Therefore a width of 5 cm seems to be optimum to keep
the drag/lift-ratio� = CD=CL as small as possible, which is also used for the RoRo ship.

The hydrodynamic forces acting on the rudder and its fixed fin are computed here for a
gap of width of 5 cm between them. The grid used has 110,000 cells as shown in Fig. 5.5.
Figure 5.14 shows the computed force and moment coefficientsatRn = 0:15 � 106 for both
the rudder and the fixed fin. As the gap is relatively narrow, the fixed fin acts as prolongation
of the rudder and prevents the flow from the pressure to the suction side of the rudder around
the upper edge of the rudder. This has a similar effect as an increase of the rudder aspect ratio� and results in a larger lift force coefficientCL and a smaller drag force coefficientCD at a
given rudder angleÆ, as can be seen by comparing the rudder force coefficients in Fig. 5.13
and 5.14. The gradientdCL=dÆ is increased by approximately10% at small rudder angles
and the drag/lift-ratio is decreased by31:8% at the rudder angle ofÆ = 10Æ by installing the
fixed fin above the rudder.
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Table 5.1: Dimensions of rudder and fixed fin

Rudder Fixed fin
profile HSVA MP 73 HSVA MP 73

profile thicknesst 0.60 m - 0.83 m 0.83 m - 0.96 m
chord length
 3.333 m 3.333 m - 4.003 m
rudder heightb 5.3 m 2.5 m
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Figure 5.13: Computed force coefficients for rudder withoutrudder-fin (3D).

In Fig. 5.14, the induced forces on the fixed fin are also non-dimensionalized similarly
as for the rudder (Eqs. (5.1) and (5.2)) and given for different rudder angles. Although the
angle of attack for the fixed fin is0Æ, the effective angle of attack�e�e
t is however non-zero
due to the three-dimensional flow induced by the rudder below. The gradientdCL=dÆ for
the fixed fin is more than half of the one for the rudder and keepsconstant for small rudder
angles. However, the increase of lift force coefficientCL stops when the rudder angleÆ
becomes larger than26Æ. The drag force coefficient for the rudder fin increases in a similar
manner as for the rudder. The stock moment computed for the fixed fin is almost negligible,
as can be observed in Fig. 5.14.

5.3 Modeling of Propeller

5.3.1 Body Force Model for Propeller

The propeller is modeled by the body-force distribution method in this work, as mentioned
above. The effect of the propeller is accounted for by addingbody-force termsb = b(x; r; t)
to the source terms of the momentum equations. Such a discrete force field (or actuator
disk), approximating the forces exerted by the propeller onthe fluid, is embedded into the
flow field. The force vectorb is non-zero only whenxp � �x=2 < x < xp + �x=2 andrh < r < rp, wherexp is thex-coordinate of the propeller,�x is the appointed thickness of
the propeller disk,r is the radial coordinate in the propeller plane,rp andrh are the radii of
the propeller and the hub, respectively.
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Figure 5.14: Computed force coefficients for rudder with rudder fin (3D).

The sum of the applied body forces in thex-axis is set equal to the propeller total
thrust; the sum of the applied moments about thex-axis is set equal to the total torque of
the propeller. The distributions of the body forcesb are assumed to be only a function ofr and can be obtained analytically by assuming them being similar to the radial circulation
distribution (see Stern et. al. [80]), which is proportional to r0, wherer0 = r � rhrp � rhs1� r � rhrp � rh : (5.8)

The resulting distributions of axial and tangential forcesare:bx(r0) = 
xr0Tp ; (5.9)b�(r0) = 
�r0Qp : (5.10)Tp andQp are the total thrust and torque of the propeller. The constant coefficients
x and
�
can be obtained by making the sum ofbx(r0) andb�(r0)r equal toTp andQp:
x = TpXNCV (r0Tp) = 1XNCV (r0) ; (5.11)
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� = QpXNCV (r0Qp)r = 1XNCV (r0r) : (5.12)

Here,NCV represents the number of CVs, which lie in the propeller disk. These CVs are
selected using the aforementioned criteria according to the propeller location (xp) and di-
mensions (rh andrp). A graphic illustration of the body-force distribution model is given in
Fig. 5.15.

If the inflow is oblique, the side force of the propeller is considered here as:by = 
yYp ; (5.13)

where 
y = 1NCV ; (5.14)

andYp denotes the total side force of the propeller.

The total propeller forces (thrust, torque and side force) have to be given as input data for
the body-force distribution method. If the propeller forces are known as a function of time,
they can be applied directly. Otherwise, if the inflow velocities of the propeller are given,
the trust and the torque can be obtained from the propulsion diagram for free stream and the
side force can be estimated either from experiment or empirical formulae. However, in many
cases neither the propeller forces nor the inflow velocitiesof the propeller are known. The
inflow velocities of the propeller are normally difficult to estimate due to the complex inflow
pattern of the propeller under the interaction of ship, propeller and rudder (the wake of the
ship or the effect of the rudder in the propeller slipstream). To simulate the unsteady motion
of ship maneuvers, propeller forces have to be calculated bymethods which can take into
account these unsteady interactions. Such a method is derived in the next section, where the
propeller inflow velocities are obtained from the instant fluid flow through the propeller disk
with the help of momentum theory.

Alternatively, if only the overall thrust is of interest such as in the case of a self-propelled
ship moving straight ahead, an initial estimation of the thrust can be used and then corrected
iteratively until the total thrust equals to the total resistance of the ship and a steady state is
reached. In the following sections, two different methods for estimating the propeller forces
are introduced for different applications presented later.

5.3.2 Determination of Propeller Forces from the Instant Fluid Flow

Since the propulsion diagrams of each propeller in free stream are normally available, the
propeller forces can be obtained if the mean effective inflowvelocities of the propeller are
known. As already mentioned above, the inflow velocities of the propeller are not readily
known (unless from measurements) if the propeller is placedin front of the rudder and both
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Figure 5.15: Body force distribution model for propeller.

of them are in the wake of the ship. A general method to obtain the instant inflow velocities
is derived in this section with the help of the momentum theory. This method has been
validated by evaluating the forces of a rudder which is placed in the propeller slipstream and
the wake of a ship, see section 5.5.

The propeller thrust in free stream can be obtained using thepropulsion diagram, where
the forces are non-dimensionalized asKT = Tp�n2D4 ; KQ = Qp�n2D5 ; (5.15)

where� is the density of the fluid (water),n is the rate of rotation andD = 2rp is the
diameter of the propeller.KT andKQ are called thrust and torque coefficients, which are the
function of the advance coefficientJ J = vAnD ; (5.16)

wherevA is the advance (or axial) inflow velocity of the propeller.KT andKQ are approxi-
mated as linear functions ofJ :KT = 
T1 � 
T2J; KQ = 
Q1 � 
Q2J ; (5.17)

where
T1, 
T2, 
Q1 and
Q2 are coefficients taken to give a close fit to the propeller diagram.
More coefficients can be added if necessary. Here, such a linear approximation ofKT andKQ is sufficient since the real curves ofKT andKQ in propeller diagrams are very close to
straight lines.

The thrustTp and torqueQp can therefore be easily calculated if the axial inflow velocity
of the propeller (J or vA) is known. The propeller side forceYp can be estimated (see El
Moctar [23]) as
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where� is the angle of the inflow relative to the propellerx-axis and has the unit ofdegree.

Due to the aforementioned difficulties in estimatingvA or J , a method to obtainvA
directly from the flow field is derived and introduced here. Asexplained in Fig. 5.16,vA
andvB are the flow velocities far in front of and behind the propeller, vp is the flow velocity
directly at the propeller disk. According to momentum theories originally from Rankine
[70] and Froude [26], the relation between the velocitiesvp = 12(vA + vB) can be derived by
assuming:

1. A uniform acceleration applies to all fluid passing through the propeller.

2. Frictionless flow.

3. Infinite inflow of water to the propeller.

The volume of the fluid passing through the propeller disk persecond is thenQp = vpAo ; (5.19)

whereAo is the area of the propeller diskAo = �D2=4. According to the conservation of
the axial momentum of the fluid passing through the propellerdisk, it can be obtainedT = �Q(vB � vA) = 2�vpAo(vp � vA) : (5.20)

From the Eqs. (5.15), (5.16) and (5.17), one getsT = �n2D4(
T1 � 
T2 vAnD ) : (5.21)

By substituting Eq. (5.20) into (5.21),vA is expressed as a function ofvpvA = 2�vp2Ao � 
T1�n2D42�vpAo � 
T2�nD3 : (5.22)vp can be obtained directly from the flow field by averaging the axial velocity vx of NCV
CVs lying in the propeller disk (xp ��x=2 < x < xp +�x=2 andr < rp):vp = 1NCV XNCV vx : (5.23)

Once the advance velocity of the propellervA is estimated, the thrustTp, the torqueQp
and the side forceYp of the propeller can be easily obtained by Eqs. (5.15) to (5.18) if the
revolution of the propeller is given (from measurements).
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Figure 5.16: Flow through propeller disk.

This technique to predict the thrustTp and the torqueQp of the propeller is applied in
section 5.4 and 5.5. The body-force module is integrated into the flow solver iteratively.
Iterations continue until the steady state of the coupled system is reached, which means
that both the propeller forces and the whole flow field (including flow velocities and the
free surface etc.) do not vary any more and residuals satisfythe prescribed criteria. The
final thrust predicted using this method has been proven to bevery close to the computed
drag on the ship (less than 5% variation), which is accurate enough to be applied here in
approximating the thrust of a propeller during ship maneuvering motion.

5.3.3 Determination of Thrust by Numerical Self-Propulsion Test

For ship maneuvers with its own propulsion system and its ownrudder, a steady state of
the ship at a prescribed (design) speed in straight ahead motion is usually required before the
maneuvering operation starts. In this section, a numericalmethod which is used to determine
the necessary propeller thrustTp for a ship to reach the steady state of the required velocity
is introduced by keeping in mind that the numerical effort should be kept as low as possible.

The design speed of the ship is denoted asVd, which is used as the inlet and initial
velocity for the whole flow field (the relative flow motion to the ship). The computation is
started with uniform flow field without propeller effect. Thepseudo-time marching technique
is applied here to speed up the development of a steady wave system. The total drag on the
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shipR can be obtained by integrating forces on the ship surface. The residual of the total
drag is computed as RR = kRn+1 � RnkkRnk < pR ; (5.24)

wherepR is given the value of 0.5 (a large tolerance is allowed here since the final solution
is yet not reached). If the condition, Eq. (5.24), is fulfilled, the body equations are solved to
account for the acceleration of the ship. If the ship is free to heave and pitch, the incremental
displacement for grid-moving and the velocity of each body surface element are computed.
Though the ship is not allowed to surge,V (virtual speed) is computed by considering the
acceleration due to the resulting forceT � R if the ship had been set free.

Once V is updated, the effect of the propeller thrustT is added using the body-force
distribution method (see section 5.3.1) by assumingT = R(VdV )2�4 : (5.25)

By considering the propeller action in the flow, the pressuredecreases at the stern of the ship,
which means that the total resistanceR on the ship increases. ThereforeV becomes smaller
thanVd, which results in a higher propeller thrustT , see Eq. (5.25). A higher propeller thrustT increases the total resistanceR again, but alsoV is increased at the next iteration/time
step. Such, the computation converges to the stateV = Vd which indicates thatT = R is
fulfilled, see Eq. (5.25). The residual ofT � R is computed asR(T�R) = kT � RkkRk < p(T�R) ; (5.26)

wherep(T�R) is given the value of 0.01.

The coupled procedure is illustrated in Fig. 5.17. The order2�4 in Eq. (5.25) is selected
according to experience. Other values can also be used, however the convergence rate will
be influenced.

5.4 Interaction of Propeller and Rudder

Rudder forces have been computed in free stream in section 5.2. However, in practice rudders
are often placed in the propeller slipstream behind the ship. Due to the actuating effect of the
propeller, the inflow velocity for the rudder behind the propeller is much higher and both the
magnitudes of inflow velocity and the angles of attack vary along the height of the rudder,
which has a great influence on rudder forces. The wake of the ship has the opposite effect on
the performance of the rudder. The integrated system considering rudder, propeller and ship
will be discussed in the next section. In this section, the rudder and fixed fin of the rudder
are placed in the slipstream of the propeller, which is subjected to free stream. A symmetry
condition is applied on the top boundary above the rudder fin to approximate the effect of the
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Figure 5.17: The coupled algorithm for self-propulsion test.
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Table 5.2: Dimensions of the propeller.D Dh P=D A=Ao xp zp
5.000 m 1.471 m 1.168 0.513 3.00 m 2.805 m

Table 5.3: Coefficients from the propulsion diagram.
T1 
T2 
Q1 
Q2
0.583 0.458 0.1145 0.0899

stern of the ship. The computed rudder forces considering propeller actions are compared
with the free stream results from section 5.2.4.

The propeller model described in section 5.3.1 is employed to simulate the propeller
effects. The thrust of the propeller is determined from the instant flow condition, using the
method presented in section 5.3.2. The Propeller dimensions and its characteristics from
open water tests are given in Tables 5.2 and 5.3. The dimensions of the rudder and the fixed
fin are the same as in section 5.2.4, see Table 5.1. The distance and relative position of rudder
and fixed fin to the propeller are illustrated in Fig. 5.18.

The same numerical grids and inflow conditions have been applied here as in sec-
tion 5.2.4 and the resultingY + is about 150 in average. The flow-determined propeller
thrust loading coefficientCTh is 1.94 in this case, which is defined asCTh = T0:5�VA2Ao : (5.27)

The computed rudder forces in the propeller slipstream are higher than in free stream,
as compared in Fig. 5.19. The transverse force increases by50% at a rudder angle ofÆ = 10Æ
and25% at Æ = 30Æ for the moderate propeller thrust loading coefficientCTh = 1:94. The
ratio will be higher for higherCTh. The longitudinal force is almost double as the one in
free stream for small and moderate rudder angles and the factor is less dramatic at higher
rudder angles. The maximum transverse force of the rudder isreached at a larger rudder
angle in propeller slipstream than in free stream, which is partially due to the higher degree
of turbulence induced by the propeller and the different angles of attack for the upper and
lower part of the rudder caused by the rotating flow field.

The axial velocity contours on the propeller plane (0.30
 in front of rudder) are shown
in Fig. 5.20 at the rudder angle ofÆ = 10Æ. The corresponding velocity vectors on two planes
0.30
 in front of and 0.30
 behind the rudder are shown in Fig. 5.21 together with the dimen-
sionless pressure distribution
p (
p = p0:5�V 2 ) on the rudder surface. The asymmetrical axial
velocity field on the propeller plane gives a reasonable impression: lower axial velocities in
the region of the propeller hub where no body-force term is present; higher axial velocities at
the suction side of the rudder. The rudder encounters varying angles of attack along its height
due to the right-hand rotating propeller, as can be seen fromthe shifting of the maximum
p
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Figure 5.18: Rudder and propeller arrangement.
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Figure 5.19: Rudder forces in propeller slipstream (CTh = 1.94) and in free stream.

along the rudder height. Also strong vortices have been observed behind the upper and lower
edge of the rudder, see Fig. 5.21 (b).
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5.5 Computation of Rudder Forces behind Ship and Pro-
peller

As already mentioned above, the rudder performance is strongly influenced by the presence
of the ship and the propeller. In this section, the integrated system of propeller, rudder and
ship will be investigated. The RoRo ship with twin propellers and twin spade rudders is
considered here in a model scale of 1/34 and the results are compared with measurements
of model tests. The model tests have been performed at HSVA ata constant ship speed
(Fn = 0:26) and a constant propeller revolution ofn = 10:43 s�1. Propellers rotate inwards
against each other and simulated by the body-force distribution method described in section
5.3.1. The free surface is considered here to account for theeffects of ship-induced waves
and make the method straightforward for later applicationsto free-floating ship maneuvering
by operating rudders.

The main dimensions of the RoRo ship are already given in Table 4.1. It has twin
propellers and twin spade rudders, whose dimensions can be found in Tables 5.1 and 5.2.
The multi-block grid has 1,050,000 cells and parts of the grid are shown in Fig. 5.6. The
dimensionlessY + is about 100 on average.

Due to the presence of the free surface, the solution cannot be obtained by a steady-state
solution method. Instead, the computations are performed in time domain using the pseudo-
marching technique. That means the iterations do not have tobe completely converged
before the next time step begins. Therefore only one or a few iterations are performed per
time step. As the residuals of flow variables and forces (concerning propeller, ship hull and
rudder) decrease in time and fall below a prescribed criteria, the steady flow field (or wave
system) has been finally obtained. Taking the advantage of the transient simulations and
moving-grid techniques, the rudder can be rotated without the process being stopped, as in
model tests. Therefore only a single computation is needed for computing the rudder forces
at all rudder angles.

The computed rudder forces are given in Fig. 5.22 and compared with experimental
results. The twin rudders are rotated fromÆ = �40Æ to 40Æ by stepwise varying the rudder
angle by�Æ = 8Æ (Æ = �40Æ is not available in the experiments). As can be seen in Fig. 5.22,
the agreement of the transverse force is quite good as far as moderate rudder angles (fromÆ = �24Æ to Æ = 24Æ) are concerned. The maximum transverse forces are under-predicted
in the computation indicating that larger errors appear when the flow starts to separate. It
is assumed that the modeling errors from the turbulence model and wall function become
large in this case. The longitudinal forces have been over-predicted for all rudder angles as
expected, which is partially due to the use of the turbulencemodel (standardk-�) and partially
due to the propeller model (with the resistance effect of propeller hub neglected) as already
explained before. In addition, the longitudinal force is more sensitive to discretization errors
than the transverse force and the error would decrease if thegrid spacing was further reduced,
as grid-dependence tests in section 5.2.3 has shown. However, the basic rudder characteristic
is predicted well by the computation.

Figures 5.23 and 5.24 show the non-dimensionalized axial velocity contours together
with the tangential velocity vectors on the propeller plane0.30
 in front of the rudder at
rudder angles ofÆ = 8Æ andÆ = 24Æ respectively. Reversed flow can be found near the
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Figure 5.20: Axial velocity contour at the plane 0.30
 in front of rudder (Æ = 10Æ).
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Figure 5.21: Pressure distribution on rudder and velocity vectors at two planes 0.30
 in front
of and behind the rudder (Æ = 10Æ).
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Figure 5.22: Comparison of rudder forces behind RoRo ship with experiment.

ship hull and a higher asymmetric flow field can be observed atÆ = 24Æ. The corresponding
velocity fields on the plane 0.10
 behind the rudder are shown in Figs. 5.25 and 5.26. Thicker
aft ship boundary layers can be observed and vertices are produced behind the lower edge of
the rudder atÆ = 24Æ.

Figure 5.27 shows the pressure distribution on the ship stern and rudder surfaces to-
gether with streaks of a few particles starting from the propeller plane giving an impression
of the interaction of the coupled system. Finally, the computed ship-induced steady wave
system is given in Fig. 5.28 atÆ = 8Æ.
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Figure 5.23: Axial velocity contours and tangential velocity vectors on the plane 0.3
 in front
of rudders (Æ = 8Æ).
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Figure 5.24: Axial velocity contours and tangential velocity vectors on the plane 0.3
 in front
of rudders (Æ = 24Æ).
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Figure 5.25: Axial velocity contours and tangential velocity vectors on the plane 0.1
 behind
rudders (Æ = 8Æ).
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Figure 5.26: Axial velocity contours and tangential velocity vectors on the plane 0.1
 behind
rudders (Æ = 24Æ).
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time=31.0000s

Figure 5.27: Pressure distribution on the ship stern and rudder surface, tangential velocity
vectors on the propeller plane together with the paths of a few particles starting from the
propeller plane (Æ = 8Æ).
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Figure 5.28: Ship-induced wave system atÆ = 8Æ.
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Chapter 6

Simulation of Ship Motion during
Maneuvers

6.1 Introduction

In the previous chapter techniques for modeling individualmaneuvering devices and their
interaction with the hull have been presented. The emphasisof this chapter is on simulating
the motion of a maneuvering ship with appendages in calm water or in waves using the
present method.

Before motions of a ship during maneuvering are computed, the hydrodynamic forces
and moments acting on the ship hull and the rudder surfaces during steady drift motion
are examined. In section 6.2, steady drift motions of a container ship with appendages are
computed, considering the free surface. The rudder is geometrically modeled with sliding
interfaces around it to allow arbitrary rudder angles; the propeller is approximated by the
body force model, as described in Chapter 5. The predicted forces and moments on the ship
hull and rudder are compared with the measurements at a series of drift angles�.

Section 6.3 presents the turning circle maneuvers of two ship models. The Wigley hull,
due to its simple geometry, is selected first to perform a captured turning circle maneuver
to examine the suitability of the boundary conditions and moving-grid method. Roll, heave
and pitch motions are free when the ship starts to turn while surge, sway and yaw motions
are predefined since no rudder is modeled here. Next, the self-propelled container ship is
considered during a turning circle maneuver in calm water with its own operating rudder.

Finally, Zigzag maneuvers are simulated for the Wigley hulland the container ship and
the results are presented in section 6.4. First, a captured25Æ Zigzag maneuver of the Wigley
hull is simulated against incoming waves. Then, a10Æ/10Æ Zigzag maneuver of the container
ship with its own operating rudder is performed in calm waterand in waves. The predicted
track, motion and maneuvering characteristics of the ship are compared to available model
test measurements.

133
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6.2 Steady Drift Motion of a Container Ship Model

The container ship ”CBOX”, designed by FSG, has been taken asone of the test models in
the ROLL-S project funded by the Germany Ministry of Education and Research (BMBF).
The model tests with the CBOX ship have been carried out at model scale of 1/29 at the
Hamburg Ship Model Basin (HSVA). The full-scale ship has thelength of 145.75 m (L)
between perpendiculars and the draught of 9.0 m. The dimensions of the CBOX ship model
and its rudder are listed in Tables 6.1 and 6.2, respectively. The lines plan of the CBOX
ship is given in Appendix E. The arrangement of rudder and propeller at the ship stern
is illustrated in Fig. 6.1. Tables 6.3 and 6.4 give the dimensions and coefficients of the
propeller. The captured ship model moves with constant forward speed (Fn = 0:23) and
propeller revolution (n = 12:3 s�1) at several drift angles� =�10Æ; � 5Æ; � 2:5Æ; 2:5Æ and5Æ respectively. The rudder angle has been kept zero all the time. The side forces on the hull
and the rudder have been measured for each drift angle.

The numerical computations are performed also at model scale for validation purposes.
The computational domain extends to 1.5L in front of the ship, 2.5L beside the ship and
3L behind the ship, connected to an additional region of gradually coarsened grid (numerical
beach) to avoid reflected waves. The top and bottom boundaries are 1.0L above and below
the still water level to simulate a deep-water condition andminimize the air flow effect.
The inlet boundary condition is applied at the boundaries infront of the ship and at the
side where the flow enters the computational domain. The pressure boundary condition is
specified at the boundaries behind the ship and at the side where the flow is supposed to leave
the computational domain. The static air pressure boundarycondition is given at the top
boundary and the slip wall condition is specified at the bottom boundary. The computational
grid consists of several blocks resulting in 1,200,000 cells. Figure 6.2 shows the grid around
the ship hull, the rudder and the rudder fin, with the positionof sliding interfaces indicated.
The sliding interfaces are not activated in the analyses of this section (Æ = 0Æ), but the same
grid is used in sections 6.3 and 6.4 for the turning circle maneuver and the Zigzag maneuver
with operating rudder.

The computation has been started at the drift angle� = 0Æ and a constant velocity cor-
responding toFn = 0:23. The body forces simulating the effects of the propeller areadded
right after the start. The total thrust and torque of the propeller are determined by the instant
inflow condition (section 5.3.2) and the distribution of thebody forces follows the assump-
tions given by Stern et al. [80], as introduced in section 5.3.1. The fluid in front of and behind
the propeller is accelerated by the imposed body forces and the iterations have to continue
until a steady state of the fluid flow and the propeller forces is reached and residuals of both
are below a prescribed value. Next, the boundary conditionsare varied with different drift
angles and the computations continue for each drift angle until flow field and forces on the
hull and the rudder do not vary any more.

The side force, yaw and roll moments acting on the ship hull are made non-dimensional
as follows: Y 0 = Y0:5�V 2LT ; (6.1)N 0 = N0:5�V 2L2T ; (6.2)
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where� is the density of water,V is the ship speed,L is the ship length andT is the draft
of the ship. The non-dimensional transverse force on the rudder is defined here in a similar
way to the rudder lift force (Eq. (5.2)):F 0y = Fy0:5�V 2AR ; (6.4)

whereAR is the rudder area (see Eq. (5.4)).

The predicted forces (moments) on the ship hull and the rudder are compared between
computation and experiment in Figs. 6.3 and 6.4. The agreement is rather satisfactory, es-
pecially for the forces on the ship hull. The larger differences of the rudder lift forces are
assumed to be consequences of the simplified model of the propeller since the propeller slip-
stream has a strong influence on the rudder inflow and thus on rudder forces. The computed
free surface deformation is shown in Fig. 6.5 for different drift angles� = 0Æ; 2:5Æ; 5Æ; 10Æ.
As the drift angle increases, stronger asymmetry and increased/decreased wave amplitudes
at the starboard/port sides can be observed.

The dynamic pressure distribution on the ship hull and the rudder surface and the shear
stress distribution on the ship hull are shown in Fig. 6.6 fora drift angle of� = 10Æ. As
can be seen, the maximum pressure appears at the leading edgeof the rudder due to the
propeller slipstream. High pressure appears on the ship bowat starboard while the bow at
portside is subjected to large shear stress. The corresponding axial velocity contour and
tangential velocity vectors at the cross sectionx =�0:45 L viewed from the stern are shown
in Fig. 6.7. As can be seen, the flow becomes strongly asymmetric in this case and a small
vortex is developed at the portside of the stern, as can also be seen in the kinetic energy
distribution, Fig. 6.8, at this cross section.

The steady drift motion tests serves here as a preliminary step for further maneuver-
ing simulations. The good agreement of forces acting on the ship hull and rudder has been
obtained between experiment and simulation indicating that the applied numerical discretiza-
tion (grid resolution and schemes) is sufficient in predicting the global forces on ship hull
and rudder during maneuvering situations.

Table 6.1: Dimensions of the CBOX ship modelLpp B T r LCB
5.026 m 0.814 m 0.310 m 9.745m3 2.468 m

KM GM ixx iyy �
0.348 m 0.059 m 0.255 m 1.060 m 29
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Table 6.2: Dimensions of rudders and fixed fins of the CBOX ship

Rudder Fixed fin
profile HSVA MP73 NACA 00

profile thicknesst 0.7 m 0.7 m - 1.0 m
chord length
 3.5 m 3.5 m - 5.0 m
rudder heighth 5.7 m 3.0 m

Table 6.3: Dimensions of the propeller of the CBOX shipD Dh P=D A=Ao xp zp
5.464 m 1.003 m 0.837 0.648 2.668 m 3.190 m

Table 6.4: Coefficients from the propulsion diagram
T1 
T2 
Q1 
Q2
0.445 0.4588 0.0575 0.04847

2.668 m

3.5 m

1.003 m

5.
46

4 
m

4.99 m

5.7 m

3.0 m

3.190 m

Propeller0.05 m

2.48 m

Figure 6.1: Rudder and propeller arrangement of the CBOX ship.
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Sliding interfaces

Figure 6.2: Numerical grid of the CBOX ship.
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Figure 6.3: Comparison on the non-dimensional side force (left) and yaw moment (right) on
ship hull as a function of drift angles.

-0.001

0

0.001

0.002

-10 -8 -6 -4 -2 0 2 4 6

K'

Drift angle (degree)

Experiment
Computation

-0.4

-0.2

0

0.2

0.4

-10 -8 -6 -4 -2 0 2 4 6

F y'

Drift angle (degree)

Experiment
Computation

-0.6

-0.8

Figure 6.4: Comparison on the non-dimensional roll moment on the ship hull (left) and the
non-dimensional transverse force on the rudder (right) as afunction of drift angles.
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(a) β = 0o

(c) β = 5o (d) β = 10o

(b) β = 2.5o

Figure 6.5: Free surface deformation of CBOX ship under different drift angles (delta of
isolines�� = 5:345 � 10�3 m).
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Figure 6.6: Dynamic pressure distribution (left) and shearstress (right) of CBOX ship
(� = 10Æ).
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tangential velocity vectors together with free surface position (right), viewed from stern.
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6.3 Turning Circle Maneuvers

6.3.1 Wigley Model

A semi-captured turning circle test of a Wigley model in calmwater has been carried out in
the numerical tank. The same numerical grid used in section 4.2.2 has been adopted here as
shown in Fig. 6.9 together with the boundary conditions. Boundary conditions are somewhat
special in this case. A combination of inlet and pressure boundary condition is applied to
the side wall at the inner side of the turning circle as indicated in Fig. 6.9, since the fluid is
flowing in and out simultaneously at this boundary. The inletboundary condition is specified
at the boundary in front of the ship. For the side wall at the outer side of the turning circle as
well as the boundary behind the ship, the pressure boundary condition is employed.

Since no rudder is modeled here, the yaw motion and the track of the Wigley model are
predefined, as given in Fig. 6.10. The turning circle maneuver is performed with a drift angle
of � = 0Æ. The speed of the ship corresponds toFn = 0:29 and the non-dimensional yaw rate
is set to be 0.4. The heave, pitch and roll motions are set freeduring the turning circle. The
grid around the ship is adapted to the moderate heave, pitch and roll motions of the ship; for
the large yaw motion and the motion due to ship’s forward speed, the whole grid is moved
with the ship.

The computation of the free surface for the turning circle maneuver of the Wigley ship
gives quite reasonable wave patterns. Figure 6.11 shows thecomputed free surface deforma-
tion at different time instances when the heading of the model becomes90Æ, 180Æ, 270Æ and360Æ.

The computed roll, heave and pitch motions of the Wigley shipduring the turning circle
maneuver are shown in Fig. 6.12. All three motions oscillateand no steady state has been
reached. The maximum roll angle appears at the end of the turning circle maneuver, where
the model is forced to run straight forward again. The non-dimensional heave motion and the
pitch motion are predicted negative in average over the period of turning circle maneuver.

6.3.2 Container Ship Model

A turning-circle maneuver has been performed for the container ship CBOX, see Appendix F
for the definitions of the turning-circle maneuver test.

The computation has been started from a self-propelled shipin steady straight motion
with a constant velocity corresponding toFn = 0:23. Once the steady state is reached, the rud-
der is turned portside by a turning rate of13:5Æ=s until the maximum rudder angle (Æ = 35Æ)
is reached. This rudder angle is then kept until the ship has performed a turning-circle of540Æ. To avoid complexity, the thrust of the propeller has been kept constant during the turn-
ing circle maneuver. The ship is expected to turn dramatically at the initial turning before
the steady state of turning is reached. Free surface deformations can be seen from Fig. 6.13
during the turning circle maneuver at yaw angles = 0Æ; 30Æ, 60Æ and90Æ, respectively. The
block surrounding the rudder (Æ = 35Æ) by sliding interfaces can also be seen from Fig. 6.13.
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Figure 6.9: Numerical grid and boundary conditions for the turning circle maneuver of a
Wigley model.
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t = 8 s t = 16 s

t = 24 st = 32 s

Figure 6.11: Free surface deformation during a turning circle maneuver of the Wigley model
(Delta of isolines�� = 0.004 m).
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Figure 6.12: Roll (top), heave (left) and pitch (right) motion of the Wigley model during a
turning circle maneuver.
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Table 6.5: Computed characteristics of turning circle maneuver of the CBOX ship

Froude Tactical Max. Transfer
Number diameter Advance (at90Æ) _ 0 U=Uo

Computation
(model scale) 0.23 2.70L 3.50L 1.37L 0.3 0.48

The computed yaw rate and the horizontal velocity of the shipare given in Fig. 6.14
against time. The non-dimensional yaw rate_ 0 approaches the value of 0.3 at the steady
turning state. The speed of the ship has also been decreased dramatically at the beginning of
the turning circle and then reached a steady state at half of the initial speed. The computed
tactical diameter is about 2.70L, which is in the range of typical values for a container ship.
The computed characteristics of the turning circle maneuver are given in Table 6.5.

Figure 6.15 shows the dynamic pressure distribution on the ship hull and the rudder sur-
face as viewed from portside and starboard. As can be seen, the dynamic pressure on the ship
stern is positive at the starboard side and negative at the port side of the ship, respectively.
The maximum pressure appears on the leading edge of the rudder (from starboard view).
The axial velocity contour and tangential velocity vectorsat the cross sectionx = �0:45 L
are shown in Fig. 6.16 together with distorted mesh and free surface position. As can be
observed, the ship has slightly heeled toward starboard (� = 2Æ), as expected.
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(a) t = 12 s (b)t = 15 s

(c) t = 18 s (d)t = 21 s

Figure 6.13: Free surface deformation during a turning circle maneuver of the CBOX ship
(Delta of isolines�� = 5:414 � 10�3 m).
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Figure 6.14: Yaw rate (left) and absolute velocity (right) for a turning circle maneuver of the
CBOX ship.
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Figure 6.15: Dynamic pressure distribution on the ship hulland the rudder at port side (top)
and starboard (bottom).
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6.4 Zigzag Maneuvers

6.4.1 Zigzag Maneuver of a Wigley Model in Waves

Using the same grid system of the Wigley model as that employed in the simulations of ship
motion in oblique waves (section 4.2.2) and the turning circle maneuver (section 6.3), a25Æ
captured Zigzag maneuver is performed in incoming head waves to test the applied boundary
conditions and moving-grid strategies for Zigzag maneuvers. The model is forced to run at
a constant forward speed (Fn = 0:18). Since no rudder exists here, prescribed transverse and
yaw motion are applied, see Fig. 6.17.

The resulting wave pattern is given in Fig. 6.17 at a selectedtime instantt = 7:0 s,
showing a reasonable coupled wave system.
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Figure 6.17: Sway and yaw motion (left) and computed wave pattern att = 7:0 s (right)
during a25Æ Zigzag maneuver of the Wigley hull (Fn = 0:18).

6.4.2 Zigzag Maneuver of a Container Ship Model in Calm Water

Experiment

The Zigzag maneuvering tests were performed for the CBOX ship in the Hamburg Ship
Model Basin (HSVA) at a model scale� = 1=29. The typical procedure and definitions for
conducting a Zigzag maneuver test are given in Appendix G.

The details of the ship and its appendages have already been given in Tables 6.1-6.4.
The model is trimmed at the prescribed draft and the height ofthe center of mass is adjusted
to fit the predefined GM.

In the Zigzag maneuvering test, the model is essentially free in all six degrees of free-
dom. It is maneuvered automatically by computer according to pre-programmed commands
on propeller and rudder. The special tracking hardware consists of electro-mechanical track-
ing lag transducers in all six degrees of freedom and a model locking device. The six lag
transducers can measure the motion of the ship model withoutintroducing any force or mo-
ment on the model (almost frictionless). In the test the surge, sway, yaw and roll motions of
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the ship are measured in time domain. The propeller forces and forces acting on the rudder
are also recorded as well as the rudder angle. The revolutionof the propeller is kept constant
during the maneuver.

Different series of Zigzag maneuvers are performed for the CBOX ship model in com-
bination with different rudder anglesÆR and theswitching angle s for each predefined GM.
The ’Zigzag ManeuveraÆ/bÆ’ denotes the rudder angleÆ = aÆ and theswitching angle s = bÆ.

From the series of measurements, the dependency of each acceleration component on
the velocity components and rudder angles can be determinedand such that the coefficients
of the differential equations of maneuvering motion can be computed.

Computation

Using the same numerical grid of the CBOX ship as that used in the steady drift motion
(section 6.2), a Zigzag maneuver10Æ/10Æ in calm water is selected here for the numerical
simulation with six degrees of freedom. The GM is predefined to be 0.059 m corresponding
to the value in the model tests.

The steady-state ship motion in straight course (Fn = 0.23) is used as the initial state
of the Zigzag maneuvering motion simulation. Firstly, the rudder starts moving to starboard
side at a given constant turning rate (_ÆR = 13:5Æ=s) until its angle becomes10Æ. The ship
gradually starts yawing. As soon as the heading of the ship becomes10Æ, the counter-steer is
executed to set the rudder angle to10Æ port side. After the overshoot of the heading, the ship
turns towards the extension of the initial heading direction. The similar procedure is made
when the heading becomes�10Æ and, consequently, the ship is maneuvered in a Zigzag
curve.

Figure 6.18 shows the comparison of the time history of the simulated heading and rud-
der angle as well as the track of the ship with the experiment.As can be seen, the agreement
is in general quite satisfactory, especially for the time until the first overshoot angle�o1
is reached. Although the firstovershoot angleis a bit over-predicted in the simulation by3:70%, the secondovershoot angle�o2 is slightly under-predicted by about1:78%. Thetime
to attain switching value of heading�a and the firsttime to check yaw�b1 (10Æ) are predicted
rather accurately, namely with differences between measurement and computation ranging
in 1:79% and0:25%, respectively. The secondtime to check yaw�b2 (�10Æ) is, however,
predicted too short (by19:1%), indicating that the maneuvering function of the rudder is
stronger in the simulation than in the experiment. The causemight be partially from the
simplified propeller model which produced larger thrust than the one in the experiment, as
shown in Fig. 6.22 and will be discussed again later. In addition, the relatively low grid res-
olution might be another source of error (discretization error). Thereach time�r is predicted
shorter in the simulation than in the measurement (by6:70%) again due to the stated reason,
which results in themaximum transverseyo max being predicted about15:4% smaller than
in the measurement, see Fig. 6.18. The dimensionless characteristics of the Zigzag maneu-
ver are compared between measurements and computation in Table 6.6, showing promising
agreement.

Figure 6.19 depicts the time histories of the drift angle andthe yaw rate of the container
ship during the Zigzag maneuver. The agreement is again quite good between measurement
and computation, although the computed drift angles are a little larger than those of the
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experiment. In particular, the maximum drift angle is predicted to occur earlier and being
larger during the secondtime to check yawsuffering again from the larger propeller forces
in this period. A similar tendency can be observed in the predicted time history of the yaw
rate.

Despite the larger propeller forces in the simulation for the period of the secondtime
to check yaw(Fig. 6.22), the ship has lower speed and smaller transversein the simulation
than in the model test (see Figs. 6.20 and 6.21) indicating that the ship is experiencing higher
resistance due to a larger drift angle in the simulation thanin the model test (see Fig. 6.19).
The reason that the propeller forces are computed larger by the propeller model in the period
of the secondtime to check yawmay lie in computing the thrust based on an ideal (homo-
geneous and frictionless) inflow field. In reality, the inflowof the propeller in this period is
very complex and strongly inhomogeneous under unsteady angles of attack.

Although the simplified propeller model employed here introduces a certain degree of
error, the overall agreement is reasonably good. Figures 6.23 and 6.24 compare the drag,
lift forces and the stock moment of the rudder, showing good agreement. In particular, the
magnitude of the rudder lift force has been well predicted during the firsttime to check yaw.
Larger deviations of rudder forces in the period of the second time to check yawcan be again
observed.

Figure 6.21 shows the time history of the roll motion. Until the final stage of the ex-
periment (t > 25 s) the tendency of the roll motion is similar in experimentand computa-
tion. Since the roll motion is a very sensitive parameter in the Zigzag maneuver, no better
agreement was expected. In the final phase, the larger deviation in the roll motion between
experiment and computation is supposed to be a consequence of all deviations identified
above.

The computed free surface deformations are shown in Fig. 6.25 at the headings = 10Æ
and =�10Æ, respectively. As can be seen, the wave pattern at = 10Æ is somewhat similar
to the one produced by steady drift motion although more asymmetry can be observed here
keeping in mind that the drift angle is only about3:5Æ at = 10Æ. However, the wave pattern
at s = �10Æ has become much more complex at the beginning of the secondtime to check
yaw. It seems to be the result of superposition and interaction of several wave systems due
to dynamic yaw/drift motion of the ship. Although the wave pattern from the computation
looks rather convincing, there is unfortunately no corresponding experimental pictures to be
compared to.

The dynamic pressure distributions on the ship hull and the rudder surface of the CBOX
ship are viewed from port and starboard sides in Figs. 6.26 and 6.27 at = 10Æ and =�10Æ,
respectively. The maximum pressure appearing at the leading edge of the rudder is much
higher at = �10Æ than at = 10Æ due to higher propeller forces. As can be observed,
the dynamic pressure at the stern is higher at = 10Æ (in most areas positive) than the
one at =�10Æ (in most areas negative). As the distribution of the dynamicpressure on the
bow is of similar magnitude for both yaw angles, the ship is experiencing higher resistance
at = �10Æ as stated above. The dynamic pressure at the stern is – as expected – higher at
the starboard for = 10Æ and at the port side for =�10Æ, respectively.

The axial velocity contours and tangential velocity vectors at the cross sectionx = �0:45 L are shown in Figs. 6.28 and 6.29 together with the free surface position at



6.4. ZIGZAG MANEUVERS 149 = 10Æ and = �10Æ, respectively. As can be seen, the ship has slightly heeled about0:5Æ
starboard and2:0Æ port side, respectively. As the initial ship speed has been taken to scale
the axial velocity, a reduction of ship speed can be observedat =�10Æ.

The computations presented in sections 6.3 and 6.4 are one ofthe first maneuvering
simulations by coupled solution of turbulent free surface flow and floating-body motion. As
a first test of this kind of simulation, the method has shown its potential in reproducing the
complex maneuvering behavior of a self-propelled and -steered ship in theVirtual Towing
Tank. The method has demonstrated to be rather robust. The level of accuracy which can be
achieved today is mainly restricted by grid resolution (computer resource), turbulence model
and propeller model. From a practical point of view, this coupled technique will definitely
replace more and more model tests in the future.

Table 6.6: Comparison of the characteristics of the10Æ/10Æ Zigzag maneuver between model
test and computation.

Non-dimensional Variables Model Test Computation Error
(Fn = 0.23) (Fn = 0.23)�o1 0.330 0.342 3.64%�o2 �0.590 �0.579 �1.86%� 0a 1.837 1.805 �1.74%� 0b1 2.553 2.546 �0.27%� 0b2 3.227 2.611 �19.1%� 0r 7.359 6.866 �6.70%_ 0min �0.396 �0.422 6.57%y0max 1.940 1.642 �15.4%
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Figure 6.18: Time history of the heading (left) and the track(right) together with the rudder
angle of the CBOX ship during the Zigzag maneuver.
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Figure 6.19: Time history of the drift angle (left) and the yaw rate (right) together with the
rudder angle of the CBOX ship during the Zigzag maneuver.
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Figure 6.20: Time history of the forward (left) and the transverse (right) displacements to-
gether with the rudder angle of the CBOX ship during the Zigzag maneuver.
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Figure 6.21: Time history of the non-dimensional ship speed(left) and the roll angle (right)
together with the rudder angle of the CBOX ship during the Zigzag maneuver.
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Figure 6.22: Time history of the propeller thrust (left) andthe side force (right) together with
the rudder angle of the CBOX ship during the Zigzag maneuver.
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Figure 6.23: Time history of the drag (left) and the lift (right) forces on the rudder together
with the rudder angle of the CBOX ship during the Zigzag maneuver.

-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

0 5 10 15 20 25 30 35
time (s)

Rudder torque:
Experiment
Computation

Rudder angle:
Experiment
Computation

moment
(N.m)

angle
(degree)

5
10

-10

Figure 6.24: Time history of the torque on the rudder shaft together with the rudder angle of
the CBOX ship during the Zigzag maneuver.
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Figure 6.25: Computed free surface deformation of the CBOX ship at = 10Æ (left) and =�10Æ (right) during the Zigzag maneuver.
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Figure 6.26: Dynamic pressure distribution on the ship hulland the rudder surface of the
CBOX ship at = 10Æ during the Zigzag maneuver, viewed from port side (top) and starboard
(bottom).
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Figure 6.27: Dynamic pressure distribution on the ship hulland the rudder surface of the
CBOX ship at = �10Æ during the Zigzag maneuver, viewed from port side (top) and star-
board (bottom).
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Figure 6.28: Velocity distribution at the cross sectionx = �0:45L of the CBOX ship at = 10Æ during the Zigzag maneuver: axial velocity contours (left)and tangential velocity
vectors together with the free surface position (right), viewed from stern.
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Figure 6.29: Velocity distribution at the cross sectionx = �0:45L of the CBOX ship at = �10Æ during the Zigzag maneuver: axial velocity contours (left)and tangential velocity
vectors together with the free surface position (right), viewed from stern.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In the present work a coupled solution satisfying RANSE and 6-DOF rigid body motion
equations is pursued to predict motions of floating-bodies in turbulent free surface flows.
This approach has proved to be capable to reproduce the behavior of real ships in three-
dimensional seakeeping and maneuvering applications, showing good agreement with ex-
periments. The present work contributes to the long-term objective of ship hydrodynamics,
namely the so-calledVirtual Towing Tankagenda.

In the following, the conclusions drawn from the previous chapters are summarized,
some numerical aspects are addressed, and the practical implications are highlighted:� Free surface modeling

The VOF method applied in this work to predict the free surface deformation has the
capacity to model breaking waves, spray, water jets as well as entrapped air bubbles
in water, as can be observed from the water-entry and -exit test case of a horizontal
circular cylinder in section 3.2. The formation and collapse of the water jets and en-
trapped air bubbles beside the cylinder in the water-entry case are reproduced with very
good agreement with experimental photos. The accuracy of the free surface model is
also examined by the water elevation comparison of generated waves with analyti-
cal solutions and experimental data for both small amplitude regular waves and large
amplitude wave packages. The promising features and provenaccuracy of the free sur-
face model offer great flexibility of the method to be appliedto ship motions in large
waves, slamming, and sloshing as well as coupling of internal flow, external flow and
ship motion.� Wave generation
Different types of waves are generated in the present numerical wave tank with good
accuracy achieved. Numerical parameters such as grid resolution, time step size, time
integration scheme and differencing scheme in space have great influence on wave
generation, especially when the wave-damping factor is concerned. The numerical
grid should be fine enough – at least 20 cells per wavelength and 16 cells per wave
height – to capture the wave profile accurately. The time stepsize, in principle, can
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be determined by the local Courant number (Cu = u�t�x < 1:0), but it must be small
enough to get high enough a resolution per wave period (similar to the rule for grid
resolution per wavelength and wave height). For the prediction of motion of a floating
body in waves, the time step size is usually restricted by themagnitude of body/grid
motion. First-order schemes should basically not be applied to analyze problems in-
volving wave generation and propagation due to their first-order truncation error and
requirement on too small a time step or grid size. Therefore,at least second-order
schemes (e.g. ITTL in time and CD scheme in space) are recommended to avoid the
numerical diffusion becoming higher than the physical diffusion.

Two methods – imposing inlet velocities and directly simulating a moving flap – are
tested in this work for the generation of waves. The first method is more efficient
from the CFD point of view due to a smaller solution domain andzero effort on grid-
moving. The second method is more appropriate for the purpose of validation by
exactly reproducing the motion of the wave-maker as in the experiment. However,
to investigate ship seakeeping problems, the first method ispreferred – with certain
attention in numerical implementation – since it is then straightforward to generate
irregular ocean waves. Waves produced by both methods are satisfactory.� Moving-grid method
The computational effort on grid-moving is kept low if the number of grid points which
are required to be moved during the computation is kept as small as possible and
the moving-grid option can be regionally activated. Using the moving-grid strategy
selected in this work, the distant part of the grid (far away from the body) is kept
actually unchanged during the whole computation. Only the grid near the body is
moved with the body and the grid in between is adapted to the body motion while
keeping its topology the same. The determination on how large the size of moving-
grid regions should be is indeed problem-dependent (body size, grid aspect ratio and
amplitude of motion etc.). An ultimate criterion would be the quality of the adapted
grid, in particular the orthogonality and spacing of grid lines and the resolution of
grid points where variable gradients are high. As in the caseof free surface modeling,
regular hexahedral grids with two faces parallel to the freesurface produce a minimum
of error. The general guidelines on grid quality have been given in section 2.5, which
will not be repeated here.

It has been found that the alternative of the overlapping grid method increases the
computational time by a factor of 1.3 for a 2D test case due to the increased number of
cells in the overlapping region and the cell-searching algorithm as well as the interpo-
lation process between the foreground and the background grids. This factor tends to
increase in 3D applications since the effort on cell-searching and interpolation would
increase dramatically in 3D, especially when parallelization is necessary. Therefore,
the selected moving-grid method is suitable and recommended to be used for similar
problems as presented in this work in terms of both efficiencyand accuracy. In case
of large rotation, sliding interfaces are adopted as for therotation of the geometrically
modeled rudder. However, attention should be paid to the location of sliding interfaces,
which should be put as far away as possible to the region of high variable gradients
due to the errors introduced by the artificial interfaces.
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The turbulent nature of the flow plays a crucial role in the determination of many
relevant parameters in ship hydrodynamics, such as frictional drag, flow separation,
thickness of boundary layer and spread of the wake. The turbulent states which can
be encountered across the range of flows in ship hydrodynamics are rich and com-
plex and therefore no single turbulence model is declared sofar to be able to span
all these states. It should be noticed that there is no universally valid general model
of turbulence which is accurate for all classes of flows. The standardk-� model with
wall functions mainly used in this work has proven to be rather robust and little sen-
sitive to the fineness of grid (e.g.Y +) and orders of numerical schemes, compared to
other alternative, e.g. the RNGk-� model (section 5.2.3). This allows more cells to
be concentrated in the region of the free surface or higher Reynolds number flows to
be computed with an acceptable number of cells, which makes the standardk-� model
more attractive in practice. The results shown in this work using the wall function as-
sumption in conjunction with the standardk-� model are satisfactory provided that the
value ofY + at all mesh points adjacent to the wall is greater than 30 (at least not less
than 11) and does not exceed 100 or at least 10 grid points are located in the bound-
ary layer. Attention, however, has to be paid on the major weaknesses of the standardk-� model, such as over-prediction of turbulence effects in regions of flow impinge-
ment and re-attachment, under-prediction in regions of re-circulation, delay of flow
separation from surfaces under the action of adverse pressure gradients and inaccu-
racy in laminar and transitional regions of flow. Nevertheless, the standardk-� model
with wall function remains the workhorse of practice-relevant computations and will
continue to do so in the near future. Especially it is also a valid choice for full scale
computations since the range of validity of wall functions increases as the Reynolds
number rises.� Computational domain and boundary conditions
As the solution domain cannot be infinite, it has to be enclosed by a number of bound-
aries. Bothnatural andartificial boundaries are employed in this work. The former
are easier to set up since they exist physically while the latter are adopted in the flow
field in order to reduce the size of the solution domain and therefore are normally lo-
cated at a distance away from the region of interest to minimize their bounding effects.
In principle, theartificial boundaries (like inlet, outlet and pressure boundaries except
the symmetry plane) should be put as far as possible from the body/ship, but decisions
have to be made by taking both economy and accuracy into account. In most ship sea-
keeping and maneuvering applications of this work, the computational domains have
shapes of rectangular boxes and extend to at least 1L in front of, above and below the
ship, 4-5L behind the ship and 1-2L beside the ship, which has proven to be a good
balance between economy and accuracy. If shallow water is applied, the boundary
below the ship becomes anatural boundary so that the physical distance should be
taken and a no-slip wall condition should be specified. Sincethe air flow is included in
the present method, wind conditions for superstructures ofships or smoke from fun-
nels can be computed by specifying appropriate inlet conditions. Gradually coarsened
grids (by a factor of 1.2�1.4) serving as numerical beaches (extending from 1L to
4-5L behind the ship) are employed in connection with hydrostatic pressure bound-
aries, which has proven to be adequate to damp the waves and avoid their reflection
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at the boundaries. In maneuvering applications, a combination of inlet and pressure
boundary conditions is specified at the side boundaries where the fluid flows in and out
simultaneously, which works well during the simulation of complex motions.� Applications to seakeeping
In this work, the coupled solution of viscous fluid flow and body motion has been
applied to simulate the motions of a RoRo ship in head waves. Encouraging agreement
has been obtained between the experimental data and the computation. The effort
required to perform such simulations is significantly smaller than that required for
model tests. The simulation gives detailed insight into theflow field as well as pressure
and shear stress distributions on the hull. The method accounts for nonlinearities of
fluid flow and body motion and thus forms an ideal basis for shipform optimization.� Interaction of rudder, propeller and ship
As a prerequisite to the simulation of maneuvering operations, the rudder forces be-
hind ship and propeller have been analyzed and compared to experiments showing
adequate agreement. Whereas ship and rudder are modeled geometrically to achieve
high accuracy, the action of the propeller is idealized by a body force model. Two nu-
merical procedures to determine the propeller thrust of a self-propelled ship have been
introduced: One uses the propeller diagram and the instant flow field behind the ship;
the other performs a numerical self-propulsion test. The former approach is applicable
to any maneuvering simulation where the flow field and the thrust change.� Applications to ship maneuvering
Several maneuvering simulations of practical importance have been performed for a
commercial container vessel considering 6-DOF ship motionand free surface within
a viscous flow computation. The numerical analysis of the forces on ship hull and
rudder during steady drift motion shows favorable agreement with experimental data.
The following analysis of a turning circle maneuver gives typical characteristics for
such a container ship. The final comparison of numerical and model test results for a
Zigzag maneuver of this ship demonstrates again the applicability of the computational
method. These maneuvering simulations cover a long period of real time (A turning
circle at model scale is typically performed in two minutes.) and thus require stable
and reliable computational procedures. Such procedures have been demonstrated in
this work, building the basis for further developments in theVirtual Towing Tank.� Further applicability of the present method
The implemented method has been applied to investigate viscous roll damping prob-
lems of a 2D mid-ship section with and without keels. Viscouseffects play an im-
portant role in roll motion and therefore should be includedin predictions of roll mo-
tion. A study on interaction of two adjacent floating bodies in incoming waves further
proves the robustness and the reliability of the method and demonstrates the possibil-
ity and potential of the method in further application areassuch as multi-floating-body
interaction in calm water and subjected to currents and waves. Analysis of complex
operations is nowadays more and more asked for and has to be faced by the maritime
industry. This includes loading operation between two vessels at sea and docking of
barges in carrier ships as well as launching and recovering of life- and speed-boats.
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In general, the present method has proven to be robust showing its capability to deal
with complex applications. The computational effort will of course hinder the application
of this approach to long-term studies of ship behavior in an irregular seaway. However, the
author is convinced that more and more coupled RANSE and motion computations will be
used to investigate a wide range of unsteady problems in maritime hydrodynamics.

7.2 Future Work

More exhaustive verification and validation in 3D ship hydrodynamics are certainly needed
to further examine the accuracy of the present method. Especially, local flow patterns should
be carefully looked at to ensure that the overall agreement is not only obtained because errors
in different places/models cancel up. Sensitivity studiesshould be carried out on different
grid densities, numerical schemes, sizes of computationaldomain, boundary conditions and
turbulence models etc. to assess the uncertainty and the errors in the predicted results.

The efficiency of the coupled method can be improved – on the one hand – by the
flow solver and – on the other hand – by the coupling technique.New generations of flow
solvers should incorporate the capacity to accommodate andhandle not only appropriately
distributed, but also easy-to-generate grids for complex geometry. Grid generation is, unfor-
tunately, still one of the challenging tasks. It is very time-consuming, especially if a high
quality of grids is required. Development of multi-grid techniques would promote further
improvement of efficiency and accuracy. Investigations on coupling methods could also ac-
celerate the convergence rate of the coupled procedure, such as the criteria for activating
or de-activating the body motion module and grid-moving subroutine, choices of (problem-
dependent) under-relaxation factors or added-mass estimates, time integration schemes of
body motion, influences of the time step size and use of varying time steps or different time
steps for fluid flow and body motion.

After further validation of the method and further improvement of the efficiency of the
coupled approach have been achieved, more sophisticated applications can be performed
with the increased computer resources expected in the future:� Full scale computation

Full scale resistance, propulsion, seakeeping and maneuvering simulations can be, in
principle, performed by a single code with different boundary conditions and released
DOFs of ship motion.� Including a geometrically modeled propeller
A geometrically modeled 3D rotating propeller can be included to replace the simpli-
fied propeller body force model so that the unsteady behaviorof propeller-rudder-hull
interaction can be captured more accurately. Also, an appropriate simulation of the
propulsion plant would enhance the prediction of propellerperformance.� Ship maneuvers in restricted water
Often ships have to operate in restricted waters like harbors or canals. The natural
boundaries, e.g. canal walls, have to be modeled in these cases and there might be the
presence of a third phase, e.g. sand or mud.
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Ships with filled ballast and/or cargo tanks and damaged ships in waves can be simu-
lated with liquid flowing both inside and outside the ship. Also roll damping with the
help of a stabilizing tank can be handled by the present method.� Simultaneous computation of water and air flow
Aerodynamic and hydrodynamic effects on sailing yachts or ships with large super
structures can be simultaneously considered by a single code in the present method.
Also, unsteady wind conditions are possible to be simulated.� Fluid-structure interaction
Further extension of the method would be the inclusion of thedeformation of the
structure – either elastic or plastic – to simulate slamming-induced deformations of
ship structures, aircraft ditching on water or landing on a carrier.� More challenging multi-body interactions
Overtaking maneuvers of ships in restricted water would be more challenging simu-
lations, especially in terms of grid techniques. Furthermore, collisions of two ships
would need to include further models to consider the nonlinear response of ship struc-
tures under large impact forces.

Although it is yet not foreseeable how fast the development of the method will be and
how exactly the range of application will expand in the future, it is certain that a new era in
ship hydrodynamics has begun. The ultimate goal is yet not theVirtual Towing Tank, but the
Virtual Reality, which would help the captain on board to make precise decisions under any
condition to ensure safety of people, cargo and ship.



Appendix A

Derivation of the Governing Equation of
the Body Angular Motion in the Global
Coordinate System

The computation of body motion is performed in the global coordinate system. The gov-
erning equation of angular motion of a rigid body in a body-fixed coordinate system (BS)
is: d (MC � !C)dt =mC : (A.1)

In the above equations,MC is the tensor of the moments of inertia of the body,!C is
the angular velocity vector of the body, andmC represents the moments of forces acting on
the body with respect to its center of mass.

The body-fixed coordinate system is set to be originated at the center of gravity and
maintaining a given orientation of the rigid body. SinceMC keeps constant with respect to
the BS, Eq. (A.1) can be written in the following form:MC � _!C + !C �MC �!C = mC : (A.2)

In the following, the angular motion equation with respect to the global coordinate
system (GS) will be derived. The superscript g indicates thevariables expressed in terms of
the GS.

AssumingTT as the transform matrix from BS to the GS, one can easily get:[Æ�℄ = (TT)�1 � [Æ�g℄ ; (A.3)! = (TT)�1 � !g; _! = (TT)�1 � _!g ; (A.4)
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162 APPENDIX A. DERIVATION OF ANGULAR MOTION EQUATION IN GS(TT)T = (TT)�1 : (A.5)

According to the principle of virtual work in angular motion, one can write[Æ�g℄T �mCg = [Æ�℄T �mC : (A.6)

By substituting Eqs. (A.2), (A.3), (A.4) and (A.5) into Eq. (A.6),[Æ�g℄T �mCg= [Æ�g℄T � h(TT)�1iT � (MC � _!C + !C �MC � !C)= [Æ�g℄T � TT � nMC � h(TT)�1 � _!Cgi+ h(TT)�1 � !Cgi�MC � h(TT)�1 � !Cgio= [Æ�g℄T � nTT �MC � (TT)�1 � _!Cg + TT � h�(TT)�1 � !Cg��MC � �(TT)�1 � !Cg�io :
(A.7)

ThusmCg = TT �MC � (TT)�1 � _!Cg + TT � nh(TT)�1 � !Cgi�MC � h(TT)�1 � !Cgio : (A.8)

In order to simplify the second part of Eq. (A.8), we would like to prove:TT � nh(TT)�1 � !Cgi�MC � h(TT)�1 � !Cgio= hTT � (TT)�1 � !Cgi� hTT �MC � (TT)�1 � !Cgi= !Cg � hTT �MC � (TT)�1 � !Cgi : (A.9)

Assuming a = (TT)�1 � !Cg; b = MC � (TT)�1 �!Cg ; (A.10)

Equation (A.9) can be rewritten as:TT � (a� b) = (TT � a)� (TT � b) : (A.11)

The transform matrixTT can be expressed as below:TT = 0B� 
os 6 xgox 
os 6 xgoy 
os 6 xgoz
os 6 ygox 
os 6 ygoy 
os 6 ygoz
os 6 zgox 
os 6 zgoy 
os 6 zgoz 1CA= 0B� l1l2l3 1CA ; (A.12)

wherel1, l2 andl3 are the space unit vectors with respect to the BS. Thereforel1 = l2 � l3; l2 = l3 � l1; l3 = l1 � l2 : (A.13)
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Thus TT � (a� b) = 0B� l1 � (a� b)l2 � (a� b)l3 � (a� b) 1CA= 0B� (l2 � l3) � (a� b)(l3 � l1) � (a� b)(l1 � l2) � (a� b) 1CA : (A.14)

Since it is known from the vector calculus that(d� f) � (g � h) = (d � g) (f � h)� (f � g) (d � h) ; (A.15)

whered, f , g and h are four randomly defined vectors. Substituting Eq. (A.15) into
Eq. (A.14) yieldsTT � (a� b) = 0B� (l2 � a) (l3 � b)� (l3 � a) (l2 � b)(l3 � a) (l1 � b)� (l1 � a) (l3 � b)(l1 � a) (l2 � b)� (l2 � a) (l1 � b) 1CA : (A.16)

Now developing the right hand side of Eq. (A.11):(TT � a)� (TT � b) = 0B� i j kl1 � a l2 � a l3 � al1 � b l2 � b l3 � b 1CA= 0B� (l2 � a) (l3 � b)� (l3 � a) (l2 � b)(l3 � a) (l1 � b)� (l1 � a) (l3 � b)(l1 � a) (l2 � b)� (l2 � a) (l1 � b) 1CA : (A.17)

Thus, Eqs. (A.11) and (A.9) have been proved. The equation with respect to the GS can
be written as MgC � _!Cg + !Cg �MgC �!Cg =mCg ; (A.18)

whereMgC represents the moment of inertia of the rigid body with respect to the GS. It has
the following form: MgC = TT �MC � T�1T : (A.19)
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Appendix B

High Resolution Interface-Capturing
Scheme

As mentioned in section 2.3.1, the so-called HRIC scheme hasbeen designed for the convec-
tive transport of the scalar quantity
 (see Eq. 2.6) to achieve the sharpness of the interface
without over- and undershoots. In the following, the basic idea of this scheme will be briefly
introduced, more details can be found in Muzaferija and Perić [58].

The scheme is based on limiting the approximation of the cell-face value��j (see
Eq. (2.89)) to lie in the shaded area of the so-called Normalized Variable Diagram (NVD)
(see Leonard [51]) shown in Fig. B.1. The normalized variable �
 in the vicinity of the cell-
center C is defined as: �
 (r) = 
 (r)� 
U
D � 
U ; (B.1)

where the subscripts ’U’ and ’D’ denote centers of CVs upstream and downstream of the
cell-center C. In particular, note that�
U = 0 and�
D = 1. The normalized face value�
j is�
j = 
j � 
U
D � 
U : (B.2)

The scheme is a non-linear blending of upwind and downwind cell-face values with the
normalized face value�
j calculated as�
j = 8>>><>>>: �
C if �
C < 02�
C if 0 � �
C < 0:51 if 0:5 � �
C < 1�
C if 1 � �
C (B.3)

Since the amount of one fluid convected across a cell face during a time step must not
be more than the amount available in the donor cell, the calculated value of�
j is further
corrected according to the local Courant numberCuCu = v �nSj�t�VC : (B.4)
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Figure B.1: Normalized Variable Diagram (NVD, see Leonard [51]).

This correction plays a role in transient simulations and ismade according to the following
expressions: �
�j = 8><>: �
j if Cu < 0:3�
C + (�
j � �
C) 0:7�Cu0:7�0:3 if 0:3 � Cu < 0:7�
C if 0:7 � Cu : (B.5)

The use of the downwind scheme keeps the interface sharp if the interface is parallel to the
cell face and moves in the direction of the cell-face normal;if the interface is perpendicular
to the cell face, the convected fluid would be likely of the same composition as in the cell
center, so the upwind scheme is appropriate. A final correction is necessary to take this into
account: �
��j = �
�jp
os � + �
C �1�p
os �� ; (B.6)

where 
os � = r
 �njkr
k : (B.7)

Here� denotes the angle between the normal to the interface and thenormal to the cell face.

Finally, the cell-face value of
 is computed according to Eq. (B.1) as
HRICj = �
��j (
D � 
U) + 
U : (B.8)



Appendix C

Derivation of the Rotation Operator Tt
As stated in Section 2.2.2 (see Eq. (2.129)),Tt is a rotation operator for the rotational trans-
formation of the body position about a unit axisu through the origin of the coordinate system.
Supposeu = (ux; uy; uz) and the rotational angle aboutu is �, this rotation operatorTt can
be expressed by:Tt = 0B� u2x (1� 
os�) + 
os� uxuy (1� 
os�)� uzsin� uxuz (1� 
os�) + uysin�uxuy (1� 
os�) + uzsin� u2y (1� 
os�) + 
os� uyuz (1� 
os�)� uxsin�uxuz (1� 
os�)� uysin� uyuz (1� 
os�) + uxsin� u2z (1� 
os�) + 
os� 1CA :

(C.1)

The derivation of this operator is performed by the author, as given in the following.

As shown in Fig. C.1, a vectorr1 rotates about the unit vectoru with a rotational angle�. The planeu � r = 0 is perpendicular to the unit vectoru and includes the origin of the
coordinate systemO. Then, the vectorr1 can be decomposed into two vectorsz1 andz2,
wherez1 is parallel tou and perpendicular to the planeu � r = 0, andz2 lies in the planeu � r = 0 and represents the projection ofr1 onto this plane. The following relations apply:

Such one can get z1 = (u � r1)u ; (C.2)z2 = r1 � z1 : (C.3)

As the vectorr1 rotates about the unit vectoru with a rotational angle�, only the
componentz2 of r1 is altered toz3 during the rotation. Therefore the new vectorr2 can be
expressed as r2 = z1 + z3 ; (C.4)

wherez3 lies in the common plane ofz2 andu� z2, which is the planeu � r = 0.

Therefore one can suppose
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Figure C.1: Rotation of vectorr1 aboutu.

z3 = az2 + b (u� z2) : (C.5)

Applying the basic rules of plane geometry, the vectorz3 can be expressed asz3 = z2 
os�+ (u� z2) sin� ; (C.6)

with � as the rotational angle fromz2 to z3 in the planeu � r = 0.

The vectorsu, r1 andr2 are expressed through their components:u = 0B� uxuyuz 1CA ; (C.7)



169r1 = 0B� r1xr1yr1z 1CA ; (C.8)r2 = 0B� r2xr2yr2z 1CA : (C.9)

By substituting Eqs. (C.7) and (C.8) into Eqs. (C.2) and (C.3), it is obtained:z1 = (u � r1)u= �uxr1x + uyr1y + uzr1z�0B� uxuyuz 1CA= 0B� ux2r1x + uxuyr1y + uxuzr1zuyuxr1x + uy2r1y + uyuzr1zuzuxr1x + uzuyr1y + uz2r1z 1CA (C.10)

and z2 = r1 � z1= 0B� r1xr1yr1z 1CA� �uxr1x + uyr1y + uzr1z�0B� uxuyuz 1CA= 0B� r1x � ux2r1x � uxuyr1y � uxuzr1zr1y � uxuyr1x � uy2r1y � uyuzr1zr1z � uxuzr1x � uyuzr1y � uz2r1z 1CA : (C.11)

Substituting Eqs. (C.7) and (C.11) into Eq. (C.6) one gets:z3 = 
os�z2 + sin� (u� z2)= 
os�0� z2xz2yz2z 1A+ sin�0� uyz2z � uzz2yuzz2x � uxz2zuxz2y � uyz2x 1A= 
os�0� r1x � ux2r1x � uxuyr1y � uxuzr1zr1y � uxuyr1x � uy2r1y � uyuzr1zr1z � uxuzr1x � uyuzr1y � uz2r1z 1A+ sin�0� uyr1z � uzr1yuzr1x � uxr1zuxr1y � uyr1x 1A= 0� r1x 
os�� ux2r1x 
os�� uxuyr1y
os�� uxuzr1z
os�+ uyr1z sin�� uzr1y sin�r1y 
os�� uxuyr1x 
os�� uy2r1y
os�� uyuzr1z
os�+ uzr1x sin�� uxr1zsin�r1z 
os�� uxuzr1x 
os�� uyuzr1y
os�� uz2r1z
os�+ uxr1y sin�� uyr1xsin� 1A :
(C.12)

Finally by substituting Eqs. (C.10) and (C.12) into Eq. (C.4), one can obtain



170 APPENDIX C. DERIVATION OF ROTATION OPERATORr2 = z1 + z3= � ux2r1x + uxuyr1y + uxuzr1zuyuxr1x + uy2r1y + uyuzr1zuzuxr1x + uzuyr1y + uz2r1z �+� r1x 
os �� ux2r1x 
os� � uxuyr1y
os�� uxuzr1z 
os �+ uyr1z sin�� uzr1y sin�r1y 
os �� uxuyr1x 
os�� uy2r1y
os�� uyuzr1z 
os�+ uzr1x sin�� uxr1z sin�r1z 
os�� uxuzr1x 
os �� uyuzr1y
os�� uz2r1z 
os�+ uxr1y sin�� uyr1x sin� �= � ux2r1x + uxuyr1y + uxuzr1z + r1x 
os �� ux2r1x 
os� � uxuyr1y
os�� uxuzr1z 
os �+ uyr1z sin�� uzr1y sin�uyuxr1x + uy2r1y + uyuzr1z + r1y 
os �� uxuyr1x 
os�� uy2r1y
os�� uyuzr1z 
os�+ uzr1x sin�� uxr1z sin�uzuxr1x + uzuyr1y + uz2r1z + r1z 
os �� uxuzr1x 
os �� uyuzr1y 
os�� uz2r1z 
os �+ uxr1y sin�� uyr1xsin� � :
(C.13)

that is r2 = Tt � r1 ; (C.14)

whereTt has the form as shown in Eq. (C.1).



Appendix D

Lines Plan of RoRo Ship

Figure D.1: Transverse sections of RoRo ship.
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Figure D.2: Profile of RoRo ship.



Appendix E

Lines Plan of CBOX Ship

Figure E.1: Transverse sections of CBOX ship.
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Figure E.2: Profile of CBOX ship.



Appendix F

Definition of Turning Circle Maneuver
Test

Turning circle tests are performed to both port and starboard at approach speed with a maxi-
mum rudder angle. To determine the main parameters of this trial, it is necessary to continue
the maneuver until the ship has turned540Æ.

The essential information to be obtained from this maneuverconsists of (see Fig. F.1):� Tactical diameter� Advance� Transfer� Loss of speed on steady turn� Time to change heading90Æ� Time to change heading180Æ
For comparison purpose the following dimensionless variables are used, which are also ap-
plied for the Zigzag maneuver (section 6.4.2):

Characteristic maneuvering time: � 0 = �VL : (F.1)

Dimensionless yaw rate: _ 0 = _ LV : (F.2)

Dimensionless advance or transfer (transverse):x0 = xL and y0 = yL : (F.3)

Here� is time, is yaw angle,L denotes the ship length andV is the ship speed before the
outset of the maneuver.
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Figure F.1: Turning circle definitions.



Appendix G

Definition of Zigzag Maneuver Test

The typical procedure for conducting a Zigzag maneuver testis as follows:

At the outset of the maneuver the self-propelled model travels on a straight course at a
predefined speed. Once a steady speed is established, the engine plant controls, i.e. rate of
propeller revolutionn, are not altered during the duration of the maneuver. As illustrated in
Fig. G.1, the rudder is put over to an angle of�ÆR (first execute) after a steady approach.
When the heading equals+ s off the initial course, the rudder is counter-steered to+ÆR
(second execute). After counter rudder has been applied, the ship continues turning in the
original direction with decreasing turning rate until the movement decayed. Then in response
to the rudder the turning rate is reversed and later after thetime�r also the heading reverses.
When the heading is� s, the rudder is reversed again (third execute) and this cyclecan be
repeated through the fourth, fifth, or more executes.

The principle parameters obtained from a standard Zigzag maneuver and those charac-
terizing the steering quantities of the ship model are defined in the following (c.f. Fig. G.1):� Switching angle(or execute heading angle)  s [degree]

Heading s at which the rudder is reversed, here s = 10Æ.� Time to attain switching value of heading(or initial turning time) �a [s]
The time from the outset of the maneuver (first execute) untilthe heading is s off the
initial course. At this point the rudder is reversed to the opposite side (second execute).� Overshoot angle�o [degree]
The difference of heading angle through which the ship continues to turn in the original
direction after the application of counter-rudder.� Time to check yaw�b [s]
The time from the instant counter rudder is applied to the standstill of the turning
movement in the original direction.� Reach time�r [s]
The time from the outset of the maneuver (first execute) untilthe ship, after having
completed the starboard turn, passes the initial course. Shortly after this point the
transverse deviationy reaches its maximum value (ymax).
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Figure G.1: Scheme of Zigzag maneuver test.� PeriodT [s]
The time from the outset of the maneuver until one total cycle(yaw to starboard and
port) has been completed.� Turning speed_ min [rad/s]
Negative yaw rate approximately when passing the initial course.� Transverse deviationy [m]
The transverse displacement of mass center of the ship.
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