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Abstract

In this work, a computational procedure for the predictiémmtion of rigid bodies
floating in viscous fluids and subjected to currents and wevpgesented. The procedure is
based on a coupled iterative solution of the equations ofanaif a rigid body with up to six
Degrees Of Freedom (DOF) and the Reynolds-Averaged N&takes Equations (RANSE)
describing the turbulent fluid flow. The fluid flow is analyzesing a commercial CFD
package (Comet) which can use moving grids made of arbipaighedral cells and allows
sliding interfaces between fixed and moving grid blocks. Tbmputation of body motion
is coupled to the CFD code via user-coding interfaces ondeslof each iteration. A fully-
implicit predictor-corrector procedure is employed fog ttalculation of body motion, taking
advantage of the iterative nature of the fluid-flow solver.

The method is used to compute the motion of floating bodiggsubjected to waves,
showing favorable agreement with experiments. Extensiomare complex ship maneu-
vering applications is further conducted, which requireglaling of interaction of ship, its
rudder(s) and its propeller(s). With the ship hull and theder modeled geometrically and
the propeller simulated by a body force model, turning eirahd Zigzag maneuvers are
performed as examples and the comparison with measurestews promising agreement.
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Nomenclature

Roman Symbols

A [m] Wave amplitude

A, [m?] Propeller area

Ap  [m?] Rudder disc area

B [m] Beam of ship

Crn [1] Propeller thrust loading coefficient

D [m] Propeller diameter

F [N] Vector of total force on mass center of the body

F¢ [N] Vector of effective force on mass center of the body
F' [N] Vector of impressed force on mass center of the body
F¢ [N] Vector of constraining force on mass center of the body
F, [1] Froude number

g [m/s?] Gravity acceleration vector

I [1] Unit matrix

J [1] Propeller advance coefficient

Jr [ Jacobian matrix for translation motion

Jro [ Jacobian matrix for rotation motion

k [m?/s?] Kinetic energy of turbulent fluctuation per unit mass
kr  [1] Propeller thrust coefficient

ko  [1] Propeller torque coefficient

L [m] Length of ship

m [kg] Mass of body

Mc  [kgm?] Matrix of moments of inertia with respect to mass centetefibody
mc  [Nm] Resultant moment vector on mass center of the body
n [1] Normal vector of CV face

P [N/m?] Pressure

Qp [Nm] Propeller torque

R [N] Ship resistance

R, [1] Reynolds number

S [m?] Closed surface area of CV

T [N/m?] Viscous stress tensor of fluid

T, [N] Propeller thrust

Tt [1] Transformation matrix from BS to GS

T, [1] Rotation operator

t [s] Time

Voo [mi] Volume of CV

u; [m/s] Cartesian component of

v [m/s] Velocity vector of fluid

vy [m/s] Velocity vector of CV face

ve  [m/s] Velocity vector of body

Y, [N] Propeller side force
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Xii
Greek Symbols
a 7]
s I
By [1]
At [s]
dij [1]
or  [-]
€ [m?/s?]
n  [m]
A [1]
A [m]
i [kg/ms]

Acronyms

BS
CDS
CFD
CG
CGSTAB
CVv
DES
DNS
DOF
HRIC
ICCG
IE

IS

ITTL
GM

GS

LES
PMM
RANSE
SIMPLE
uUbDS

NOMENCLATURE

Angle of attack

Drift angle

Blending factor for variable
Time step size

Kronecker delta

Virtual displacement
Turbulent dissipation rate per unit mass
Water surface elevation
Aspect ratio of rudder
Wave length

Dynamic viscosity of fluid
Eddy viscosity

Wave circular frequency
Intensive scalar quantity
Yaw angle

Density

Pitch or trim angle

Roll or heel angle

Local coordinate of grid

Body-fixed coordinate System

Central Differencing Scheme

Computational Fluid Dynamics

Conjugate Gradient method

CG Stabilized

Control Volume

Detached Eddy Simulation

Direct Numerical Simulation

Degree Of Freedom

High Resolution Interface-Capturing scheme
Incomplete Cholesky Conjugate Gradient method
Implicit Euler scheme

Intermediate coordinate System

Implicit Three Time Level scheme
Metacentric height

Global coordinate System

Large Eddy Simulation

Planar Motion Mechanism

Reynolds Averaged Navier-Stokes Equations
Semi-Implicit Pressure-Linked Equations
Upwind Differencing Scheme
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Chapter 1

Introduction

1.1 Motivation

Model tests in the towing tank have been the most frequersiydway to predict the hy-

drodynamic performance of a new ship. With the increasingated on ship performance
(speed, size, efficiency, environmental impact etc.) andgasional safety, performance-
based safety criteria are becoming ever more importargrriational rules and recommen-
dations have been established. Therefore designers dalm@apdrformance of a ship to be
assessed at its early design stage. Although model teststivibe indispensable, this calls
for prediction tools, which, in principle, should not rely nodel test results. The use of
Computational Fluid Dynamic&CFD) tools is the obvious choice.

As complementary tools to towing tank tests, CFD analysesuaed today to study
a large variety of ship forms for optimization purpose andtovide a large amount of
detailed information on the flow, which can help the desigrierimprove the performance
of a new ship. However, in the long-term objective, the CFBIdshould be able to predict
the hydrodynamic performance of a ship taking into accolimtgsical phenomena which
characterize the flow around a full-scale ship under itsopalating conditions. This means
a single code would be capable of handling different taskisarfield of ship hydrodynamics,
which has conventionally been broken into several areas:

¢ Resistance
¢ Propulsion
e Seakeeping

¢ Maneuvering

Although the so-calle®irtual Towing Tankor Numerical Towing Tankbased on mod-
ern CFD tools has been placed on the agenda of worldwideradsgeoups, the aforemen-
tioned ambitious goal has not been achieved yet. The ontydsble way to study the cou-
pled complicated problem of ships maneuvering in waves todtay is to define a simplified
problem and decouple the complex system by either complegpebdring the less important

1
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phenomena or approximating them by other methods or singptections. Such a modified
problem is set up being as close as possible to the origiral Blowever, maneuverability
does not depend on hydrodynamic characteristics of sirgtes fike ship hull, propulsion

system and rudder separately. Rather, the ship responsseting inputs is determined by
the interaction of these three fundamental components.efierbcapture this interaction a
more general approach is required.

With further development of computer technology, stat¢hefart CFD methods offer
the opportunity to study aforementioned different proldemship hydrodynamics by a uni-
fied technique. In this thesis, a coupled method is develapeldexamined to tackle ship
hydrodynamic problems in different areas. Turbulent Sadgace flow and flow-induced
ship motion are solved simultaneously so that interactetgalviors as mentioned above can
be studied by a single code. In other words, an importanttsieards the long-term objec-
tive, theNumerical Towing Tankis taken here. The applicability and the accuracy of the
method developed is assessed. To be comparable to the waad) tank, both captured or
semi-captured maneuvers and completely free runs of eailelled and -steered ship will
be performed. The possibility of wave generation in the nicaétank is demonstrated.

1.2 Background

In practice, ship motions in waves are either predictedgiskperiments or numerical meth-
ods based on the potential theory, which assumes an ion&ideal fluid without viscosity.
Motions and waves are mostly linearized (strip method oeparethod), or potential flow
computations with linearized boundary conditions are coedbwith non-linear simulations
of motions. More advanced simulations use time integratibthe equations of motion
where the hydrodynamic forces are calculated based on ieadgormulae and special cal-
culations for individual force components. This is donedwample in SIMBEL (see Pereira
[67]), where the hydrodynamic forces on the hull are comghisesed on a strip theory be-
forehand for a variety of frequencies and section immessigkn overview of a variety of
such methods can be found in Bertram [11]. These method®asidered as fast and robust
tools in the design stage because they allow a large numberigints to be analyzed for
the purpose of optimization. They are applicable to thessssent of statistical quantities,
which can be the only final results in a natural seaway dueststétchastic nature. The mo-
tion of a smooth body in waves can be computed using theseoaethith reasonably good
accuracy (especially when empirical corrections are agpli However, they are not suit-
able for flows, where viscous effects or breaking waves piayrgortant role. Bilge keels,
roll damping tanks etc. can be dealt with in the potentiabtiienly with further empirical
corrections, which not only decrease the accuracy of théigiren, but are also sometimes
expensive because experimental data and experience aieecetpr such corrections. For
several practically important cases like ship motionsigéaamplitude waves, ship response
under impact wave load (slamming), ship maneuvering @igelerrors can be introduced by
the potential theory assumptions. The need for a numenoathat can predict the motions
and loads in large waves, taking into account viscous efféatbulence, flow separation and
wave-breaking phenomena, is thus obvious.

Ship hydrodynamics computations based on solving the Regraveraged Navier-
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Stokes Equations (RANSE) were initiated in the 1980s, amckesthen a number of research
groups have developed methods for solving viscous flow probl Computations of vis-
cous turbulent flow around ship without consideration offtiee surface have been widely
adopted to predict the flow field (especially the wake distidn) and the friction resistance,
often employing commercial CFD codes. An acceptable rahgeauracy has been achieved
for the prediction of friction resistance coefficients, redyrerror bounds from 1 to 10 %. It
has also been applied rather often to compute steady flowm@ra maneuvering ship to
predict hydrodynamic coefficients for the hull, see Curalib@um [19], Ohmori at al. [61]
and Nonaka at al. [60]. ElI Moctar [23] utilized a commerci&lCcode to analyze the inter-
action of ship hull, rudder and propeller. Sato at al. [74hbimned hull forces computed by
a RANSE code and a mathematical model representing ruddeprapeller force to simu-
late Zigzag maneuvers. Bellevre [9] and Takada et al. [88fwsmilar methods to simulate
the maneuvers of a submarine and the performance of an astv/&eel of a racing yacht
with horizontal and vertical rudders considering six Degr®©f Freedom (DOF) motion.
Unsteady RANSE computations were performed by Ohmori [62Planar Motion Mecha-
nism (PMM) motion of a ship using a moving-grid system and Ime&and Huang [17] for
a berthing ship in full scale applying a Chimera grid system.

The last decade has seen increasing consideration of fré@cesudeformation in
RANSE computations for ships. The breakthrough in ship dgignamics was seen at the
Tokyo 1994 Workshop (Kodama et al. [44]), where no less tieannethods featured this
capacity. Although the earliest numerical method (Maiked-Cell, MAC) devised for un-
steady free surface flow problems was already proposed it h@&iarlow and Welch [34],
it is mainly used to investigate internal flows, such as staghThe first references in ship
hydrodynamics are from the mid-eighties, when Miyata ef=8] introduced their version
of the MAC method called TUMMAC. A large number of referentesubsequent develop-
ments is documented by Larsson [48] and Miyata [56].

Moving grid methods, sometimes called Lagrangian grid im@slor interface-tracking
methods, see Hirt et al. [35] and [36], are until today thetmadely used approach for mod-
eling the free surface in computational ship hydrodynapiies Bernardis [10]. Examples
can be found in Miyata et al. [55], who applied curvilineaidgystems and a finite-volume
method to study the free surface flow about a Wigley hull andS¥/Altanker in steady
straight course. In such applications, only the water floeoimputed and a Lagrangian grid
is constructed to be adapted to the instant position of the $urface, which is unknown
at the beginning of computation. The limitation of such noelhis that they cannot track
surfaces that break apart or intersect, which draws a bdaighe method to be applied
to problems with large amplitude free surface deformati@g. wave breaking) and ship
hull with complicated geometry. Despite these shortcosingpving grid solvers have been
considerably improved, and on the Gothenburg 2000 Workébaysson et al. [49]), seven
out of 13 CFD solvers with free surface capacities weressithg this technique .

The first viscous transient free surface flow computation bglame-Of-Fluid (VOF)
method appeared more than twenty years ago, see Hirt anaIBlif37]. Many similar
methods have been presented since then. The VOF approachdwasver, just recently
become more widely used in ship hydrodynamics. These methwghloy a numerical grid
that includes both water and air domain and does not foll@fitbe surface deformation.
Some of these methods solve the part of the water flow onlynfalty ignoring viscosity
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of the water); others solve both water and air flow. In thestathethods, the position of
the free surface is determined by solving an additionalsrart equation for the volume
fraction of one phase (water or air). Such a method is usddsmiork. Some examples and
a detailed description of the VOF approach can be found ind¥rga and Peri¢ [58]. The
VOF methods have proven to be very suitable to analyze mabjgms in free-surface ship
hydrodynamics such as sloshing, slamming, surface-pigqmiopellers and large amplitude
ship motion in waves.

Early applications of the VOF method analyze flow charasties around bodies mov-
ing with prescribed motion. Arai et al. [4], Schumann [77HaBames [73] applied such
methods for water impact (slamming) problems of two dimenal sections such as wedges,
circular cylinders and bow sections. A 3D ship bow waterewss investigated by Muzafer-
ija et al. [57] and Klemt [42]. Also, investigations of ratian and diffraction problems
are conducted by applying the VOF techniques. One of thg @artks was conducted by
Kawamura and Miyata [40] for flow around a high-speed shima{B8] and Azcueta et al.
[7] and [8] carried out comparative studies on the free serflow around a ship model with
a blunt bow involving breaking waves. Computations of biegkvaves were presented
by Schumacher [76] for waves behind a submerged hydrofailtgnCaponnetto [15] for
flows around a planing hull (spray generation, detachmeshtr@attachment of the water at
the chine). Wilson et al. [89] computed diffraction probkef a forced steadily advanc-
ing naval combatant in regular head waves. In maneuveripficapions, extensive work
has also been done for the Series 60 hull form in steady abligotion with focus on free
surface deformation, see Alessandrini and DelhommoeaU@Bjara [82] and Queutey and
Visonneau [69]. Their results were compared with experis@ublished by Longo and
Stern [52] with satisfactory agreement.

Since the motion of a floating body is a direct consequenckheflow-induced forces
acting on it while at the same time these forces are a funcidhe body movement itself,
the prediction of flow-induced body motion in viscous fluiciishallenging task and requires
coupled solution of fluid flow and body motion. One of the firgries analyzing the body
motion by a free surface RANSE method can be found in OrihadaNiyata [63], where
sinkage and trim of semi-planing boats are simulated. Eugktension of the work to heel
motion of a sailing boat is given in Miyata et al. [54]. Subiamet al. [81] and Orihara [65]
predicted flows about a high-speed ship considering sinkaderim. Orihara and Miyata
[64] examined the effectiveness of their RANSE code as agdésiol for a hull form with
smaller resistance in waves. Dynamic heave and pitch notba ship in head waves have
been studied by several researchers, see Kinoshita etlyl.g4to et al. [75], Azcueta [5]
and Cura Hochbaum and Vogt [20]. Azcueta [6] simulated theadyic sinkage and trim
of a sailing boat as well as its motion in waves. Recentlyntl§t3] has analyzed a fast
conventional passenger ferry advancing in head waves iz on the ship motion and
slamming loads on the bow door. So far, to the author's kndgde this coupled solution
technique has not been applied to maneuvering motion opangtti one exception presented
by Akimoto and Miyata [2], where motions of a sailing boat édneen predicted. Only the
hull has been modeled geometrically. The appendages havddealized by a wing theory
and empirical equations.

Although the conventional codes based on strip theory oelpaxethods will still be
used in the near future for seakeeping and maneuveringcapipls, the coupled solution
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of flow and motion involving RANSE solvers will be useful investigating problems where
the influence of viscous effects or nonlinearities is sigaifit, 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 solatf RANSE and body motion
to seakeeping and maneuvering in waves. On this way, the produes mainly three goals:

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

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

3) Extending the method further to more complex ship man@uy@pplications.
The aim is to obtain a time-accurate simulation of a whole en&ering procedure of
a self-propelled ship. This requires modeling the inteoacof ship, its propeller(s)
and its rudder(s). Turning circle and Zigzag maneuvers arfopned as examples.

Such analyses have to cover rather long periods of real tinggve insight into the
maneuvering characteristics. Typically, the whole maeelhas to be simulated, which
requires a method with high accuracy for the body motion.r&toee, an accurate rotation
operator is implemented in this work whereas previousljiagpnethods, see Azcueta [5]
and Klemt [43], do not ensure orthogonality of the body-figedrdinates.

The first two parts of the present work were begun almost sanabusly under the
framework of a BMBFE research project ROLL?Saiming at developing and validating a
computational technique for the coupled analysis of viscibow and flow-induced body
motion in waves. The interaction of flow and floating-bodyheiit incoming waves is in-
vestigated to test the robustness and accuracy of the abajgerithm, the moving-grid
technique for body motion and the prediction of free surfdefrmation. Test cases such
as water entry of a 2D rectangular and circular cylinder &te.validated and published in
Hadzic et al. [30] and Xing-Kaeding et al. [98]. In additiovaves are generated and tested
in the viscous numerical tank before the interaction of gaed floating bodies can be an-
alyzed. Two techniques are applied for wave generationigwibrk, namely by specifying
the inlet condition and by simulating the flapping motion afave-maker. The latter tech-
nique is particularly attractive for validation purposel®ant 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 discussechieze an accurate prediction of
the wave profile and minimize the wave damping during its pgagion.

By combining these two parts, the technique was then reallg tesed in prediction of
the motion of a floating body in waves. A variety of 2D simpksgetry bodies were first
tested in the numerical wave tank subjected to both smalliardp waves and large ampli-
tude wave packages. Correspondingly, experiments wemducted for validation purposes
at two water tanks, namely at the Technical University Hamgddarburg (TUHH) and the
Technical University Berlin (TU Berlin) . Due to the very pnising agreement in these test
cases, see Xing et al. [91]-[92] and Hadzi¢ et al. [30]H3e work is extended to applica-
tions in three dimensions, which is obviously of main ing¢r@ practice. A RoRo vessel
running against incoming regular waves/igt = 0.22 was selected as an example and the
predicted motion was compared with the model test resuitsymg satisfactory agreement.
The underlying work on ship seakeeping applications wasishented in Xing-Kaeding et
al. [95]. The first two parts of the work were summarized infihal report of the ROLL-S
project, see Hadzic et al. [32].

Since this coupled approach in the present work has denadedtits robustness and
accuracy, the method is further extended to more challgnghip maneuvering applications.
The ultimate goal is to perform a transient motion simulated the whole maneuvering
process of a self-propelled ship with its own operating mrddhis requires the modeling of
the maneuver organs, e.g. propeller and rudder, and theiaction with the ship in turbulent
free surface flow. The rudder is geometrically modeled ambsnded by sliding interfaces
to allow rotation of the rudder during computation. The itgr is simulated by applying
body forces distributed to a layer of finite-volume cells e fpropeller plane for the time
being to avoid further complication of the geometry and cedilne computing effort (due to
the current limit on computer performance). Before any tameurate maneuver like turning
circle or Zigzag maneuver can be performed, the modelingn®fsingle components, i.e.
rudder and propeller, and their interaction between edoérdtas to be validated, see Xing
et al. [93] for this basic work. Also, the boundary condiscend moving-grid techniques
have to be tested and assessed beforehand. This work wastgesn several international
conferences, see Xing et al. [94], Xing-Kaeding and Jen3&R[P7], and Jensen et al. [39].

Building upon this experience, simulations of turning lgrand Zigzag maneuvers were
performed for self-propelled and -steered ships freelytifigaat the free surface in the vis-
cous numerical water tank. This kind of simulation — as noer@d in the last section — is
yet not common among research groups worldwide. The presshktrather belongs to one
of the first works applying the coupled technique and a un#diggdroach to different fields
of ship hydrodynamics, taking an important step towardsatineitious goal of thé&/irtual
Towing Tank

1.4 Structure of the Thesis

The methodology of the coupled simulation of fluid flow and fimduced body motion is
introduced in Chapter 2. The theoretical basis of flow sqinigid body dynamics and their
coupling procedure is introduced first. Then it is explaihed the algorithms for fluid flow,
body motion and coupling of both are implemented numegcétlthe following section, the
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initial and boundary conditions for ship hydrodynamic aggtions are discussed. Finally,
different types of numerical grids applied in this work attlimed and grid-moving strategies
adopted in this work are addressed.

Chapter 3 presents a number of two-dimensional test casi®iofind floating body
interaction focusing on verification and validation of themerical method and demonstra-
tion of the robustness and reliability of this coupled apio First, water-entry and -exit of
a horizontal circular cylinder are computed with the mainagrn on accurate predictions
of the cylinder motion and the water elevation over time.(gets formation during water-
entry). The computational results are compared with erpants, showing good agreement.
Especially in terms of the free surface deformation, jetrfimig, traveling, and collapsing as
well as entrapped air bubbles near the cylinder have bedarealsuccessfully. Then, waves
— both small amplitude regular waves and large amplitudeeywackages — are generated and
tested in the viscous numerical wave tank. Recommendabibtie selection of numerical
parameters/schemes and necessary grid resolutions fergeameration are given. Next, the
motion of simple-geometry bodies — in both constrained aBd motion — is predicted in
regular waves. A rectangular cylinder, a mid-ship sectiath \@nd without keels, and the
interaction of two freely floating bodies are computed. Traion of the rectangular cylin-
der is validated by own experiments. Finally, the large nobf a rectangular cylinder is
predicted under large amplitude wave packages, furtheodstrating the applicability and
reliability of the underlying coupled procedure and the@dd moving-grid strategy.

Chapter 4 extends the method further to 3D problems of ptiedicthe motion of

a complex-geometry ship subjected to waves. Incoming wavieseth head and oblique
waves — are generated in the viscous wave tank. As they ti@awvalds the ship, the result-
ing ship motion is realized by the underlying moving-gridtheal, which is proven to be
stable and effective. Computational results are compargdavailable experiments, show-
ing satisfactory agreement. The emphasis of this chapterdemonstrate the applicability
of the present numerical method in studying special problenseakeeping to reduce the
number of expensive model tests in the towing tanks. In amgitobustness, flexibility and
accuracy of the coupled method are further examined, wheches as a preliminary step
for more complex simulations in ship maneuvering simutagiovhich will be presented in
Chapter 6.

To be capable of predicting ship motions during maneuveoipgration, a necessary
step beforehand is to model the maneuvering organs likeefiespand rudder as well as
their interaction with each other and with the ship hull. 8dsub-steps are taken in Chapter
5. The first sub-step comprising the first two sections in @rap deals with rudder and
propeller models individually. The rudder is geometrigatiodeled first in 2D, and then in
3D (without and with rudder fin), and numerical parametefi@ncing the simulation are
discussed. The propeller is modeled by a body force digtabwsimulating the effect of
propeller thrust, torque and side force on the fluid flow. Twetmods to determine the total
thrust of the propeller are proposed, which are applied latthe maneuvering tests. The
second sub-step is to couple the propeller with the ruddgt@model their interaction with
each other. The rudder forces — both lift and drag forces rease dramatically due to the
rudder’s location in the slipstream of the propeller. Theahbxelocity distribution on the
propeller plane becomes less homogenous due to the presietheerudder. The third sub-
step is to assemble the propeller and the rudder in the reditre ship wake so that their
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interaction with a hull in captured motion is simulated. Timportant maneuvering forces
— rudder forces behind the propeller and the ship hull — atbédéu examined under different
angles of attack, and the comparison with the experimeratal dhows very satisfactory
agreement.

As techniques for modeling individual maneuvering deviaed their interaction with
the ship hull are examined in Chapter 5, the simulation ofomatf a maneuvering ship with
appendages is focused on in Chapter 6. The main goal of tatehis to show how robust,
reliable and accurate this coupled method is in applicatiorsuch complex maneuvering
operations and thus to demonstrate the applicability axibflgy of the unified approach
to different problems in ship hydrodynamics. A containgpsé selected as example to per-
form different maneuvers in this chapter. Steady drift imasi at a series of drift angles are
first computed — with free surface considered — for the fellyripped container ship to ex-
amine the hydrodynamic forces and moments acting on thensitipnd the rudder surfaces
and validate them with measurements, which builds up a balts for further maneuvering
motion simulations. Then, turning circle maneuvers aredoated in the numerical water
tank. The Wigley hull — due to its simple geometry — is usedkemnane the suitability of the
boundary conditions and the moving-grid strategies by a-saptured turning circle test (no
rudder is modeled), where roll, heave and pitch motionsrae\While surge, sway and yaw
motions are predefined. The turning circle maneuver of 6-BR§ motion is then computed
for the self-propelled container ship on its own operatudder. Since no model test result
is available for the turning circle maneuver of the contasiep, the computed maneuvering
characteristics of the ship are compared to the measursrfrent full scale trials, showing
reasonably good agreement. As the last and most challeagplgation, Zigzag maneuvers
are simulated for the Wigley hull and the container ship. Ataeed25° Zigzag maneuver
of the Wigley hull is conducted against incoming head wawvdagst the applicability of the
boundary conditions. A quite realistic and complex wavdgratcan be observed in this
simulation. Then, the fully-equipped container ship perf® al0°/10° Zigzag maneuver by
its own operating rudder. The predicted track, motion andeungering characteristics of the
ship are compared to available model test measurementsirghpromising agreement.

The last chapter summarizes this work, draws conclusiodsgares suggestions on
future research work.



Chapter 2

Numerical Method

2.1 Introduction

This chapter describes the underlying numerical methothiicoupled simulation of fluid
flow and the flow-induced body motion. First, the theoretlzasis of the flow solver, rigid
body dynamics and their coupling algorithm is introducedéttion 2.2. In the follow-
ing, section 2.3 gives the numerical implementation of duispled procedure. Section 2.4
describes the initial and boundary conditions for ship bggnamics applications. In the
last section, numerical grids are discussed concernindiffezent 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 computationnabmpressible viscous
fluid flows with free surface. The solution domain is dividedbi a finite number of non-

overlapping control volumes (CVs). The integral form of servation equation is applied
to each CV (see Eq. 2.1), where piecewise profiles expresbmgariation of variables

(¢) over the CV and its neighboring CVs are used to evaluatedbeired integrals. If the

equations for all CVs are summed up, the conservation emuédr the solution domain as
a whole can be obtained, since surface integrals over inddaes cancel up. This implies
that the integral conservation of quantitieg (s exactly satisfied over any group of CVs
and, of course, over the whole calculation domain, whichesake finite volume method
especially attractive.

The generic conservation equation for a scalar quantityiisem in its integral form:

d
a/qudv+/p¢(v—vb)-mdsz/rwﬁ-mdSJr/qM-nds+/q¢,,vdv, 2.1)
1% S S S 1%

9
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wheret is time, p denotes the density of the fluil; is the volume of each CV bounded by
a closed surfacé, v is the fluid velocity vector whose Cartesian componentugre,, is

the velocity of the CV surface, andis the unit vector normal to the CV face and directed
outwards.I" is the diffusion coefficientg, 5 contains portions of the flux vector which are
not included in the terni’'V¢, andg,, is the volumetric source of the conserved scalar

guantitye.

The scalar quantity can be any conservaatensiveproperty (ntensiveproperty means
the the property which is independent of the amount of matiesidered.). This property
can be the unit 1 (for mass conservation), velocity veet¢ior momentum conservation),
turbulence quantities like kinetic energy of turbulencatsrdissipation rate, enthalpy, or
concentration of chemical species. For incompressiblesfldine corresponding equations
for mass and momentum conservation are expressed below:

d
a/pdV—i—/p(v—vb)-ndS:O, (2.2)
1% s

d
— [ pvdV + [ pv(v—vy) - ndS= [ (T—pl)-ndS+ [ pbdV . (2.3)

In the above equationg; is the viscous stress tensegrjs the pressured, is the unit
tensor, and represents the body force vector. Only Newtonian fluids aresiclered here:
in Cartesian coordinates the components of the viscousssieasor;; are defined as

8uz~ 8uj 2
Tij = M (695] + ax2> - géwuv -V (24)

with . being the molecular viscosity of the fluid ang the Kronecker deltal( wheni = j,
otherwiseD).

When the control volume moves or changes its shape, thellsalspace conservation
law (SCL) has to be satisfied. It is expressed by the followingti@h between the rate of
volume change of the CV and the velocities at its fages

%/dV—/vb-ndS:O. (2.5)
1% S

Solutions of continuity and Navier-Stokes equations, E2Z) and (2.3), are not easy
to obtain because the continuity equation, Eq. (2.2), do¢have an independent variable
and the pressunge which appears in the momentum equation, Eq. (2.3), is aa exknown
in addition to the unknown velocity vector. In incompressitiow, the pressure is therefore
indirectly determined via the continuity equation, whiokeds 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 groupiedwo broad categories.
Interface-tracking methods appeared earlier, where norovay the water flow is computed
and numerical grids have to be adapted to the instant pogfithe free surface. Since the
free surface position is normally unknown at the beginniigponputation, the complexity of
adaptation of the grid to the free surface draws a barrighfsmethod to be applied to a ship
hull with complicated geometry. Furthermore, difficultadgyrid adaptation rise dramatically
when strong deformations of the free surface (like brealiages) appear. Another type of
method, the so called interface-capturing method, is maitalde to analyze complex wave
phenomena and ship geometry, and therefore has been takeswork. This method treats
the continuum as a mixture of two species (water and air) asdraes:

e The mixing of two immiscible species on the molecular levatsl not take place. So
the mass diffusion flux can be set to be zero.

e Two species share the same velocity, pressure and temeefigld. This assumption
is only relevant in a small part of solution domain where thterface exists since all
transport equations are identical as in the case of oneffamdwhere only one fluid
is present.

In addition to the conservation equations for mass and mamerea transport equation for
void fraction of the liquid phaseis introduced:

%/CdV—l—/c(v—vb)-ndS:O. (2.6)
v 5

Here the void fraction of the liquid phases defined as
c=— (2.7)

whereV; denotes the volume occupied by the liquid phase in a CV wihvtiumeV’.

The computational domain extends over both water and aselthe void fraction is
set equal to 1 for CVs filled by water, O for CVs filled by air, daretween 0 and 1 if one CV
is partially filled with one and partially the other fluid. ASs assumed that both fluids share
the same velocity and pressurdik ¢ < 1, both fluids are treated as a single effective fluid
whose properties vary in space according to the volumedmacf each phase, i.e. :

p=pictp(l—c), p=me+tpu(l-c, (2.8)

where subscripts 1 and 2 denote the two fluids: 1 for water gond&r.

No boundary is represented by the interface between twasfluidsurface tension is
significant at the interface, it can be treated by a body foréke momentum equation as a
function of the volume fractiom, which is achieved by introducing tlentinuum surface
force (CSF) model (see Brackbill et al. [12]). In the applicatiafsthis work, surface
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tension forces are in general small at the free surface andftire neglected.

Modeling of turbulence

For computations of turbulent flows around ships, the steddReynolds Averaged
Navier-Stokes equations are solved instead of directlisglthe Navier-Stokes equations,
although turbulent flows are actually well described by tlaiNr-Stokes equations. How-
ever, theDirect Numerical SimulatiofDNS), which, as it says, solves the Navier-Stokes
equations directly, is of little practical interest sintean only be applied to simple flows
of low Reynolds numberR,,) at the current state of computer resources. Another approa
is the so-called_arge Eddy SimulatiofLES), in which the large-scale turbulence eddies
are directly resolved by the numerical grid while the snsaklile turbulence is treated by a
turbulence model. This method is in its beginnings of bepgiad to complex flows in engi-
neering practice, but its computational cost is still toghhio be applicable to higR,, flows
around ships. An alternative to LES is thetached Eddy SimulatidiDES), which could be
a good compromise between accuracy and cost. In the DESagpri@ANS is used for the
attached boundary layer and LES is used for the free sheardswting from separation,
Travin et al. [85]. To the author’s knowledge, this method hat yet been applied to ship
flows. The fact that ships have rather complex geometry armlifient flows around ships
usually have high Reynolds number makes the RANS methodrlyecarrently available
approach.

The RANS equations have the same form as conservation egsdtr laminar flow,
see Eg. (2.2)-(2.3). The only difference is that the vagaldre now replaced by averaged
ones by ensemble averaging (or time averaging if the flowtsransient). Each quantity is
replaced by its average and a fluctuation:

p=0+9¢", (2.10)

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

This poses no problem with the linear terms since averagmygliaear term in the
conservation equations gives just the identical term feraveraged quantities in the RANS
equations, which is the case for the continuity equationwvéier, for momentum and scalar
equations, additional terms result:

—pui6 = —p(@ +u}) (6 + &) = —pi6 — pui' ¥ , (2.11)

ity = —p(W; + ) (8, + ) = —pui; — pulns (2.12)

The last term of the above equation brings more unknowns dg@ations available and
therefore has to be modeled to close the equation system.
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The well-known eddy-viscosity types of turbulence modets selected in this work,
which assume an analogy between the turbulent and viscfiusidn and then model the
effects of turbulence by introducing turbulent diffusywierms.

For scalar quantities

oz
aZEZ’

—pW =TI (2.13)

wherel’; represents the turbulence diffusivity coefficient.

The terms-pu;u}, see Eq. (2.12), called as Reynolds stresses, are exptasastmilar

form as the viscous stress tensor:

ou;  0u, 2
ol — ¢ I = Z )8, 2.14
puz J it (ax] + 61'1) 3 péz]k ( )
wherek is the kinetic energy of turbulence
1
k= —u;u; , (215)

2

d;; 1s the Konecker delta ang is the so-called eddy viscosity.

The dynamic viscosity in the momentum equation, Eq. (2s3haw replaced by a so-
calledeffectiveviscosity:

et = p+ fy - (2.16)

k-e turbulence model

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

Since the turbulence/eddy viscosijtyis not a material property, it depends on density,
velocity (expressed by the square root of kinetic energydiitlence) and turbulence length
scale as expressed below:

= pC,VEL (2.17)

whereC,, is a model parametef. 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 scalés not obvious. The following relation
is assumed following the fact that the rates of construcimh destruction of turbulence are
in near-balance in the so-called equilibrium turbulent 8ow
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3/2
_ R (2.18)
€

L

Substituting Eq. (2.18) into Eqg. (2.17), the turbulencewossty 1, can be rewritten as

k2
e = pC’u? . (2.19)

Employing the standark-¢ model, the pressure is modified by

2
Pm =P+ §pk . (2.20)

The conservation equations fbrande have the same form as for other scalars and can

be derived:

d
—/pde+/pk(V—Vb)-ndS:/<u+ﬂ> Vkonds+ [ (Bo+ Py pe) AV,
dt Ok
14 S S 1%
(2.21)

d
&/pedV+/pe(V—Vb)-ndS:/<u+ﬂ> Ve-ndS+ (2.22)
v s 5 Te
€ €2 €
/ Cen PkE —Cep s + C, 3 max (Pg,0) x dv,
v

wherePy is due to buoyancy and is neglected hdferepresents the production of turbulent
kinetic energy by shear and is modeled as

P. = —ou'u =
5 P ’axj al'j 8:62 al'j '

The values of the empirical coefficients,, oy, C. 1, Cc2, C 3 ando. in the standard
k-e turbulence model are given in Table 2.1.

Another turbulence model, the RNG (Renormalization Grdup)model (see Yakhot
and Orzag [99]), has also been tested in this work. This maiffel's from the standaré-¢

model in the following two aspects:

¢ An additional source term for theequation is introduced, which is associated with
the effect of the rate of mean flow distortion on turbulenssighation rate:

Cuf* (1= ) pe
S, = —/ 1+Ce,6fc3 Zav, (2.24)
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Table 2.1: Values of empirical coefficients in the standaedurbulence model

Cu Ce,l 06,2 06,3 O O
0.09(14411921144,10|1.3

Table 2.2: Values of empirical coefficients in the RN turbulence model

Cu Ce,l Ce,? 06,3 Ce,S CE,G Ok O¢
0.085|1.42|1.68| 1.42| 4.38| 0.012| 0.72| 0.72

where

C.s andC. ¢z are empirical parameters given in Table 2.2. This extra isrbelieved
to be important when the dimensionless shear (ratio of tarthalissipation time scale
k /e and the mean flow distortion time scdléS ) is large compared with unity.

e The model parameters differ from the standa+eturbulence model and are given in
Table 2.2.

The comparison on the numerical results using the two maosli$e 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 referenaehtich the motions of the
rigid body are referred, are defined here first:

¢ A global coordinate system (GS) is a non-rotating, non4acaéng Newtonian ref-
erence system. It coincides with a space-fixed coordinatesyif it is defined as a
frame of reference fixed to space, or it can also be a framefefer@ce moving at a
constant velocity with its axes parallel to the space-fixeordinate system. It is de-
fined here with the XY plane parallel to the undisturbed fredase plane and Z axis
pointing upwards for convenience. This frame of referersceaken to describe the
RANS equations and to record the position and orientatighefigid body.

¢ A body-fixed coordinate system (BS) is set to be originateiti@imass center of the
body, maintaining the orientation of the body. With respiect ship, the x-axis is
in the longitudinal direction pointing towards the ship hathe z-axis is set to be
upwards pointing to the superstructure of the ship, andig{axpointing the port side
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following the right-hand rule. This coordinate system i¢phd to identify the rigid
body orientation and to realize the body motion or consteairtain angular motions
of the rigid body.

e Anintermediate frame of reference (IS) is defined as a nteting Newtonian system
with the body mass center as its origin. The angular momemguations become
simpler in this system since the momentum lever of linear eioim vanishes. It is
possible to construct the angular momentum equations ih augystem because in
principle the reference point of the body angular momentambze chosen in space at
random. Though, a good deal of care must be exercised in doifgcause it must
be considered simultaneously a space-fixed and body-fixied. ga other words, at
any instant of time (time ceases to flow), the body can hawecitgland acceleration
relative to it, but never a displacement. In this way, theoe#y and acceleration of
the center of mass computed relative to this point are atesahd relative to the GS.
This type of reference system was devised by Leonard Ewerdsy. Kolk [45]) and
will be used in this work to compute the velocity and accdlera As the velocity
and acceleration of the body computed in this system — aadlrmentioned — are
absolute and relative to the GS, GS will be referenced latetoacoincide with the
displacement.

Governing equations of rigid body motion

The governing equations of the motion of a rigid body with Begrees Of Freedom
(DOF) in a Newtonian reference system are:

d(mve)
e Tt S (2.26)
d (MC . wc) .

In the above equations; represents the mass of the body, is the velocity vector of
the center of mass of the body- is the tensor of the moments of inertia of the bady, is
the angular velocity vector of the bodyis the resultant vector of forces acting on the body,
andmg represents the moments acting on the body with respectderiter of mass.

Since the mass of the rigid body is supposed to be constarthanmdoments of inertia
of the body keep constant with respect to BS, Eq. (2.26) andZZ2j7) can be written as

mve = f (2.28)

and

A(Mewe) _ ) d(ewo)

T 1 = M¢ - wc +we X Mg - we =mg . (2.29)

with respect to the BS.
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According to the principle of virtual work, we can set

[ore]" - 5 = [6r]" - f, (2.30)

[6r8]" - mc® = [0r]" - mc . (2.31)

Here, the superscrigf indicates the variables expressed in terms of the GS (or IS),
which applies throughout this workir denotes an infinitesimal virtual displacement vec-
tor. Then, the equations with respect to the GS can be deffeedhe derivation, see Ap-
pendix A):

mv, = & | (2.32)

and

Mcg : (.:ch + ng X M%} . ng = mcg . (233)

Here,M§ is the tensor of the moments of inertia with respect to thessaster of the body
expressed in GS. When the body rotatd$, is changing; therefore it is updated each time
the body position changes by the following expression:

M = Tr-Mc- Tyl . (2.34)

HereM is the constant moments of inertia with respect to the BS andlly known at the
initial stage for a certain rigid bodyl.t stands for the transformation matrix from the BS to
the GB (or IS). The columns df are the unit vectors, y andz attached to the BS.

Eulerian angles

Once the angular velocities of the body are obtained, trentation of the body can be
determined from the tensdr;, whose columns are the unit vectorsy andz attached to
BS. In engineering applications, the interest is in howlfi@ntehicle (body) has been rotated
about its own axesx(, y andz) from the space-fixed reference (GS) rather than how far the
vehicle should be rotated about the axes in the GS. For iostame speaks about the roll
motion of a ship, indicating how far the ship has been rolleod its own longitudinal axis
from a horizontal space reference. This being the case, auddvike to rotate one axis
system successively about its own axes so that at the end dfitll rotation the axis system
would be parallel to the expected axis system. Care muskbka ta the order of the rotation,
since they do not obey the commutative law thereby requitiegsequence of rotations to
be kept. Though the sequence is arbitrary, the followinglmasbeen taken here to follow
the common practice of ship hydrodynamics.

As explained in Fig. 2.1, we rotate first byaboutZ, then byd aboutY’ (whereY' is
the new orientation of th& -axis brought about by the-rotation), and finally by, about
x (wherex is the new orientation of th&X-axis brought about by the-rotation and by the
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Space-fixed axes y-rotation

1)

0-rotation

~ o
S s
~

Figure 2.1: Sequence of rotation.

f-rotation, and moreover it is the newaxis attached to BS). Note th&t, Y andZ are the
space-fixed axes, and y andz are the body-fixed axes. It should be also noticed that the
procedure generates three axes intermediate to the spatbedy-axes, which are denoted
with single primes and not necessarily being orthogonal.

The following equations describe the intermediate axegfsetl above in vector form:

o x—(x-Z)Z
X =—— 2.35
- (22 (235
Y =ZxX , (2.36)
The three Eulerian angles ¢ andy can be obtained:
Y = arcsin [ (X x X') - Z] |, (2.37)

0 = arcsin [(X xx) - Y] | (2.38)
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= arcsin [(Y’ X y) . X] . (2.39)

Here, the Eulerian angles 6 andy are defined agaw, pitchor trim androll or heelangles
respectively.

The transformation matriX  from BS to GS can now be expressed in terms of the
Eulerian angles, # and« by pursuing the reverse sequence of the rotation:

cosyp —siny 0 cos# 0 sinf 1 0 0
T = singy  cosy 0 |- 0 1 0 -1 0 cosp —sing
0 0 1 —sinfl 0 cosf 0 singp cosyp
cosfl costy singsinfcosy — cospsiny cos @ sinf cos Y + sin @ sin Y
= cosflsiny sinpsinfsiny + cos pcosyy cos psinfsiny — sin @ cos

—sind sin ¢ cos cos ¢ cos f
(2.40)

As shown in Fig. 2.1, the orientation of the body in space aafully described by the
Eulerian angles, # andy about the axes, Y andZ, respectively. As the rate of change
of the body’s orientation is its angular velocity, it follewhat the angular velocity® has
scalar components gf, # andy along the aforementioned axes in the following form:

W 1 0 cost) —siny 0 0
(wéig) = (Q)—i—(sinw cos 1 0)-(9)
we 3 ) 0 0 1 0
costy —siny 0 cosf 0 sinf ¢
+(sin1p cos Y 0)( 0 1 0 )(0)
0 0 1 —sinf) 0 cosf 0

costpcosf —sintp 0 v
= sintcosfl costyp O |-] 6 (2.41)
—sind 0 1 )

Constrained motion

It is sometimes desirable that kinematical constraintsb@aoonsidered for the simula-
tion of body motion. Either they can be somneaginaryconstraints to simplify the compu-
tational model and reduce the computational effort or threypaysicalconstraints as often
used in the model tests to concentrate on some degrees dbifneef the model and restrict
others.

The analytical expression of the constraint equations fogid body can be generally
formulated as:

¢, (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.:

, (2.43)

(0

p is the total number of the constraints. The degrees of frmeafathe rigid body therefore
reduces to
f=6-—p. (2.44)

The number of degrees of freedghindicates the minimum number of variables which
would have described the motion of the rigid body completelgt therefore are called inde-
pendent variables. It is possible to formulate the equatafnmotion under constraints with
both dependent or independent coordinates, i@d&e Jalon and Bayo [27]. In general, the
method of the Lagrange multipliers using dependent coatdsoffers a simple concept and
permits the calculation of forces associated with the camgs (which depends on the La-
grange multipliers) with a minimum additional effort. Hoveg, as the numerical integration
proceeds, this method may suffer a violation of constrantitions progressively leading to
unacceptable results in all but short simulations (comgtstabilization is usually required
for long simulations). In contrast, in the formulation ofleapendent coordinates the instabil-
ity problem in the integration of constraint equations gsrdinary Differential Equation
(ODE) solvers disappears. Another important advantagesiogundependent coordinates
is a reduction in the number of equations to be integratedy @n= 6 — p equations are
obtained using the independent coordinates inste&dtop equations if dependent coordi-
nates and the method of the Lagrange multipliers are usddastp equations in case that
projection matrix is employed). Therefore the indepenaaatrdinates have been selected
here; the method used here is based on the Jacobian maeixplased below.

If f independent coordinates can be pointed out first, one camlpctearrange the
above constraint equation, Eq. (2.42), to define the bodiipngdependent coordinates)
andT® as a function of independent coordinates and time:

I‘é =r (qa t) s TTg — TT (qa t) ) (245)

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

a1
a=| | . (2.46)

qr

Differentiating the above equations, one obtains
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or . Or ) ,
vg:_aq.q+—at:JT-q+v (2.47)
and
as 3S ’
b = _—.q4 — = e ) 2.4
we 9 q+6t Jr-q+w (2.48)

Here, the3 x f Jacobian matrix for translation motion is

Org  Org Org

or dq1  O0qa T Oqe
Jp=— = | 9 Ory ory 2.49
T 0q dq1  dqa T Ogy ( )

Ory  Ors Ors

dq1  Oqa T Oqp

and the3 x f Jacobian matrix for rotation motion is

Osy  Osy sy

s A1 g2 T Ogg
Jp=—=| % 9% Osy | 2.50
R oq A1 g2 T Ogr ( )

Os:  0s: sz

01 O0qa T Ogr

Js = [0sy, 0sy, asz}T Is an instant vector about which the rigid body rotates. dtsgonents
can be obtained from the following tensor:

0 —0s, 0sy
OTr-Tr=| O0s, 0 —0s, | . (2.51)
—0s, 0sg 0

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

0 _ 88, 08y
aT oq1 oq
T CTT s JSg
T gm0 e ] (2.52)
8Sy asz 0

2T
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Further differentiating the velocities, Eqgs. (2.47) andi&), the accelerations of the rigid
body are obtained:

Vi =Jp-4+Llr-q+v (2.53)
and
Wt =Jp -4+ Lp-q+w . (2.54)
Here
0 (JT . Q) 8Vl
Lp = —— 2 197" 2.55
T 2 74 (2.55)
and
O(Jr-q) 0w  Olr
Lg = 2.
with
2 2
\.f, 8 r L a S (257)

=—, W =——".
ot? ot?

Substituting Egs. (2.48), (2.53) and (2.54) into Eqgs. (& (2.33), the governing
equation under constraint conditions reads:

M-§+N=F¢, (2.58)
where
W (2.59)
Mg - Jr ) '
_ mlt - ¢+ mv
N: . ! . ] . 1] 260
(M%-(LR.qHM%-w+(JR-q+w)xM%-(JR-q+w)>’ (2:69)

Fg:( e > | (2.61)

g
me

HereF?® can be divided into two parts:
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F& = F'6 4 F98 (2.62)

F'& denotes the impressed forces (or moments) acting on the tadigh can be obtained
either from the fluid flow (see section 2.2.3) or any extermairses and*¢ denotes the
forces (or moments) which maintain the given constraints.

The forces (or moment®?#, usually calledorces of reactionremain yet unknown at
this point. To eliminatd™®#, D’Alembert’s Principle can be applied:

> or'Fp=0. (2.63)
k

Note that the superscript g has been omitted here since ihape is generally valid for

all coordinates. In Eq. (2.63)r denotes the virtual displacements which are assumed to be
reversible and the indek denotes the body in a multi-body system, which will be onditte
since only one single body is considered hel. are the so-calle@ffective forcegsee
Lanczos [47]), which result if the forces of inerfig are added to the impressed ford&s
which act on a poinf . The effective forces can be expressed as

FC=F +I=F —mA, (2.64)

whereA denotes the acceleration of the body. From the second Nevaton

mA =F . (2.65)

Substituting Egs. (2.64) and (2.65) into Eq. (2.63), onaiist

Sor' (F—mA)=> 0" (F-F) . (2.66)

With the help of Eq. (2.62)

So’ (F—F)=> o (-F) =0. (2.67)

or must be consistent with the given kinematical constraints:

or=1J-4q, (2.68)

with

Jr
() -

wherel andJy are given in Egs. (2.49) and (2.50) respectively. SubstigiEq. (2.68) into
Eqg. (2.67), it can be obtained
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oq" - (JT-F9) =0. (2.70)

So

JT.F1=0. (2.71)

Substituting Eq. (2.62) into (2.58), then multiplying theatmx JT to both sides of
Eq. (2.58), the unknown ter@®¢ is eliminated with the help of Eqg. (2.71). The resultant
equation reads

(JT-M) g+ - N=J" FE (2.72)

The above equation hgs= 6 — p variables and can be solved similarly as Egs. (2.32) and
(2.33). If one is interested in obtaining the reaction feyadley can be obtained after the
equations of body motion are solved (Egs. (2.62) and (2.58))

Fi¢ =M.+ N —F'2 (2.73)

An example in ship hydrodynamic applications

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

. f=4. (2.74)

D v

The ship positior and orientationT 1, see Egs. (2.45) and (2.40), can be expressed by the
independent coordinates and time:

Ty —ysiny + Vtcosy
rc=1|r | = ycosy + Visinig , (2.75)

T, z

cosfsinty sin@sinfsint + cos pcost cos sinfsini) — sin pcosy

cosfcostp singsinfcost) — cossiny cossinf cos) + sin @ sin 1)
Tr = (2.76)
—sinf sin ¢ cos cos @ cos b
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The Jacobian matrices for translation and rotation mo@we®btained following Egs. (2.49)
and (2.50) respectively:
) , (2.77)

0 0 costcosf —sin)
Jr=1] 0 0 sintycosf cost . (2.78)
0 0 —sinf 0

—sinty 0
Jr= cosyy 0
0 1

o O O
o O O

Other matrices and vectors are calculated according to(Edg®), (2.56), (2.47), (2.48)
and (2.57):

Lr =0, (2.79)

0 0 0 —pcosysinh
L= 0 0 0 —¢ysintysinf | , (2.80)

000 —pcost
V costp
v=|Vsny |, w=0, (2.81)
0

v =0 @w=0. (2.82)

2.2.3 Coupling of Fluid Flow and Rigid Body Motion

For computing the interaction between fluid flow and rigidypatbtion, the equations of the
rigid body motion have to be coupled with the flow solver. Adr\ables describing the fluid
flow and boundary conditions have to be revised or updateordicry to the transient rigid
body motion. At the same time, the motion of the rigid bodytremsgly influenced by the
forces acting on the body surface from the fluid flow aroundbibdy.

Since the RANS equations describing the fluid flow around théybare expressed
in terms of the GS, it is then convenient to compute the bodyiancalso in the GS
(or 1S). Such that the surface forces acting on the body serfaom the fluid flow
can be integrated directly from the fluid solver and the bodlpeity acting on the body
can also be directly fed back to the fluid as part of moving slgmwall boundary conditions.
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Computation of impressed forces

The impressed forces acting on the body consist of field &resarface forces and
external forces. The surface forces can be integrated fhenptessure and shear forces
acting on the body surface and the field forces are usuallyrdegl as gravity force. The
resultant force™® can be computed by the following expression:

fie :/(T—p|)-nds+mg+f§. (2.83)
S

HereT stands for the viscous stress tensor whose componentg argoduced in Eq. (2.4),
| is the unit tensorg is the gravity acceleration vector afifldenotes any explicit external
forces acting on the rigid body.

Field forces do not contribute to the moment around the cefiteass, but the moments
due to surface forces (pressure and shear forces) needritebesated:

mif — / (r—rc) x (T—pl)-ndS +mé . (2.84)
S

Here the vector represents the position of a certain point on the body seréexr the
position of the mass center of the body with respect to GSF&pe2.2. The vectom¢, ,
includes all explicit external moments applied to the rigadly.

Figure 2.2: Motion of the floating body due to the forces agtin the body

Moving no-slip walls

The surface of the rigid body is usually considered as ngmveall. The velocities
at such a moving wall should therefore be specified and uddsteach time instant. The
velocities at the body surfacg, can be computed once the position and the velocity of the
rigid body are known (see Fig. 2.2):

Vp =vec+wX (r—rg) . (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 fornkqf (2.1), this equation will
be taken as an example to show how the mathematical modehsférmed into a system of
algebraic equations. Three choices are made first:

¢ \ectors and tensors will be expressed in their Cartesiarpooents, which leads to a
form of all equations strongly conservative and less simegiv grid smoothness.

e Control volumes will be organized in an unstructured maramet can have arbitrary
shape, which offers the great flexibility to adapt the griddmplex 3D geometry.

e The computational node lies in the center of each CV and caléxl variable arrange-
ment is used. Such an arrangement requires least memogréoggometry data and
makes it easier to implement boundary conditions and logdlrgfinement.

The spatial domain has to be subdivided into a finite numbeZ\s$, which can in
principle be of any shape. For practical purposes CVs arallysiefined by a finite number
of vertices, which are connected by straight lines or edGéssed polygons of edges define
cell faces, which may not be planar since the vertices maglhli¢ in one plane. The CV is
thus enclosed by a certain number of cell faces. The Eq. €aripe expressed for each CV
as

dt/p¢dv+z/p¢v_vb 'ndS = Z/F¢V¢ nd5+2/q¢5 ndS+/q¢VdV

_15 Jj= 15 j= 15
_’_/ N 7 7 7

unsteady term convective term dlffusive term source term
(2.86)

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

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

Discretization of the unsteady term

Only implicit methods are considered to discretize the esdy term, in which the
solution at a new time level depends on the unknown variable values also at the new time
level n and therefore cannot be computed without iteration andisolwf large algebraic
equation systems. The reason is that explicit methods, hwtdenpute the new solution
solely from the information on past data and are thereforelmsimpler, suffer from severe
constraints on the allowed time-step size for stabilitysogs. The maximum allowed time



28 CHAPTER 2. NUMERICAL METHOD

step by explicit schemes is proportional to the square ospaial mesh size; this makes
explicit schemes especially inefficient when the grid islbcvery fine (e.g. near walls).

For most cases in this work, the second order Implicit ThieeeLevels (ITTL) scheme
is selected to approximate the unsteady term in Eq. (2.B6)expression for constant time
step is given below:

3 (ppV)" — 4 (pdV)" ™" + (ppV)"
2At ’

d
E/pqﬁdv ~ (2.87)
1%

where¢ stands for the dependent variables;, &, €) andn for the time level. Since is
required at three time levels, the solutiong)adt two previous time levels have to be stored,
and to start the computation two time levels scheme, e.dgntpkcit Euler (IE) scheme, has
to be used:

(psV)" = (pgV)" "
At,, '

d
&/pqﬁdv ~ (2.88)
14

To assess the influence of the time integration scheme oresiodts, the IE scheme is
tested in some analyses. All other terms, see Eq. (2.86¢vataated at the new time step
in implicit methods as indicated above.

Discretization of the convective term

The convective term is nonlinear and needs to be linearittedPicard iteration ap-
proach is adopted here:

/p¢ (v—wvp)-ndS; & ¢ -1y , (2.89)
Sj

hereg; stands for the averaged value of the convected variabtethe cell-facg (normally
the value at the cell-face center is used as approximatiot)ia denotes the mass flux
through this cell face:

iy = /p (v —vp) - ndS, , (2.90)
Sj
Applying SCL (see Eq. (2.5))i; can be expressed as:

Thj ~ Pj (V;K . Ilij - V}) y (291)

wheren; and S; are the normal vector and the area of the cell-surfaaadV; is the rate
of change of the CV volume due to the motion of the cell-swfacThe calculation ol
should be consistent with the discretization scheme oftisgaady term. If the ITTL scheme
is used,
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d 3" — 4vn—1 + Vn—2
2 — _/ ~
Vi dtv v 2At
B 3 (Vn _ anl) _ (anl _ Vn72)
B 2At
30V — oV
= 2.92

whered V™ anddV"~! are the changes of the CV volume between the time leagld(n—1)
and betweerin — 1) and(n — 2) respectively. The change of the CV volume is the sum of
the swept volume of all CV surfaces, i@/" = XV} andéVn! = E(SV}"*I. Then

30V — oV !
2At ’

wheredV;" and 6Vj"*1 denotes the swept volume by the CV surfaebetween the time
leveln and(n — 1) and betweerin — 1) and(n — 2) respectively.

V& (2.93)
If the IE scheme is used, similar derivation is valid. i.e.

v O
TTUOAL

(2.94)

The evaluation ofp; andv; for the cell-faceS; has a strong influence on both the
accuracy and stability of the numerical method. The intirpan operation forv; needs
some special attention to ensure the strong coupling otitgland pressure, which will be
introduced later. The calculation ¢f follows common interpolation practices for convective
terms, which are briefly introduced here:

¢ First-order Upwind Differencing (UD) scheme, which relies the donor-acceptor
concept and can be expressed as

UD _ { ¢p, when the flow is from P to P, (2.95)

%7 = ¢p,, when the flow is from P to P’

where P and P; denote the CV centeP and its neighbor CV centd?;, which share
the cell-faces. In this work, the UD scheme has always been used for theafization
of the turbulence quantities.

e Second-order Central Differencing (CD) scheme, which sdzdly a linear interpola-
tion scheme. Based on the simplest second-order lineaospmation

¢(r)=¢p+(Vo)p-(r—rp) , (2.96)

the cell-face value can be calculated:
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(¢P + ¢Pj) + % ((V¢)p +(rj—rp)+ (V¢)pj ' (I'j - I‘Pj)) . (2.97)

DO | —

oD
¢ =

whererp, rp, andr; are the vectors pointing to the CV cenfey P; and their common
facej.

Using Gauss theorem,

/V VodV = /S énds (2.98)

the gradients at the CV center, i(&8¢)p, can be approximated:

Js ondS
V

1 m
]:

%

(Vo)p

%

¢ Blend of UD and CD schemes, which is intended to avoid botlexitensive numerical
diffusion of the UD scheme and the unbounded solution andhysipal wiggles of
the CD scheme, and therefore is a compromise between agcamdcstability. By
introducing the blending factat, (0 < 3, < 1),

¢j0 — ¢jUD +6¢ (¢jCD . ¢jUD) ) (2100)

¢ High-Resolution Interface Capturing (HRIC) scheme, spigcdesigned for the scalar
variable¢ = c in free-surface flows. Effort is focused on both keeping titerface
sharp and avoiding non-physical oscillations. It belorgthe family of blending of
UD and CD schemes but with a varying blending factor, moraitsetee Appendix B.

e Deferred correction approach, adopted whenever possilihetrove the stability and
efficiency of the numerical method. Only first-order approations and the near-
est neighbors contribute to the coefficient matrix and theeeotion terms involving
higher-order schemes or too many neighbors are calculag@atidy from the previ-
ous iteration and added to the source terms.

Discretization of the diffusive term

The diffusive term can be discretized using midpoint rulpragimation for the surface
integral:

/rw ndS; ~ TyS;(Vé;)

(@@ B e




2.3. NUMERICAL IMPLEMENTATION 31

wherel’,; stands for the value of diffusivity at the cell-face centadculated using the CD
scheme, Eq. (2.97§, denotes the local coordinate connecting the CV centerstbareside
of the surfacg. The first term in the brackets is an implicit part of flux appnoeation, being
expressed as:

¢ ¢p, — ¢p
vy 45 2.102
(ag)j o (2.102)

whereLpp, = |rp, —rp|is the distance between poinfes and P. The second term denoted
with 'old’ is the deferred correction and calculated usintgrpolated cell center gradients
from the previous iteration. The cell center gradients cawolitained using Gauss theorem,
see EQ. (2.99). The deferred correction term takes accduheamon-orthogonality of the

grid, it becomes zero whehcoincides withn (i.e. % = n).

Discretization of source terms

The source terms are integrated using the midpoint rule:

Z/%,s ndS~ ) g, 0S5, (2.103)
jzlsj 7j=1
and
/ Go.v AV = qsvpVp - (2.104)
J

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

Treatment of pressure

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

If the momentum equations are discretized and the pressadiegt term is not in-
cluded in the source terms but explicitly arranged, thesg lbeawritten as (here only one
velocity component;; is taken as example):

4 . a m—1
Al + 3 AV = QI — Vp - ( gm ) , (2.105)
i i/Jp
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where P is the index of an arbitrary CV center and the ingedenotes the neighbor CVs
P; that appear in the discretized momentum equations the outer iteration counter, thus
u™ represents the current estimate of the solutioat themth iteration. The source term
contains all of the source terms except the pressure terrohudgiven explicitly and written
in the integral form. The terms on the right hand side areuataell using the variables at the
preceding outer iteratiom — 1.

The velocity at node” can therefore be expressed as:

me _ Qut X AW Ve (opm!
N - i\ on ),
_ Vp (op™!
= a5 — : . 2.106
Uz,P Az]LDZ ( 8:61 » ( )

As only the gradient of pressure appears in the above equathach is normally calculated
using a second-order Central Differencing Scheme (CDShezkerboard pressure field
might be produced with the discretized momentum equatiorgtsatisfied. A similar danger
is encountered by discretizing the continuity equatiorteia zigzag velocity field would
satisfy the equation although it is fully unrealistic. Taipte the pressure field properly with
the velocity field and to avoid the aforementioned situatjdghe SIMPLE-type algorithm,
see Patankar and Spalding [66], has been adopted here.

In this algorithm, a pressure-correction is used instedti@factual pressure. The ve-
locities computed from the linearized momentum equatigfjsand the pressurgr~' are
taken as provisional values to which a small correction rhasidded:

ulp = ui'p +uip  and P =ppt+ph . (2.107)

Writing a similar equation as Eq. (2.106) fof, andp? and substracting (2.106) from this
equation, one can get

_ Vp <6p’>
! !
Uip=Up~ Zul|la. ] > (2.108)
’ ’ API 6951 P
whereu; , is defined:
AYigy!
R & e A (2.109)
s API

Since the velocity correctiom; » is related to velocity corrections at the neighbor CVs and
unknown at this point, it is neglected here. So Eq. (2.108bbees:

Ve (0pf
ro— P[9P 2.110
L p A}‘;’(@xi ) (2.110)

1Semi-Implicit Pressure-Linked Equations



2.3. NUMERICAL IMPLEMENTATION 33

To evaluate the continuity equations, the cell face velesiare however needed. They
are calculated by interpolating neighbor CV values andragbhg a correction term which
should detect oscillations and help to smooth them out (RhéeChow [71]):

dp dp
() -] o1

where an overbar denotes interpolation &gifollows the common interpolation practice in
calculating the cell-face values, see Eq. (2.97). The sbteym is a third-order pressure dif-
fusion term, acting as a correction of the interpolated ¢igJoThe correction term vanishes
if the pressure variation is smooth.

Vp

ij o Ui — Ai]t; '
J

The continuity equation is necessarily satisfied by velegitesulted from the momen-
tum equation under an assumed pressure field, so their swibtsrasa mass source (see
Eq. (2.91)):

Sy =3 (ovi o myS = V;) = A, (2.112)
J

J

which must be corrected to be zero. The corrections of thiefaed velocities are also
proportional to the pressure correction gradient (c.f..E2410) and (2.111)):

i, (on)

u o= —— [ =— ] . (2.113)

7 APIJ al‘l j

To make the continuity equation be satisfied, the velocityemtion has to compensate the
mass source of Eq. (2.112):

> (pv) - m;S;) = — A . (2.114)

J

By substituting Eq. (2.113) into Eq. (2.114), one can obtain

_ ZJ: {pz [AV—Z’]. (g%)jni,j} 5]} = — Ao . (2.115)

i

Once the pressure correctipfp is obtained, the velocity and pressure can be corrected:

Ve ([ 0p'
p=u - — , 2.116
Hip = tip AY (axi » ( )

The pressure correctigrj, computed above tends to overestimate its magnitude due to
the neglected term above (Eq. (2.109)) and therefore neelokls tinder-relaxed by a factor
3, (typically 0.2 to 0.3) to avoid slow convergence or divergenf the solution procedure:
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pp=Dp"" + Bppp . (2.117)

Resulting algebraic equations

The integrals in Eq. (2.86) have now been evaluated by ugpgoariate quadratures
and assumptions about the spatial and temporal variatitdtmeofariables. After assembling
all the terms, there results an algebraic equation for edtbf@he form

Apgp+ Y Ajop, = Qp , (2.118)
J

where P denotes the cell center arfg) is the center of thg neighbor CV. The coefficient
A; contains contributions from surface integrals over facgsrmon to the cell around node
P and the corresponding neighbBy; Ap contains in addition contributions from the un-
steady term and possibly from source terms (volume integi@l- contains all terms which
are treated as known (source terms, parts of surface itgeigeated explicitly as deferred
corrections, and a part of the unsteady term).

For the solution domain as a whole, the algebraic equatistesycan be written as

Aodp=Q, (2.119)

whereA is a squarel/ x M coefficient matrixg is the vector of unknowng) is the vector
of right-hand sides, and/ is the number of CVs. The matriX is sparse, having in each
row only a small number of non-zero elements (usually equéhé number of CVs which
have faces common to the cell centered around nédeThe non-zero elements may be
distributed in a regular, diagonal pattern, or be compjate¢gular, depending on the type
of grid used.

To solve the system of linearized algebraic equationsatite¥ methods are adopted.
The iterative solvers are especially attractive since theatized system of algebraic
equations is only an approximation of the original systermoilinear equations, and a
sufficiently improved solution can sometimes be achievegugt a few iterations. For
equations with a symmetric coefficient matrix (e.g. presstarrection equation), the ICCG
(Incomplete Cholesky Conjugate Gradient) method is usedhileAthe CGSTAB (CG
Stabilized) method is adopted for equations with an asymmeoefficient matrix (e.g.
velocity component equations), see Van den Vorst [86].

The algorithm of fluid flow

Equations of the form of Eqgs. (2.118) and (2.119) are obthfoe each variable (ve-
locity components, pressure-correction, energy etc.)stAted above, the solution of each
linearized algebraic equation system is sought by itezatiethods (inner iterations). The
underlying nonlinear equations are re-evaluated and nkmdgrized in the so-called outer
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iterations. The equation systems are still coupled afterdrization. Direct solving the cou-
pled system requires excessive storage and sometimes tatiopal time, therefore it is
rarely done; instead, the segregated algorithm has begneatioere:

1) Provide the initial values for the variables at the tithén 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 anmgdwdy), determine
the current location of CV vertices and calculate the curestimate of volumesV
swept by each CV face.

3) Assemble and solve the linearized algebraic equatiarthéovelocity components in
turn, employing the currently available other variableg.(pressure and the other two
velocity components).

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

5) Assemble and solve the algebraic equations for volunatidmac and use the calcu-
lated values to update the properties of the effective fhudh as density and viscosity.

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

7) Returnto Step 3 (one outer iteration is concluded heredy@peat until the sum of the
absolute residualg,) for all equations has fallen by a prescribed number of arder
of magnitudep.

SN |Appp + X Ajop. — Qpl
Ry == J_ I , 2.120
’ YN |Apop)| =P ( )

wherep has typically the value of0—3, which is normally sufficiently small for un-
steady flow computation. To obtain a steady flow solutiors bften set one or two
orders of magnitude lower to eliminate the iteration errors

8) Return to step 2 and repeat until the prescribed numbemefsteps is completed.

2.3.2 Rigid Body Dynamics

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

The Eg. (2.32) can be written in the following form with resp® the GS (the labej
is omitted from now):

dVC f
— = 2.121
dt m ( )

After integrating the forces around the body surfaces, #iecity at the new time step
n + 1 is predicted using the velocity at the previous time stépxplicit Euler method) first,
then corrected for later iterations by applying the trajdaiarule to compute the derivative
(7 indicates the-th iteration):

. £, + £
1 n n+1
Vips = Vc,nJrT+A7j
f o f
= Vent E“AH %m“m . (2.122)

v

~ ~

predictor corrector

When the velocities of the body have been obtained, theiposif the body can be
also determined in a similar way:

. o At
ring = Ton (vn + Van:L11) >
vz’+1 —v
= rep+VaAEF S TAE (2.123)
—_— 2

predictor
corrector

The incremental displacement of the rigid body can be coatput

il il i
AI'C,n+1 =Tcnt1 — TYont (2.124)

Rotation motion

A similar method has been applied to Eq. (2.33) to computeatigular velocities of
the body and the orientation of the body. The discretizeohfof Eq. (2.33) reads

i i+1
MC,n—}—l ' wC,n—l—l
. At
— i+1
= MC,n W + (mC,n + mC,n—I—l) ?
At

i i i
i (wC,n X MC,H . wC,n + wC’n+1 X MC’n+1 . wC’n+1) 7
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= MC,n W + (mC,n — Woon X MC,n ' wC,n) At

predictor
m-! | —mc, . . . At
+ C’ +12 : At - (wIC,n—I—l X MlC,n—i—l ’ wIC,n—I—l - wcan >< Mc7n ' wc7n) 5
corrector
(2.125)
Mic’n+1 is computed as follows, see Eqg. (2.34):
i i i -1
MC,n—H = TT,n-{—l Mg - (TT,n—H) . (2126)

The orientation of the body is determined by the terisprwhose columns are the unit
vectorsx, y andz attached to the BS as stated in section 2.2.2. The easiesiambpto
obtain the new orientation of the unit vectdy, , is

. At .
X1 = X+ 5 (Wen + Woag) X X (2.127)

yh., andz_, being similarly computed. This approach, however, can natrantee the
magnitude of these vectors being always unity during thegiration process, neither them
being orthogonal to each other. Therefore, another apprisaemployed here to compute
Th .., at the new time step (ndicates the-th iteration):

TiTm =T Tra, (2.128)

whereT! is a rotation operator, by which the body can be rotated a@oaixis in space by a
certain angle. The rotation of the body is executed aboudiieen (defined below as a unit
vector in the direction of the vectos?,) through the mass center of the body. Suppose the
rotational angle about is ¢° (see below), this rotation operaf®y is expressed by (for more
detail, see Appendix C):

T =
u2 (1 — cos ¢°) + cos ¢° Uty (1 — cos ¢°) — u, sin¢®  uyxu, (1 — cos ¢°) + uy sin ¢°
uxty (1 — cos ¢°) + uzsing® (1 —cos¢?) +cos ¢  uyu, (1 —cos¢?) — uysing® |
Uty (1 — cos ¢°) — uy sin@®  uyu, (1 — cos ¢°) + ux sin ¢° u2 (1 — cos ¢°) + cos ¢°
(2.129)
in which
w% o o
U= = (U, Uy, Uuy) , ¢’ = |wg| - At (2.130)
|w?,

(2.131)
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Wl = \/(wgp{)2 + (wey) + (w,)” (2.132)

Here, At is the time step size in the computation.

This rotation operator such ensures the vectggsandz attached to the BS being both
unity and orthogonal as the simulation proceeds.

OnceTr 41 Is known, the Eulerian angles of the body can be compute@reftbm
Eq. (2.37)-(2.39) or Eq. (2.40). The incremental Euleriaglas between two successive
time steps (or iterations) and related intermediate axashngerve for grid-moving at each
instant can be computed if the space-fixed axes are repladegsi (2.35) and (2.36) by the
body-fixed axes of the previous body position:

i1 ( i+1 i ) i
X — | X 7z *Z
/ n+1 n+1 n+1 n+1
X = — . o (2.133)
i+1 i+1 i i
|Xn+1 - (Xn+1 ' Zn+1) : Zn+1|
! H !
Y =2Zp XX, (2.134)

The three incremental Eulerian angles,’!, 56.%, anddyl; used for rotation of the
computational grid are obtained as

Ayit! = arcsin [(xinJrl X xl) : zinJrJ : (2.135)
AGiLY = arcsin [(x' X xinﬁrll) -yl] , (2.136)
Apitl = arcsin [(y' X yijjrll) -xinfl] . (2.137)

Constrained motion

As stated in section 2.2.2, Eq. (2.72) has to be appliedadsté Egs. (2.32) and (2.33)
when the motion of the rigid body is under kinematical caaistis. Equation (2.72) can be
discretized in the following way:

(s W) &l = (JEWn)-qn+%(JE-Fn+JEi1-FLTl)
- AN I )
= (0T M) -a,+ (JTF, - JT - N,) At

)

predictor
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(af - Fi) - 07T, - (ed B N

[\ v

corrector

(2.138)

Once the independent variablgsre obtained, the dependent variablesandw can
be computed from Egs. (2.47) and (2.48), then the positidroaientation of the rigid body
can be easily obtained in the same way as in the case of freermalready given above.

The algorithm of body motion

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

1) Integrate the pressure and shear forces over body ssrfalb@wving Egs. (2.83) and
(2.84) and add field forces and the external forces;

2) Go to sted? in case of constraint motion; otherwise go to s3ép

3%) Determine the matrices . |, Ninﬂ andmin+1 following Egs. (2.69), (2.60) and (2.59);
assemble and solve the discretized Eqg. (2-13@;“ and w‘cfrllﬂ can be obtained
from Eqgs. (2.47) and (2.48);

3") Determine the matrice$}, T ,,, and M, following Egs. (2.129), (2.128) and
(2.126); assemble and solve the discretized Egs. (2.122§2ah25) to obtairv};f}l+1
andw(i),

4) Compute the positiond,,, and the orientatio’,, , of the body by Egs. (2.123)
and (2.128);

5) Obtain the incremental Eulerian anglégit!, 66it, and §pit! by Egs. (2.135)-
(2.137); the global Eulerian angleg, # and ¢ can be either calculated from
Egs. (2.37)-(2.39) or Eq. (2.40);

6) Monitor the residual of body velocities:

v [Vonl
. Wil | —
lwensl

wherepy andp, are both set to the value o6 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 ypodotion, equations of the
rigid body motion are included into the flow solver packageMET via its user coding
interface. The variables describing the fluid flow and bodytiomhave to be updated
whenever necessary. As mentioned in section 2.2.3, theifiduced body motion is
influenced by the pressure and shear forces exerted fromuiddliw and simultaneously
the fluid flow is effected by the body motion due to the chandets dooundary conditions.
Therefore a method which can accurately predict the couptddtion of fluid flow and
the floating-body motion is required. As already stated ictisa 2.3.1, the second order
ITTL scheme for the time integration, a segregated algari#tnd an iterative solver have
been adopted to compute the flow motion. The predictor-ctorescheme of the same
order for integration of the body motion (see section 2.8a2) easily coupled with the fluid
solver. The information like hydrodynamic forces integdhalong the body surfaces and
the resulting body velocities (and displacements) can lokataol and exchanged between
fluid flow solver and body motion program module at each otéeation of the fluid solver.
The process continues until the residuals of all equatioasatisfied for the current time
step. Usually it takes about 10-15 iterations for each titap.s

The coupling algorithm of fluid flow and body motion

Combining the algorithms of fluid flow (section 2.3.1) and paoadbtion (section 2.3.2),
the coupled procedure of flow and body motion is given in Fig. 2

In Fig. 2.3, the absolute residuals for forcé&§ | and momentsim) acting on the body
are computed as

) fi+1 o fi
i _ || n—l—li n—|—1|| <pf (2141)
1€l
and
) mi+1 o mi
ern — || C,n+1i C,n+1|| < pm , (2142)
||mc,n+1||

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

Under-relaxation and added mass

Under-relaxation factor$)(< g < 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 (excepthergressure-correction equa-
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Provide the initial values at t = t, for variables
in both flow and body motion modules

>t = AL

Y
i

+
-

Y

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

Y

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

no

i>1TorRe<pp R, <p,?

yes

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

Y

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

R¢ <pandR,<p, R, <p,?

Figure 2.3: The coupled algorithm for flow and body motion.

41
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tion) by replacing thé\ andQ in Eq. (2.119) by

Ao agplh . b (2.143)

and

Q=Q+ ﬂo N A (2.144)

p

wheref is an under-relaxation factor for the transport of momentuass, turbulence quan-
tities or species, whose value employed in this work is givefable 2.3.D is a diagonal
matrix consisting of the diagonal elements of the mairiandg* " is the dependent vector
from previous iteration/time step. As can be seen, the urelaration enhances the diag-
onal dominance of the linearized equations, which imprdakiesconvergence rate of most
iterative linear equation solvers.

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

If the implicit second order integration (predictor-cat)escheme is used, it is found to
be neutrally stable irrespective of time step size. So tleurelaxation is noa mustbut
rather used to improve the convergence rate of the itermtoning at a robust and economic
solution procedure. Soding [79] argued thaalded masterm should be considered in the
integration of the body motion to increase the stability omeergence rate of the solution
procedure. Several methods are proposed to estimaselttezl masmatrix, [79]. However,
all of them are yet rather computationally expensive if tldedd mass matrix is solved for
each iteration (it is also possible to do this less oftenic8iit is found that an appropriate
under-relaxation corresponds directly to @ided masserm in the equation of body mo-
tion, only the latter varies automatically in time, undelaxation is used in this work for
simplicity.

To find out how the under-relaxation is related to #ugled masgerm, the problem is
simplified and investigated first for a system of one degreffregfidom. The extension to
other degrees of freedom is obvious. Involving the undien<egion factors, the discretized
equation for the velocity at the new time step (see Eq. (9)li&2eplaced by

) i+1 A ‘
Ve = B [vc,n + (%) <7t>] + (1 = B) 06 g1 (2.145)
A ‘ 4
= vUgn+ % (fn + fflﬂ) +(1-0) (vémle — Uc,n) ) (2.146)

We now add theadded masserma > 0 to the discretized equation of motion. The
motion equation, Eq. (2.121), becomes

d d
(m+a) SC = f 4+ 050

dve 2.147
dt i ( )

Following the implicit integration scheme, it can be ob&ain
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Table 2.3: Selected values of under-relaxation factorghfeiflow solver

By | B | Br | Be | Be |
0.7/0.3]0.7]0.7] 0.9]

Table 2.4: Proposed values of under-relaxation factorthi®body motion

Bu Bv Bw ﬁap ﬁ& Bw
0.80| 0.60| 0.60| 0.95| 0.85] 0.85

: At WAL vl — v
Vonsr = Vont o —— (f 2f gt (2.148)
_ i+1 a i _
= et oy a (fo+ Fit1) + — (Vipr —ven) - (2.149)

By comparing Egs. (2.146) and (2.149), the following relas result:

BAL At a m
2m 2 (m+a) o b m+a b m+a

(2.150)

Thus, the under-relaxation factGrcan be proposed for each degree of freedom of body
motion with the help of an approximatedided massa (see Newman [59]). The values of
the under-relaxation factors proposed in this work aredish Table 2.4. Constant under-
relaxation factor has been used for simplicity. In the caskeavy bodies with moderate
motion, the solution is not sensitive to slightly differeitoices of under-relaxation factors.
As can be observed from Eq. (2.150), a larger rate ofittied masselative to the mass of
the body be expected, a smaller under-relaxation factoegeired, as it is the case when
light bodies like water airplanes are subject to high acegilen 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 beewthy specified for all variables,
including components of velocity vecter pressure, volume of fractior, turbulent kinetic
energyk and its dissipation ratein the fluid flow module. If the initial values are known,
they can be directly given; otherwise they should be appnaied as closely as possible to
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reality. For steady problems with a single final solutiorg thitial values specified do not
effect the final solution, however, a good approximationhaise values can help to achieve
a fast convergence of the solution.

In the seakeeping applications of this work, the relatidecigy of the fluid to the ad-
vancing ship has been directly initialized in the whole fldioimain (both water and air)
under the assumption that no current or wind is expected laadluid is at rest at the be-
ginning. The undisturbed water surface is specified at tiggnbeng of computation. Since
the turbulent kinetic energy and its dissipation rate istigagiknown, it is assumed that the
turbulence intensity is abouts and the turbulence viscosipy is of the same order as the
molecular viscosity:, which are related té ande by

3
k= ;v%? = (2.151)

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

For parameter or grid studies, the initial values of the depet variables can be best
guessed from a converged solution of a similar problem orstree problem using other
grids or methods. One of the examples is the steady flow catipataround a hydrofoil for
different angles of attack. Once the solution is obtaine@fe angle of attack (e.g. = 0°),
one can proceed the computation from the previous one tatsimgnverged solution as the
initial condition for another angle of attack by only chamgithe boundary condition. This
operation, used in section 5.2.3, has been observed to-sipeth@ convergence of the solu-
tion by a factor of two to four. Another example is the conerge study on systematically
refined grids. Solutions from the coarser grid can be useditalicondition to accelerate
the convergence of the solution on the finer grid (the priecip the multi-grid method).
Moreover, analytical solutions or solutions obtained frother codes (e.g. codes based on
the potential flow theory or boundary layer analysis) can ks used as initial guess for a
similarly bounded flow to obtain a fast convergence of the RENomputation.

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

2.4.2 Boundary Conditions

The solution domain is discretized by a finite number of CVgamding to both water and
air and bounded by a number of boundaries. The outer bourdding solution domain is
in all cases a rectangular box; the inner solution domaimbaty consists of body surfaces
such as the ship hull and its appendages. These boundamniée ¢argely divided into two
groups:

¢ Naturalboundaries, consisting of impermeable walls which may &gostary or mov-
ing (e.g. a flapping wave-maker or surfaces of moving-bgdigsh as the ship and its
appendages).
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¢ Artificial boundaries, which do not exist physically, but are rathexgmed in the flow
field to reduce the size of the solution domain. The so-caléat, outlet, pressure
boundaries and the symmetry plane belong to the group cdutiifecial boundaries.
These boundaries (except the symmetry plane) are nornoalydd at a distance away
from the region of interest to minimize their bounding effec

Both Natural andArtificial boundaries have to be used in the applications of this work.
The guidelines of these boundary conditions and their gaarents are briefly introduced
below:

¢ Inlet boundary:
The components of the velocity vectoksande are specified. The inflow velocities
can be positive or negative, constant (e.g. the constaatisgieship) or varied (e.g. for
wave generation) according to given velocity profiles.

In the ship seakeeping applications, the relative veloagitthe water particle at the
free stream to the mass center of the ship is specified fonkatdr and air at the inlet
assuming that no wind or current exists. It is also assunegdtitle turbulence intensity
at the free stream is abou¥t and the turbulence viscosity is of the same order as
the molecular viscosity.

The inlet boundaries are always located in front of the bady sometimes at the
sides of the body if the transverse velocity of the body iszesb (e.g. ship in drift
motion) or oblique waves are generated. The special tomatalbave generation by
inlet boundary condition will be introduced in details ircden 3.3.1.

¢ Outletboundary:
The outlet boundary condition can be specified at the powuiotihe computational
domain where the flow is fully-developed (or far away from tkgions of interest)
and leaves the domain. A flow rate can be directly prescribégsiknown; otherwise
a zero gradient of all variables in the flow direction is assdm

e Pressureboundary:
The pressure distribution is given and the velocity at thenolary is obtained with the
Neumann boundary condition by zero-gradient. Other véggale.g.c, £ ande etc.)
are either specified if they are known at the inflow or extrafesl from the interior
using zero-gradient assumption if they are unknown.

The pressure boundary is normally used in combination vnlkkt-like conditions at
the boundaries where the flow leaves the computational dofoathe applications in
this work. The static air pressure is adopted for the top Hdagnof the solution do-
main, which normally lies in the air throughout the compigtatind is of little practical
interest. The hydrostatic pressure according to the wnthst free-surface level is set
at the boundary behind the ship which extends to bother dimaater. In case of ship
maneuvering applications, such pressure boundary is digoted at the rear parts of
the side boundaries, where the fluid is flowing in or out atedéht time instants with
unknown velocities due to the influence of ship-induced wawaves produced by
the ship have been first damped by a numerical beach (a ghadoalsened grid) of
2 — 5 L behind and beside the ship before they reach the pressuneléiguo reduce
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the error made by the hydrostatic pressure assumption.dfreothg zone is not suffi-
cient to eliminate all waves (especially in case of incomiages), a dynamic pressure
boundary is specified to take into account the pressuretia@aridue to the waves:

p(rB,t) :p(rpo,t—ét) s (2152)

wherePF, is the center of the control volume next to the boundary &nchn be com-
puted:

kin - 0 -1
5 = Fin (T = Tp) -1 (2.153)

Win

herek;, andw;, are the wave number and the circular frequency of the incomvaves.

e Symmetry plane
The normal velocity is set to zero and the tangential veyawigether with all other
scalar variables has zero gradient in the normal direcfidre symmetry condition is
applied at the longitudinal plane of the ship when both gdoyend motion of the
ship can be supposed to be symmetric as in the case of a skipang in head waves
(section 4.3). The symmetry plane is also used to restrectiitid dimension if only
effects in two-dimensions are of interest (Chapter 3).

e Wall:
This boundary is the only natural one. No fluid can flow throitggnd the velocity
of the wall is specified. The wall function concept in conjtioe with the standard
k-e (for some tests the RNG-¢) turbulence model is adopted to model the near-wall
effects, see Wilcox [90]. At such a so-called non-slip witil shear stress is calculated
and the tangential velocity is zero. In contrast, a so-dasleo wall condition ignores
the shear stress and lets the fluid slip along the wall.

Since the viscous effects play an important role for the amotif a maneuvering ship,

the no-slip wall condition is applied at the ship hull andappendages. The velocities
of wall boundaries are specified according to the ship mdsee section 2.2.3). The
slip wall condition is used when the shear stress on the walf less importance or

interest (e.g. at the bottom of the tank or at the flapping wae&er etc.).

2.5 Numerical Grids

To obtain the solution of the discretized equations for fllogv, the computational domain

is divided into a number of control volumes (CVs). The CVsuddqrovide an adequate

resolution of the whole geometry. The art how these CVs ateilduted in the computational

domain plays a vital role as far as both accuracy and effigiareconcerned. 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 théhberqng CVs and the
vector normal to the common surface of the neighboring C\taikhbe optimized in
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such a way that the angle approaches to zero degree. Anglek aite larger than
50 degrees should be avoided because they often show aodatien in the results or
lead to numerical instabilities, especially in the casearfisient simulation.

Be as orthogonal as possible to the boundaries of the cotigmaadomain (e.g. the
wall, or the inlet and pressure boundaries).

The angle between the line connecting the centers of the @\trenboundary surface
element and the vector normal to the boundary surface sheuideally zero degree.
This requirement is stronger than the requirement for tlggesnin 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 lsered to be typically
not larger than 20. This restriction can be relaxed nearswall

Avoid too large mesh stretching or expansion ratios.

The expansion ratio (rate of change of cell size for adjaceltg) should be kept mod-
erate (less than 2) to benefit from the cancellation of théitegterm in the truncation
error when spacing of the points is uniform. The change inmmsgscing should be
continuous and mesh size discontinuities be avoided,qodaitly in regions of high

gradients.

Avoid too large warp angles.

The warp angles specify the extent to which the vertices ngakip a cell face are
non-coplanar, which are measured by the angles betweeatesurbrmals of triangular
surfaces making up the cell surface. The warp angle shoutdimedegree 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 significdranges in geometry
should be refined in accordance with the turbulence wall higle In the case of
wall function assumption in conjunction with tle- e turbulence model, the meshing
should be arranged so that the valuglof at all mesh points adjacent to the wall is
greater than 30 (the form usually assumed for the wall fonestis not valid much be-
low than this value, at least not be less than 11) and doexoeéd 100. Furthermore,
the locations of refinement interfaces should be away frogelélow variations.

Avoid too large density differences of the cells at both sidethe sliding interfaces.
The length of the cells should be similar at both sides of kideng) interfaces to satisfy
the aforementioned criteria. The sliding interfaces sttaigdo be away from large flow
variations.

Three different types of grids have been used in this workthénnext section, these

three types of grids will be discussed: stepwise regulafase-fitted and overlapping grids.
Results obtained using these grids will be presented lat¢he following chapters. As
mentioned before, moving-grids are adopted here to re#figamotion of the body; the
applicability of grid-moving strategies is overviewed iection 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 prlaapbitrary shapes, which
gives great degree of freedom in the choice of the type of tite geach grid type has
certainly advantages and disadvantages, therefore cbidice grid type is not a trivial issue.
The grid is furthermore subject to the constraints imposethb discretization method. In
case of complex geometry, the constraints are often nolléalfand compromises have to be
made. Three types of numerical grids are tested and applitds work, whose properties
are discussed below.

Stepwise regular grids

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

The stepwise regular grid of Fig. 2.4 has been applied in @tementry/exit case of a
horizontal circular cylinder (section 3.2). The compuwatl result is compared with both
experiment and results using other types of grids (e.gaseafrfitted grid as will be introduced
next). The results using stepwise regular grid show goodeagent with the experiments as
both the free surface deformation and the cylinder motiencancerned; the surface-fitted
grid (see Fig. 2.5) gives however not as good results in &8s @s the stepwise regular grid
does. More discussions on this issue will be given in thece& 2.

The stepwise regular grids are however seldom used in sklitdynamics mainly due
to the aforementioned errors at the boundaries, which doelldrge and difficult to control
in complex geometry. Further limitations on the solutioogadure imposed by stepwise reg-
ular grid are: Special attention has to be paid to treatmktiteoboundary conditions at the
stepwise walls and the solution algorithm has to allow fealarid refinement near the wall.

Surface-fitted grids

Surface-fitted grids are the most popular type of grids &ppih complex geometry
(e.g. ship hydrodynamics) since the grid lines are follgvihe boundaries and such the
boundary conditions are more easily implemented than astiyewise approximation of
curved boundaries. This type of grids is generally rathedldle; they can be structured,
block-structured or unstructured. Furthermore, suchsgrah be adapted to any geometry or
the streamlines of the flow. The spacing near the wall or ategions with strong variable
variation can be made much smaller to reduce the discrietizatrors.

Surface-fitted grids are mostly used in the applicationshag tvork. One simple
example is shown in Fig. 2.5, corresponding to the wateryecase of the horizontal
circular cylinder as mentioned above. More complicatedgyfor ships and its appendages
will be individually introduced in the corresponding chest
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2.5. NUMERICAL GRIDS

Figure 2.4: An example of a stepwise regular grid of a 2D ¢acaylinder

fitted grids used in the foregwbuear the body (region of most

Figure 2.5: An example of a surface-fitted grid of a 2D circaldinder
The advantages of this kind of grids are obvious. Grids fleint components of the

solution domain can be separately generated without theti@nts from each other, which

makes the grid generation much simpler especially whengbegtry is getting complicated
and multi-components are involved. Furthermore, the faneigd grids can be moved relative

to the background grids or each other without additiondiaifty, which offers the method

This kind of grids is also calle@himera grids since it is more a combination of dif-
great potential in tackling problems involving one or moreuving bodies. However, prices

ferent grids. With surface
interest), Cartesian grids or grids of other type are usdtierbackground of the solution

domain, partially overlapping with the foreground grids.
have to be paid in winning these advantages as it is alwaysage The programming and

Overlapping grids
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Figure 2.6: An example of an overlapping grid of a rectangeydinder

coupling of the grids could be complicated and additionatagje and computational effort
are normally required. The solution procedure is usualyusatial and applied on one grid
after another. The interpolation process performed betileegrids at the overlapping parts
may introduce additional errors and cause convergenceégonehf the solution exhibits high
gradients across the interfaces. Furthermore, it is ngtt®esnsure a unique solution on the
overlapping region and the overall mass and momentum caatsem.

One example of such grid is shown in Fig. 2.6, which has beepl@®md in sec-
tion 3.5.2. The computational results are compared latdr thve results using a single block
of grid with similar grid topology showing promising agreent.

2.5.2 Grid-Moving Strategies

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

There are several possibilities for moving-grid stratsgie

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

2) Moving a part of the grid around the body with it (part A irgfFR.7 (a)), keeping the
distant part fixed (part B in Fig. 2.7 (a)), and deforming aneshing the grid (part C
in Fig. 2.7 (a)) between the two regions A and B, while keepistppology the same:
In this case the outer boundary of the solution domain is ffeced by the body
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motion, which makes the implementation of boundary coadgi easier (e.g. at
a wave-maker, inlet boundary, outlet boundary etc.). Harethe grid in the
remeshed region may deform too much and attain unaccepiedperties (skewness,
non-orthogonality etc.), therefore great care is neededgthe moving-grid process.
This approach is mainly used in this work.

3) Sliding interface:
Different blocks of grids can slide along each other. Thésdging at one side of the
sliding interface are treated as neighbors of the corredipgrcells at the other side
of the sliding interface. For the cases where large rotatiotion is expected, sliding
interfaces are used such as in the modeling of a rotatingerudd

4) Using overlapping grids as shown in the previous section:
A surface-fitted grid is used in the neighborhood of the banty moving with it with-
out deformation, see Fig. 2.6. The rest of the solution dansacovered by a fixed
Cartesian grid (parts of it may move if the outer boundarieseme.g. at a wave-maker
wall) and the two grids overlap in the vicinity of the body. e&flbhody can then move
without restriction, and one can also consider severaldsogfioving relative to each
other. This approach offers the greatest flexibility buefuires more computational
effort and the coupling of the solutions in the overlappiegions and maintaining the
conservativeness are non-trivial issues especially whatrary unstructured grids are
used. This approach has been used by Klemt [43]. In this wbekapproach of over-
lapping grid is used for one case of the floating body motiaeximeme wave packages
in section 3.5.2 for comparison of different moving-grichseégies.

Sliding interface [

N

L]
L

LT

B I O O T
I .

(a) Grid adaptation (b) Sliding interface

Figure 2.7: Examples of moving-grids

These four moving-grid strategies can be adopted eithereatr combined. In
particular, the first, second and third approach are usedlsineously in sections 6.3.2
and 6.4.2 to simulate the behavior of a maneuvering ship evtiex rudder is contained
in a block of cells surrounded by sliding interfaces whertaes ship motion is realized
by the first (for surge, sway and yaw motions) and second @awé, roll, pitch motions)
approach. Alternatively to moving grids, in some cases thgybmotion can be considered
by introducing additional relative velocities and fielddes on a fixed grid. In this work, it
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is used in the case of water-entry/exit of a horizontal darcaylinder in section 3.2 as one
example.

Technique for remeshing

The second moving-grid strategy is mainly used for grid-mgun this work. It is
suitable since this method can allow up td 36tation (e.g. roll or pitch) motion and suf-
ficient translation (e.g. heave) motion and the ship motitomoderate waves or during its
maneuvering operation is not expected to be larger thae tveses. Figure 2.7 (a) shows
a two-dimensional example of this moving-grid method fa #pplication of a free-floating
rectangular cylinder subject to wave packages (see seBt)n As can be seen, the fine
grids around the body and the free surface regions keepfiheness throughout the compu-
tation. So the advantage of this approach is that the gradn®good quality near the body
and in the regions of the whole domain where the free surfase tighly deformed cells
are usually at some distance away from it. However, the gridathing (or remeshing) is
a non-trivial issue in this approach. An appropriate edtiomeof the maximum grid motion
should be made at the beginning of the grid generation taaweaoi large distortion or defor-
mation of grid cells at the block interfaces leading to lamgeors or convergence problems.
For example, if the body moves over large distance or rotatesore than 30 some CVs
may be so deformed that the numerical method would no longerezrge. For this case,
other grid managements such as sliding interface (whiclbbas applied in the rotation of
the rudder) may be used as shown in Fig. 2.7 (b).

The smoothing or remeshing algorithms for the deformedKsaxf the grids (part C
in Fig. 2.7 (a)) are implemented into the flow solver COMET wgauser-coding interface
together with the movement of the grid of part A in Fig. 2.7. (&p resolve the high gra-
dient of void fractionc in the free surface region, a layer of block-structured gridth
fine resolution in the wave height direction is generated tlea free surface and can be
stretched, compressed or remeshed following the floatoty-imotion throughout the com-
putation. The grids below or above the free surface regigarhC can be much coarser and
smoothed by an algebraic smoothing algorithm using thehieigng vertices:

1N
rp = mZ::1 Ty - (2.154)

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



Chapter 3

Interaction of Flow and Floating-Body

3.1 Introduction

This chapter presents a number of two-dimensional testscaséow and floating-body
interaction employing the method described in Chapter 2e @imphasis of this chapter
is on verifying and validating the numerical method and desti@ting the robustness and
reliability of this coupled approach. Though the main cands not to study any specific
problem in practice, it is however necessary to define thectesses properly and make them
as close as possible to the practice. In ship hydrodynamriedicting the dynamic response
of floating-bodies is of great importance in a wide range dtifie slamming, launching,
added resistance, roll damping by stabilizer (bilge kebshavior of one ship or interaction
of two adjacent ships in waves, ship maneuvering etc. Tesisoa this chapter are so chosen
that they are not only relevant to these practical appbeati but also suitable to validate the
code by available experimental data or analytical solgtidinese 2D test cases serve also as
preliminary study for further complex 3D problems, whicHllwe presented in the following
chapters.

This chapter includes several sections:

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

To study the behavior of floating-bodies in waves, the aayuod wave generation in
the numerical tank undoubtedly plays an important roletiSe®.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 generateldfze numerical results are

53
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compared to the potential wave theory, showing favorableeagent. Numerical aspects
minimizing the artificial damping of waves in space and timediscussed.

The floating-body motion in small regular waves is then cotegdior bodies of simple
geometry in section 3.4. Constrained motion as well asficsging motion of a rectangu-
lar cylinder is first computed and the corresponding expenit® are conducted to validate
the results. Then, a mid-ship section with or without bilgelk is investigated in waves,
showing the roll-damping effects of the keels. As the laseda section 3.4, the interaction
of two adjacent floating-bodies in waves is predicted, destrating the applicability of this
approach to investigate multi-floating-body interactioolgems.

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

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

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

water.

Owing to the importance of the water impact problem in oceagireering, it has at-
tracted a large number of investigations. Most previoudistion the water impact problem
are based on the potential-flow assumption. The most impiopianeering works can be
attributed to von Karman [87] and Wagner [88]. As an initiank, von Karman developed
a formula to determine the maximum pressure acting on thesfldeseaplanes during land-
ing. Wagner treated general problems of impact and planmthe free surface and took
into account the effect of water splash-up on the body duiakg-off and landing of such
planes. Further solutions for the water-entry problem thasepotential flow assumption can
be found in Faltinsen et al. [24], Greenhow [29] and Zhao &iRaén [100]. The water-exit
problem has been relatively less studied, related worksedound in Greenhow [29] and
Telste [84]. Korobkin [46] gives a recent review on this m@pi

In this section, classical problems of water-entry and weté of a horizontal circular
cylinder are solved using the present method to examinehg&h#te method is able to predict
the trajectory of the cylinder and the water surface elevatiuring water-entry/exit. The
computational results are compared to published expetahéata, Greenhow and Lin [28].
Numerical aspects such as grid resolution, time integnatatemes, turbulence and moving-
grid effects are further discussed to estimate the nunmexicairacy.
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3.2.1 Water-Entry of a Horizontal Circular Cylinder

The neutrally-buoyant circular cylinder used in the expemt and the calculation has a
radius of 5.5 cm. It is released from a certain position alibeestill water level so that the

instant velocity at which the cylinder intersects the waterface is 4.0 m/sK,, = % =

4.36-10°, F, = % = 3.85). After the cylinder contacts the water surface, #ledity of the
cylinder is decreased significantly due to the effects ofrbgignamic forces. Two jets are
thrown up at each side of the cylinder and travel straightarpwntil they become unstable.
Due to gravity effect, the water fronts collapse againsheatber to throw up another jet.
The cylinder moves further down into the water until it reegthe bottom of the tank at=

0.50 s and bounces up at the depth of 30 cm. A detailed seqoépb®tographs has been

taken for the whole process, as shown in the right columngn Fil.

The numerical tank has been set up as a rectangle with 60 ghtteid 60 cm width,
see Fig. 3.2 for the whole domain of the numerical grid (1268i6s) employed here. The
non-slip wall condition has been applied at the cylindefeszg. Symmetry planes are located
in the longitudinal direction since the problem is supposedbe two-dimensional. The
hydrostatic pressure is applied at the left- and right-Hamdhdaries and the inlet condition is
specified at the lower boundary assuming the fluid domain toftvete. The upper boundary
is high enough above the water level so that the static agspre condition can be applied.
A non-deforming grid is attached to the body and moving &l tiilme with the body. The
CD and IE schemes have been applied here for space and timexgpations.

The bounce-up of the cylinder at the bottom of tank is appnated by reversing the
velocity of the cylinder corresponding to a loss-free rextce. This simplification is too in-
accurate to simulate the bounce-up process correctlys laliowed here to avoid complexity
since the water-entry process is of main interest and tieesiueface deformation should not
be much affected by this simplification, as indicated by canmg the numerical results and
experimental photos aftér= 0.50 s in Fig. 3.1. The numerical grid used here is fully made
of Cartesian cells with local cell-wise refinement in theimity of the cylinder as shown in
Fig. 3.2. Other grid topologies like different types of swé-fitted grids, Fig. 2.5, have been
studied. Surprisingly their results (especially the jetfation beside the cylinder) are less
accurate than the one produced by the Cartesian grid. Thmai the problem could be
attributed to the near-wall meshing. Inaccuracies wet@ied during the formation of the
water jets after the impact of the cylinder on the water s@fa

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

Figure 3.3 shows the velocity vectors of the fluid around tiheuér cylinder together
with the pressure field at four selected time instants (¢f. Bil). One can see, the flow has
been significantly accelerated by the cylinder and in readte cylinder suffers a high im-
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(d)¢t=0.340's

(e)t=0.500s

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

() £=0.750 s

Figure 3.1 (continued): Free surface deformation of a adytbuoyant cylinder water-
entry: simulation (left) and experiment (right).
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Figure 3.2: Numerical grid for the circular cylinder watatry case.

pact load from the fluid and its vertical velocity decreasgaificantly at the moment when
it enters the water. The impact load and vertical motion efaylinder are computed by the
code including the hydrodynamic, air and gravity effectgufe 3.4 shows the time history
of vertical motion and impact load of the cylinder. The veatipositiony is measured from
the initial still water line to the lowest point of the cyliad which applies throughout this
section. The instantaneous vertical positions of the dglirare compared with experimental
data with reasonably good agreement (The lower of the twaatieg experimental points
has also been doubted by the experimenters, see Greenhdwnd4a].).
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Figure 3.3: Velocity vectors and pressure fields of the flwidrdy the cylinder water-entry.
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Figure 3.4: Time history of the vertical motion (left) anatimpact 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 experimenttef-exgit. It is pulled out of
the water with a constant speed of 0.87 nits € 9.50 - 10*, F;, = 0.838) in both experiment
and calculation. The same Cartesian grid shown in Fig. 312esl. Boundary conditions are
applied analogously as in the water-entry case. The gridtisnoved in this case; in stead,
the counter-speed of the water is specified at the inlet bayn&esults are compared to the
experiments conducted by Greenhow and Lin [28].

The numerical simulation has successfully predicted tmeidating phenomena during
the cylinder water-exit: The water above the cylinder i®tifby the cylinder and thin layers
are formed subsequently around the cylinder. With the dglirfurther rising up, the water
layers are drawn down to the water surface, which causesusteup and results in the
breaking of the free surface. Figure 3.5 compares the s2aullix successive time instants
between experiment and computation. As one can obsen@afale agreement has been
obtained between simulation and experiment. The velo@ttors of the fluid around the
cylinder together with the pressure field are shown in Fi§.a.four instants of time. The
pressure distributions along the cylinder circumferenee@ven in Fig. 3.7 for the four
corresponding time instants.

3.2.3 Study on Numerical Effects

A numerical method unavoidably introduces numerical strdnerefore it is necessary to
monitor and estimate the errors caused by different numefactors to ensure they are
in the range of acceptance. This is important for the vetiicaof the numerical method
as well as the safety of practical design. In principle, ona estimate the numerical
errors by systematically refining the grids and time stepscéise of transient problems)
because if a numerical procedure is convergent and staleleesult is expected to converge
towards a grid- and time-step-independent solution. Aalaly, the effect of different time
integration schemes is analyzed here. This study on nualefiects is performed for the
water-entry case.

Grid resolution

To investigate the dependence of numerical error on theo$imeesh, calculations have
been carried out with systematically refined grids. The finiris generated by halving each
single cell into 4 cells from the coarser grid. The time step sas also been halved since
the problem is transient and the time is treated as the faliniension of the problem. In
this way, three sets of grid are used for calculations intentb get the grid- and time-step-
independent results. The coarse grid has about 1160 céllg, thhe medium grid has 4 times
as many as the coarse grid and the fine grid is obtained byrrgfihe medium grid only in
the regions near the cylinder and the free surface, reguhii2590 cells (this is allowable
because the discretization errors are much lower in themsdar away from the body). The
fine grid has been shown in Fig. 3.2. The time step size is satte 0.001 s, 0.0005 s,
0.00025 s accordingly. In a non-dimensional way, this cpoads toAtT =0.072, 0.036,
0.018. The results from the fine grid have already been pteden the previous section.
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Figure 3.5: Free surface deformation of a constant-spekadey water-exit: simulation
(left) and experiment (right).
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Figure 3.6: Velocity vectors and pressure fields during shieder water-exit.

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

Figure 3.8 compares the time histories of the cylinder ttajy and impact force using
these three grids. As one can see, the coarse grid does datt@satisfactory trajectory of
the cylinder and the impact force oscillates strongly whendylinder enters the water while
the medium grid and the fine grid predict almost identicaliorobut a slightly different
peak of the impact force. To capture the jet formation, itheven in Fig. 3.9 that only the
fine grid is able to predict precise shapes of the jets. Sotleayfid seems to be necessary if
the free surface deformation during the cylinder wateryehas to be predicted accurately.
For further investigations, the fine grid has therefore baden to limit the discretization
error.

Time integration scheme

As mentioned in the previous section, the IE time integraticheme has been used so
far. The second-order ITTL in time corresponding to the sdeorder CD scheme in space
has also been tested here. Calculations are carried oubwaithtime integration schemes
keeping other configurations unchanged on the fine grid afir€i@.2. Figure 3.10 shows
the predicted vertical motion of the cylinder and the tot@bact force on the cylinder using
these two time integration schemes. As can be seen, thealemtiotion of the cylinder,
identically predicted, is less sensitive to time integmtscheme. However the impact force
predicted by the second-order ITTL scheme is less smoothttigaone from the IE scheme,
indicating that the ITTL scheme is more prone to oscillagion
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Figure 3.7: Pressure distribution along the cylinder eimterence at different time instants
(water-exit).
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Figure 3.8: Computed time history of vertical motion (ledt)d impact force (right) using
three grids (water-entry).

Turbulence effect

It is assumed that turbulence effect is not significant duthre cylinder water-entry.
Therefore laminar flow computations have been performedaso To check whether the
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Figure 3.9: Free surface deformationt & 0.330 s during cylinder water-entry.
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Figure 3.10: Computed vertical motion (left) and impact#o(right) during cylinder water-
entry using IE and ITTL time integration schemes.

assumption is valid, the RANS equations with the standardturbulence model have
also been solved for this case. The fine grid and the ITTL timegration scheme have
been chosen. The predicted motion and total impact forceiassn in Fig. 3.11. It can
be seen that identical cylinder motions are obtained by timeputations with and without
turbulence modeled. The impact force predicted by RANSEahslgyhtly higher peak, but
lower after the cylinder has entered the water. The secoakl Ipefore 0.32 s is caused by a
restart of the calculation. Figure 3.12 shows the pressatelulition on the cylinder at three
selected instants of time, the same tendency can be obsas\eain the comparison of the
total impact force in Fig. 3.11. The distribution of the magde of the shear stress along
the cylinder wetted-surface at the corresponding timaintstare shown in Fig. 3.13, which
is much smaller in magnitude than the one of pressure (cf.3FiQ).
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Figure 3.11: Computed vertical motion (left) and impact#(right) during cylinder water-

entry with and without turbulence model.
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Figure 3.14: Computed vertical motion (left) and impact#o(right) during cylinder water-
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Alternative to moving-grid

As mentioned before, the results presented so far are ebtaiy employing the
moving-grid technique. However the grid/body can also bgt kixed; instead, the fluid
can be accelerated and the computation is performed in afdeetysystem. Such an analy-
sis is carried out on the fine grid using the ITTL scheme. Tétecally these two alternatives
should make no difference on the computational resultsaa$e seen in the predicted ver-
tical motion of the cylinder in Fig. 3.14. However, certaimag is introduced due to the
different numerical interpretation. Single precision s&d for coordinates of moving grids,
whereas double precision is used for all other values. Sheenpact force is a very sensi-
tive variable, slightly different results are obtained fioe predicted impact force, as shown
in Fig. 3.14. It can be seen that the impact force calculatedding a moving grid has a
higher peak value and a sharper increase over time than thproduced by using a fixed
grid.

3.3 Wave Generation in Numerical Water Tank

Investigation of motions of a floating-body under the infloef waves is one of the main
interests in this study. Sine the accuracy of wave generdités a direct influence on an
accurate prediction of the body motion in waves, waves aneigeed 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 theoryNeseman [59].

e Simulate movements of a wave-maker as in experiments by agae-slip wall.
The velocity distribution at the moving boundary is spedifecording to the velocity
of the wave-maker.

The first method is easier and more efficient from the numiepicant of view, since
the solution domain can be made smaller and the effort ofmgding to simulate the flap
motion of the wave-maker can be saved. The second methodris appropriate for the
purpose of validation since the motion of the wave-maker lmarexactly simulated as in
the experiment. To investigate ship motions in waves, tis¢ firethod is usually preferred
since it is then straightforward to generate irregular ocgaves. However, special attention
has to be paid when the first method is used because the yepwoiile of water and air
should match at the instant location of the free surfaceaairtlet boundary. This can cause
numerical difficulties due to the opposite directions of tlegv in water and air across the
free surface (especially in large amplitude waves) anchadteapproximation 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 b@uied can be derived from the
linear wave theory. The velocity componefitsv) of water particles at inlet boundaries for
regular plane progressive water waves are:

u; = wAet cos(kx; — wt +¢),
ky o (3.1)
v; = wAesin(kz; —wt +¢€) .

The wave travels in positive-direction,y points positive upwards with = 0 at the undis-
turbed free surfaceA is the wave amplitudée; the wave numbety the circular frequency,
ande is an arbitrary phase angle which can be set equal to zero biyabke choice of the
origin x = 0. The corresponding water surface elevation is expressed as

n; = Acos(kz; — wt +¢€) . (3.2)

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

Small amplitude waves of an amplitude of 0.001 m and a waggthenf 0.196 m (corre-
sponding to a circular frequency of 17.73 sand a phase velocity of 0.553 m/s, see Newman
[59]) have been generated first in the numerical tank. Figuté shows the computed in-
stantaneous free surface location at one time instant ancotimparison for one wavelength
of wave profile between computation and the sinusoidal f@srnir{ the linear theory) taking
the highest elevation of the computation as amplitude. Asbeaseen, the sinusoidal wave
profile agrees very well with the analytical solution acéogdo the linear wave theory. The
part of the numerical grid in the region of the free surface 2&CVs per wavelength and 8
CVs in wave height to resolve the wave profile. The grid is gedg coarsened outside the
free surface region. The time step is setNb= 0.005 s, corresponding to 70 intervals per
wave period. The CD and ITTL schemes have been adopted hespdoe and time approx-
imations. The result is quite satisfactory since the destngarate between two successive
wave heights due to numerical damping is about 2% which i@simegligible. Figure 3.17
compares the horizontal velocity component of the fluidipkridirectly beneath the wave
crest and the vertical velocity component of the fluid péetat the free surface when= 0
with the analytical solutions, again showing very good agrent. Only at the bottom of the
tank the effect of the rather coarse grid outside the frelasaregion can be observed.

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

It has been shown that potential wave theory can be used cifgpg the velocities
at the inlet boundaries for wave generation in the numeniedér tank with a satisfactory
accuracy. However, attention has to be paid to the dampingawe amplitude in space
and time during propagation of waves. The wave-damping cab@&avoided though it can
be decreased by carefully selecting the numerical parameta practice, one can try to
estimate the wave-damping in advance and apply a higheiitaiohpht the inlet to generate
a wave with expected amplitude around the position of the, $hit experience and care are
needed since the damping factor is grid/case-dependeneréby, the wave-damping factor
can be influenced by the following numerical parameters:

Grid resolution (the number of cells per wavelength and weeight)

Time step size (the number of time steps per wave period)

Time integration scheme (the first-order IE, second-or@iétlscheme etc.)

Differencing scheme in space (UDS, CDS etc.)

A small amplitude wave4 = 0.001 m and\ ~ 0.2 m) has been generated here to show
the effects of the grid resolution and the time integraticmesnes, see Fig. 3.19. The coarse
grid used here has 10 cells per wavelength and 16 cells pexr he&aght and the fine grid has
doubled cells per wavelength. A numerical beach with griglgaarsen grids is connected
to the tank forr > 2 m. The CDS is used as the differencing scheme in space atidhe
step size is kept the same for all cases.

It can be observed that both grid refinement in the directiowave propagation and
the time integration scheme have strong influence on the aenfgctor. The result from the
second-order ITTL scheme and the fine grid seems to be rattisiagtory, but unacceptable
results are produced by the coarse grid and the IE time istiegrscheme. The first-order
IE scheme produces large numerical diffusion as expectethvis more serious if the gird
is coarse.

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

3.3.2 Wave Generation by a Flapping Wave-Maker

Experimental investigations of wave and floating-bodyrat&ions are usually conducted in
a towing tank where waves are generated by one or more wakersiaFor the purpose
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Figure 3.19: Comparison of wave profile on grid resolutiod aime integration scheme.

of validation of the numerical simulation by experimentss flapping motion of the wave-
maker is represented by moving boundaries in the presen¢mcahtank.

As illustrated in Fig. 3.20, a moving no-slip wall boundasymposed to move about its
rotating axis at the left side of the solution domain. Regulaves have been tested first in
the numerical tank. For convenience, the geometry of theevmaaker in the towing tank of
the former Institut fur Schiffbau (now TU Hamburg-Harbyig taken as an example, which
will be used again in the next section. It flaps sinusoidatiyrf its original position with an
amplitude of 0.018 m in horizontal direction (measured ilh\whter plane) and a period of
0.7 s. The origin of the wave-maker is located at 0.8 m bel@wihter level and the water
depth of the tank is 1.0 m. The fine grid with 20 cells per wavgtk and 16 cells per wave
height is employed, together with the second order ITTL abdsChemes.
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Figure 3.21 compares the computed wave profile at8.0 s) with the analytical so-
lutions given by the linear wave theory and the second-d8tigkes theory. The wavelength
(also fluid velocity) is underestimated by the linear wawsotty, which ignores all non-linear
effects, but overestimated by the Stokes’ solution duest@itorance of the viscous effects.
It is therefore reasonable that the numerical RANSE ressttljes in between. Addition-
ally, the horizontal velocity components of the fluid pddidirect beneath the wave crest
and the vertical velocity components of the fluid particléh&t free surface whem = 0 are
compared with the linear analytical solution in Fig. 3.2ZeTagreement is good except in
the region near the bottom of the tank where the grid is caamgeghe CDS tends to induce
oscillations. Figure 3.23 shows the velocity field in the patational domain at a selected
time instant where the solid line indicates the free surfaxstion.

Also in this case, the IE scheme is tested here and its resstbimpared with the result
from the ITTL scheme in Fig. 3.24. The first-order IE schemsd#eto produce severe
numerical damping and a phase shift as the wave propagaiebenefore will not be used
in later applications.

Since the agreement between computational and analytitalans is rather satisfac-
tory using both methods, experiments are conducted at bordéory and at the Technical
University of Berlin to investigate the interaction of flomda floating-body motion under
different waves packages, where both small amplitude eegubves and large amplitude
wave packages are generated. The computational resulkercamg both water elevation
and body motion will be compared with the experiments in ti®Wwing sections.

3.4 Motion of Simple Geometry Bodies in Regular Waves

Two-dimensional simple geometry floating-bodies are camgbgubject to small amplitude
regular waves in this section, including a constrained ee-fitoating rectangular cylinder, a
mid-ship section with or without bilge keels and two inténag floating-bodies. The pre-
dicted motions of both constrained and free-floating regiéar cylinder in small amplitude
waves are examined by experiments conducted in the towmigabthe former Institut far
Schiffbau, see section 3.4.1. The latter two test casesiqeec3.4.2 and 3.4.3) are car-
ried out to show the further perspective of the coupled nicaemethod, e.g. in predicting
roll-damping effects by keels and multi-body interactiomiaves.

3.4.1 Constrained and Free-Floating Rectangular Cylindein Waves

Constrained motion

An experiment is set up in the former Institut fur Schiffdawstudy the rotational motion
of a cylinder about a longitudinal axis in regular waves. el is made of wood and has
a shape of a rectangular cylinder of 20 cm in length, 12 cm dtlwand 8 cm in height. The
model is initially set up 3 cm immersed into the water and titating-axis is located at the
vertical symmetry plane and 2.5 cm above the still waterlesee Fig. 3.25. To minimize
the 3D effects, the model is located with a small distancéécstde wall of the towing tank
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Figure 3.24: Computed water elevation against time (left) \&@ave profile at = 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 cydinid record the rotation of
the cylinder in reference to its vertical axis.

Waves are generated by simulating the flapping movementseoivave-maker in the
towing tank, as described in section 3.3.2. The amplitudbé®fotation angle of the wave-
maker i2.5° (the horizontal movement is about 35 mm at the still wateglleand the period
is 0.9 s. The cylinder is located at a distance of 2.4 m awaw fitee flapping wave-maker.
Sliding interfaces are employed to allow an arbitrary liotabf the cylinder. The CD and
ITTL schemes have been adopted here for space and time apptmns and the time step
size is set ta\¢ = 0.005 s, which corresponds to 1/180 of the wave period.

Figure 3.26 shows the body position and the free surfacermefion att = 6.82 s.
The experimental photo &t= 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 waved lmethe vicinity of the
body resulting in small air bubbles enclosed in front of tbey These phenomena can also
be observed in the experiment. Unfortunately, they couldb®orecorded by the camera
(perpendicular to the angle ruler) due to the 3D effect aetibof the body, where the angle
ruler was installed.

Figure 3.28 compares the angular displacement betweemiegre and computation.
As can be seen, the phase of the motion in waves is predictéel well. However rela-
tively large differences appear in the amplitude of the #agdisplacement. A reduction
of time step size results in an even larger deviation in thel@ande, shown in Fig. 3.29,
indicating that the numerical error is unlikely to be resgibfe for these differences. The
reasons are supposed to be the ignorance of the frictioneorothtional axis and the three-
dimensionality of the problem (the flow can not escape froengildes of the cylinder in the
two-dimensional computation while it does escape in thegtdimensional experiment.). It
is therefore reasonable that the predicted motion by coatiputis larger than the one in the
experiment (note that the width of the tank is 2 m compared2m®of the cylinder length).
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Figure 3.25: Set-up of the constrained motion experiment.

Pivot

Figure 3.26: Free surface deformatiort at6.82 s: far view (left) and near view (right).

Since the computational effort of three-dimensional cotapons is large, the next test
case is set up to study a free-floating cylinder of larger etsgaio (the ratio of length over
width) in waves in expectation that the errors made by the uption can be reduced
because the first source of error (the friction on the rotatiaxis) is automatically removed
and the second source of error (the block effect on the flow@dimensions) become less
significant due to the release of degrees of freedom (edlyeb@izontal movement) and
the larger aspect ratio of the body.
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Figure 3.27: The experimental photo of the body in conse@imotion at = 6.82 s.
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Figure 3.28: Comparison on the angular disFigure 3.29: Computed angular displace-
placement of the body between computatioment of the body using different time step
and experiment (constrained motion). sizes (constrained motion).
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Free-floating motion

The experiment is again carried out in the same towing tartke model is made of
aluminum plates, which are formed into the shape of a reciangylinder with dimensions
of 10 cm in width, 5 cm in height and 29 cm in length, as shownig B.30. The averaged
density based on the total weight over total volume is 68Gn? so that the model can float
at the free surface in its stable equilibrium (positive GiWetacentric Height with 2/3 of
the total volume submerged in the water. The model is ihtiaicated 2.5 m away from
the flapping wave-maker with the longitudinal axis perpeutdr to the direction of wave
propagation. Regular waves are generated by the wave-makeits flapping motion of an
amplitude of 15 mm (at the still water level) and a period @f4..

The two-dimensional numerical water tank has been set up ¥tm in length and
2.2 m in height, in which water depth is 1.0 m and air height.B h. Fine grids are
distributed near the body and in the region of free surface £ 1.5 cm andAy = 0.5 cm)
for the first 5 m of the tank. Successively coarsened gridsadisas UDS are applied in the
numerical beach (x ¢ 5 m) to damp the waves and avoid refledttmtime step size is set to
At =0.005 s, corresponding to 1/200 of the wave period. The Ifiifie integration scheme
is applied for the computation.

An electric probe has been set up at a position 1.5 m away finenwvaive-maker in the
experiment to record the water elevation as a function of tikagood agreement concerning
both water elevation and the motion in time has been be aiddietween computation and
measurement. Figure 3.31 compares the water elevationiascton of time at the probe
position. The measured and computed horizontal, vertiwdlaagular displacements of the
body are compared in Fig. 3.32, Fig. 3.33 and Fig. 3.34 résede

The movement of the body is recorded by a digital video-carsaving 60 single frames
per second. Each frame has the resolution of 320x240 piXet. Chmera is set up so that
10 cm width of the body is represented by 80 pixel approxitgaiehe body motion is then
reconstructed from these frames and the assumed time spavessim them. Uncertainty can
appear here in the representation of the body motion, sudé\aation of the time span from
1/60 second between two successive frames and the countargépixel. The agreement
is however satisfactory except at the initial stage, wherallsdisturbances may exist in the
experiment. As can be seen, the horizontal and verticalanatre basically reproduced in
the computation and the differences in the amplitude of tigukar displacement become
smaller as expected. It is noted that the computation giyereerpredicts the body motion,
especially the angular motion, which is attributed to netyhg) 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 camde terms of ship safety. Often
bilge keels are arranged to reduce the roll motion. In thitiee, a free-floating mid-ship
section is investigated in waves with or without bilge kaelstudy the effects of the keels
on roll-damping. The mid-ship section has the dimensions0ofm in width and 6 cm in
height. The lower corners of the section are rounded withdausaof 2 cm. Two keels of
2 cm are added to the rounded-corners for the variation vatiskinclined atl5° relative
to the vertical axis of the section. The body has an averagsityeof 665.4 kgh® and is
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initially located at 2.4 m away from the wave-maker with nodard speed. Regular waves
of 0.025 m amplitude and 0.7 s period are generated. Unfatélynno experimental data is
available to validate the computational results for thi tase.

Figure 3.35 shows the computed free surface deformationtlamdbody position at
t = 6.0 s for the cases without and with keels. It can be sedrthleabody without keels
has experienced a large rotation (roll motion), while thelypbwith keels has rolled only
very slightly. The time histories of the horizontal, vedli@and angular displacements for
the section with and without keels are compared in Fig. 3338/ and 3.38, respectively.
As can be seen in Fig. 3.38, the amplitude of the roll motiantiie section with keels is
only 5° compared to the5° for the section without keels, i.e. the rotation of the smtti
with keels has been damped significantly by the keels. Thecitglfield around one keel
is shown in Fig. 3.39 at = 8.0 s. As can be observed, strong vortices have been prdduce
due to the existence of keels, which are directly respoagin the roll-damping effect of
the keel. From another point of view, the roll-damping effefideels can also be interpreted
as transferring the kinetic energy from the roll motion ithe translation motion, as can be
seen from Fig. 3.36, where the section with keels has drifteck 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 oftemtdrest in practice that the
interaction of two or more adjacent bodies in waves can bsidered, e.g. a cargo ship and
a barge during their loading or unloading processes. Toerefnother test case is set up to
study the free-floating motion of two adjacent bodies in fagwaves. The generated wave
has an amplitude of 0.025 m and a period of 0.7 s. The two bbdesthe same rectangular
cross sections of 10 cm in width and 6 cm in height and the tershalf of the water
density. The two bodies are initially located in still watéth a distance of 25 cm from each
other and are at rest at their equilibrium position, as shiovArg. 3.40. Waves are generated
and travel towards the two bodies. When the bodies are debjéc the incoming waves,
they tend to move closer to each other, as shown in Fig. 3.4k i$ also seen in the time
histories of the computed horizontal distance betweenwioebiodies, shown in Fig. 3.42.
The horizontal, vertical and angular displacements of éacly are given in Fig. 3.43, 3.44
and 3.45.

In this test case, the moving-grid method has been emplaysti@vn in Fig. 3.46 for
two selected time instants. The computation must be imegduwhen the two bodies get
too close to each other due to grid restriction; over-laggnd 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 intemadietween floating bodies and reg-
ular waves. To demonstrate the general applicability ofrilmmerical method, studies on
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Figure 3.40: Initial state of free surfaceFigure 3.41: Free surface deformation
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Figure 3.46: The grid around two floating bodies at two selgtime instants.

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

Experiments for validation purpose are conducted in a wank &t the Technical Uni-
versity of Berlin, where the motion of the flapping wave-makecontrolled by a pre-defined
computer-program so that in principle random wave packagede generated, see Clauss
and Kuhnlein [18]. The wave tank has the dimensions of 12i@ fangth, 0.3 m in width
and 0.4 m in water depth. Both non-concentrating and coratamg wave packages are gen-
erated: The former travel in the wave tank with a constantenaefile and speed and the
later concentrate at a predefined position to reach a maximawve height by a combina-
tion of wave components of different speed and amplitudeo pvobes at: = 1.16 m and
xr = 2.66 m ( is the distance from the wave-maker) are set up to measuredter ele-
vation as a function of time. The same rectangular cylindadenof aluminum plates with
10 x 5 cm cross section and 29 cm length, see section 3.4.bsiggned initially still at
x =2.11 m. A digital video-camera has been used to record ttg fmmtion in time domain.
The water elevations are first measured without the distwdaf the body in the tank to
examine whether the concentrating position coincides thighexpected one. Furthermore
they are used to validate the waves generated by simuldtenfidpping wave-maker in the
numerical water tank so that the numerical errors producedave 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 8 length and 2 m in
height, in which water depth is 0.4 m and air height is 1.6 re (ipper boundary is located
high to minimize the air flow effect). Relatively fine gridsatistributed in the region of free
surface and the first 3 m of the tank. Successively coarsemgsias well as UDS are again
applied in the air and in the numerical beach to damp the wawdsvoid reflection.

To estimate the accuracy of the numerical results, threeddegrids have been gener-
ated. The finer grids are obtained by halving the coarsergpating in all directions of
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space as well as in time so that the coarse grid has 1594 odlifia medium and fine grids
have 6248 and 24992 cells, respectively. An example of tiaptad grid around the body
from the medium grid can be seen in Fig. 2.7. Cells in the ftegase region have a spacing
of Az = 1.5 cm andAy = 0.5 cm. The time step size ist setAg = 0.01 s, 0.005 s and
0.0025 s for these three grids respectively. The movind-gethod, already described in
section 2.5.2, is applied here to realize flapping motionhefwave-maker as well as the
body motion.

Figure 3.47 shows the comparison of time histories of wal@ragion at two probes
between measurement and results obtained from three ghislscan be seen, the coarse
grid is insufficient to predict accurately free surface defation, especially at the second
probe where phase shifting appears. The phase has beenratitpd by the medium and
fine grids while the wave height has been over-predictedghvisi quite surprising since the
numerical diffusion tends to damp the wave height, as carobed in many publications.
The numerical damping can also be seen here by comparingsbhks between medium and
fine grids. It is assumed that the flapping wave-maker maimoplitude was not exactly the
same in the experiment and in the simulation; for the lattex,signal from the software,
Clauss and Kiuhnlein [18], driving the wave-maker was usedha boundary condition,
since the actual flap motion was not measured. This assumigti@so valid for the next
application, where wave height has again been over-pestiicy the numerical prediction
for a concentrating wave packages in the same water tanke tRat the results from the
medium and fine grids almost coincide with each other, irtdigethat a further refinement
would hardly produce any difference in the results and thdiume grid with 6248 cells is
sufficient for this application.

The computed body motions using three grids are comparddtinét measurement in
Fig. 3.48. Again, the results from the coarse grid diffengfigantly from the ones from the
medium and fine grids in both phase and amplitude and the tatbaesults are very close to
each other. The over-predicted amplitude of motion is thmsequence of the over-predicted
wave height. In all three motions, a phase difference carbsersed between computation
and measurement, which however does not exist in the peedicater elevation. It indicates
that the time span between two successive frames of thauiiteo-camera is not exactly
equal to the assumed value of 1/60 second. Taking into attio@incertainty in the exper-
iment, the numerical method has exhibited its ability indicgng 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 taate(with or without body).
The medium grid from the last section has been used here. thAésoumerical parameters
and schemes are applied here same as in the last sectioratéd lséfore, the flap motion is
derived from a mathematical model to generate waves whinberdrate and reach a large
amplitude at a prescribed positian£ 2.11 m in this case), Clauss and Kiihnlein [18].

Wave packages are generated in the numerical tank by simgitae flapping motion of
the wave-maker in the experiment. Figure 3.49 gives thefiimetion of the rotational angle
of the wake-maker. The computed water elevations at théipoesiof two measuring probes
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Figure 3.47: Time history of water elevation at two probes: 1.16 m (left) andr = 2.66 m
(right).
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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. 3A5@ery good agreement is
obtained concerning both the amplitude and the phase. Tt sVer-prediction of the wave
amplitude reflects again the small difference of the boundandition between computation
and experiment, as explained before.

An overview of the water elevation, position of the floatiragly and the flapping wave-
maker can be observed in Fig. 3.51 at four successive timantss Time is set to zero
when the wave-making flap starts. As can be seen, wavesitrgweith different speed are
generated and become very steep (almost breaking) unthéxémum amplitude is reached
at the position where the body is. When the concentrated paskages reach the body, the
body is subjected to a large impact which results in extrerogan of the body. Also it is
observed in both experiment and computation that water@skpd 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 compar@gebae computation
and experiment in Fig. 3.52. The experimental data has bedacgd from digital images
as explained before. The uncertainty is around 5% in trénsland 9% for rotation and the
time span between images appears larger than assumed. rEeenagt between simulation
and experiment is quite satisfactory for all three degrédseedom, despite of the uncer-
tainty in reconstructing the body motion from digital imag@lote that the body is 5 cm high
and the amplitude of its vertical motion is 4 cm. And the maximrotations of about -25
and +20 are observed in both experiment and simulation. Figure 8db3pares a close-up
view on the extreme body position and the free surface deftbam between computation
and experiment at two time instarits 7.20 s and 7.54 s. Additional information can be ob-
tained from the computation, such as the velocity field irawahd air as plotted in Fig. 3.53.

Using overlapping grid method

As already mentioned in section 2.5.1, the overlapping gradhod has the advantage
that it poses no restriction on any large motion of the body #erefore is attractive for
studying the extreme motions. As an alternative, the opertay grid method is examined
here using the test case in this section and the result isa@@apo 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: 1.65 m (left) andr = 2.66 m
(right)
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Figure 3.51: Free-surface deformation and position of taegeamaker and the floating body
at four successive time instants.
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The weak-coupling method has been used here which meansrthpitational domain
is separated into two parts: foreground and background olpmvaich are solved separately
(two sets of systems of equations) and only connected byaexgthg data through boundary
conditions. The two separated domains are partially oppdd so that the values for the
intermediate boundaries of the foreground domain can leegatated from the solution of
the background domain and vice versa. Linear interpoldtembeen used here. Figure 2.6
gives the example of such a grid used in this test case. Hitketror pressure boundary
condition is specified at these intermediate boundarieghifncase, a pressure condition
has been specified at the upper boundary, inlet conditions been specified at the other
three boundaries. To enhance a unique solution in the garlg region and satisfy the
mass conservation, certain correction is necessary aftenterpolation process. A detailed
description of such overlapping-grid methods can be foarsgveral publications, see Klemt
[43] and Petersson [68] for recent works, and thereforemnatlbe given here.

The computed body motion under the large amplitude wavegupeckising overlapping
grids is compared with the experiments as well as with thaltesising the moving-grid
method in Fig. 3.54. The agreement is quite satisfactoryl thiiee degrees of freedom. As
can be seen, the difference between computations using tiwesmethods is rather small
indicating the error induced by the interpolation process the intermediate boundaries is
relatively small. Figures 3.55 and 3.56 show the free sertiformation, body position and
pressure field together with the overlapped foreground ackdround grids. As can be seen,
slight discontinuity of the free surface position can befin the overlapping region, which
is not surprising since the interpolation process only ggssthe consistency of the solution
at the intermediate boundary (if the interpolation erraragligible) but not necessarily in the
whole overlapped region. Forming a consistent solutiomédverlapped region is indeed
difficult in this method. For a better consistency, a strangpling overlapping grid method
should be used.

The computational time using the overlapping grid methosl inareased by a factor
of 1.3 for this test case compared to the moving-grid methaa $single domain, which is
caused by not only the increased number of cells (cells @alinl the overlapping region)
but also the searching algorithm and the interpolation gssdetween the foreground and
the background grids. This factor becomes larger for 3Diegjbns since the searching
algorithm and the interpolation process become much margatationally intensive. The
computational time can also be increased dramatically winegcomputation is parallelized
on computers with coarse granularity and a large amountofrimation concerning grid co-
ordinates and variables between processors has to be gathanevery outer-iteration/time
step. For further 3D applications in this work, the movingdgnethod is applied to avoid too
large computational effort and to achieve a good balanced®st accuracy and efficiency.
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placement.

s

Figure 3.55: Free-surface deformation, body position araillapping grids at = 6.8 s (left)
and att = 7.4 s (right).
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Figure 3.56: Pressure field and overlapping grids=6.8 s (left) and at = 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 predictedgiexperiments or numerical meth-
ods based on the potential theory, which assumes an ion#tilow of ideal fluid. Motions
and waves are mostly linearized (strip method or panel ni@thar potential flow com-
putations with linearized boundary conditions are comtbivwéh non-linear simulations of
motions. An overview of the variety of methods can be founBeéntram [11]. These meth-
ods are considered as fast and robust tools in the desige B&ause they allow a large
number of variants to be analyzed for the purpose of optitimzaa They are applicable to
the assessment of statistical quantities, which can bertlydioal result in a natural seaway
due to its stochastic nature. The motion of a smooth body vewa&an be computed us-
ing these methods with reasonably good accuracy (espewaibéin empirical corrections are
applied). However, they are not suitable for flows where aisceffects or breaking waves
play an important role. Bilge keels, damping tanks, addsit@nce, maneuvering motions
etc. can be dealt within the potential theory only with ferttempirical corrections, which
not only decrease the accuracy of the prediction, but acesalsetimes expensive because
experimental data and many years of experience are redoiredch corrections. Strongly
nonlinear effects like slamming or green water on deck can tinly be dealt with by sep-
arate, more sophisticated methods, using results of pakdiotv calculations as boundary
conditions. Computational methods predicting viscous-Barface flows can, however, deal
with the aforementioned problems without difficulty, bué tomputing cost is much higher.

After the present method has been applied to a variety ofdiwensional test cases
and validated by either analytical solutions or conducigreeaments in the previous chapter,
three-dimensional problems such as the dynamic resporasearfvancing ship in waves are
studied in this chapter. The emphasis is on demonstratengdtential of the present numer-
ical method in studying special problems in seakeepingiegpdns to reduce the number
of expensive model tests in a towing tank, leading to a moom@mical design phase. In
addition, robustness, flexibility and accuracy of the cedpihethod are demonstrated here
further for 3D problems to make the method straightforwarddirther complex simulations
in ship maneuvering applications, which will be studiedna following chapters.

In this chapter, three application cases will be presenttith are of more relevance
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in research than in practice. Nevertheless, they can berptonsidered as demonstration
cases for evaluating and validating the numerical appr@ach practical tool in complex
analyses, but are also easily extended to practical apipisa These three cases simulate
the dynamic response of a ship (without appendages) witetanhspeed in waves, where
the moving-grid method is used to evaluate the varying sbgtipn. A Wigley model is
taken first due to its simple geometry. Motions of an advaméiigley model in regular
waves are presented in section 4.2. Section 4.2.1 studs® tend pitch motions for an
advancing Wigley model subject to head waves. Roll motioassumed to be negligible
so that the symmetry condition can be applied to reduce thabeu of grid cells by half.
Section 4.2.2 extends the test case to the motion of a Wigtaleiradvancing with constant
speed in oblique waves, where roll, pitch and heave motioasansidered. The grid is
mirrored about the symmetry plane so that twice the numbeelts is required for this test
case. Oblique waves with an angle of attack™i° are generated by inlet conditions in front
of and beside the ship. The influence of the differencing s&him space is investigated for
the case of a Wigley model in head waves in section 4.2.3. ;Tthendynamic response of
a RoRo vessel is simulated with forward speed in head wavesation 4.3. The predicted
ship motions are compared with measurements from selfgtliep 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 flamd flow-induced floating-body
motion was performed for a Wigley model advancing with cansspeedX,, = 0.3, R,
=4.85 - 10° at model scale) in head waves. Only pitch and heave motiotiseaghip were
considered. The Wigley model has the standard faboi3: D = 10:1:0.625 and. is chosen
as 3.0 m here. The center of mass and the rotation lever fdr pibtion are set t6.3125L
above the keel an@l 25 respectively. The solution domain extended t&l. in front of and
beside the ship a2l behind the ship, in addition to a damping zone at the outlenbdary.
The distance from the ship to the bottom of the tank WasThe grid had 44880 finite
volume cells and most of the grid cells were located near life and the free surface, as
can be observed in Fig. 4.1. The grid in the neighborhoodesttip was adapted to the ship
motion at each time step while the grid far from the ship was k&ed all the time. Regular
waves were generated by specifying the inlet flow accordiipé Airy wave theory. The
wavelength\ was chosen as = L, the wave height as = 0.065\.

The ship was kept fixed until the wave front approached the &ogvthen allowed to
move with two degrees of freedom. Figure 4.2 shows the coadptine histories of ship
motions. The large motion at the beginning indicates thatitiitial position of the ship
was not its equilibrium position. After a few periods, pelical motion occurs about its
equilibrium position. Figure 4.3 shows wave contours tbhgewith the ship positions for
four time instants. The wave system due to the ship motiorbbaa strongly damped since
the grid is gradually coarsened behind the ship; howeveinteraction of the body and the
incoming wave systems can be well observed.
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time=5924s — _ time =6.084s

Figure 4.3: Computed wave patterns of the Wigley model irdlveaves at four selected time
instants.

results without the influence of reflection of ship-induceaves at the boundaries for a
longer period, the distance between the side boundarietharghip is enlarged to/2 The
computational grid had more than twice as many cells as ifictmeer case, since here the
asymmetric motion of the ship must be considered: the rotianas free in addition to the
heave and pitch motion. Surge, sway and yaw motions wergasggd, since neither rudder
nor propeller was modeled in this case. Figure 4.4 showsdheltant interacting wave
system of both the ship-induced and oblique wave systengar&i4.5 shows the resulting
roll, heave and pitch motions, respectively. These thregam® are coupled to each other
and the time-averaged roll angle has a negative value uhd@mipact of the oblique waves.

4.2.3 Effect of Differencing Scheme in Space

As mentioned before, differencing schemes in space havéfext en the damping of wave
propagation in the numerical water tank. Their effects ot lveave propagation and body
motion are studied here for the case of a Wigley model adugrioihead waves.

The first-order UD and the second-order CD schemes are sdléetre to show the
effects more obviously. The predicted time histories ofawatevation at = 2.2 m are com-
pared in Fig. 4.6. The strong damping on the wave amplitudebeaobserved as expected.
The comparison of resulting heave and pitch motions of thgl&y/imodel is given in Fig.
4.7. As can be seen, the UD scheme tends to dampen the shgnmsabstantially (almost
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by half in heave motion) as consequence of wave damping.

The first-order UD scheme should basically not be used utiesspatial discretization
is very fine. Normally such a fine grid is neither affordable necessary, especially when
problems with complex geometry have to be dealt with. Thesg@rder CD scheme allows
lower grid resolution and offers higher accuracy but teraedcillations. So it is often
necessary to blend a portion of UD with CD scheme in practitiee optimum blending
factor is case/grid-dependent and therefore difficult td,flout one should always use the
highest value of CD scheme possible to achieve higher acguiihe blending factor can
be varied locally and higher values of CD scheme ©@.8 < 1.0) can be used if the grid
is smooth and well distributed. The issue of the effects &edincing schemes will be
discussed again for rudder forces in section 5.2.3.
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4.3 RoRo Ship Model in Head Waves

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

The dimensions of the RoRo ship model are given in Table 4k lihes plan for the
RoRo ship is given in Appendix D. The ship model has the mocikesof 1/34. The GM of
the ship model can be adjusted for different natural roliqus. The test case has been set
up with the model running against incoming regular wau&8q) at F;, = 0.22. The regular
waves generated by a flapping wave maker are of 0.15 m height.&m length, which is
0.7 L. The model ship runs with its own propeller and a remotelytiadied rudder to keep
the designated course.

In the simulation, the constant speed of the ship is imposbde heave and pitch mo-
tions are free. Roll motion has been disabled in the simaragince in this case the ship
is running in head waves and the wave frequency is still famfthe resonance frequency
of the ship for roll motion. Therefore the roll motion is notpected to be significant, as
proven in measurements. Regular waves are generated bieabhanndary with velocities
specified according to the Airy wave theory. Small errorslddne introduced by the differ-
ences of boundary conditions between experiment and siimilddowever, exact boundary
conditions for such an experiment are always difficult toehaind the selected approach
lies within the uncertainties of the experiment.

The computation domain extends to L.& front of the ship bounded by an inlet
boundary with velocities specified, Z%ehind the ship connecting to a L.8amping zone
bounded by a hydrostatic pressure boundaryl h6the side of the ship and0L in water
depth bounded by slip wall boundaries. Only half of the shgs wiodeled due to symmetry.
The grid had 550,000 control volumes. A relatively fine gntldocal refinement was used
around the ship and the free surface region, see Fig. 4.&foverview of the grid at the
free surface and the ship hull and Fig. 4.9 for a close viewtarihsand bow section of the
grid. One quarter of all cells were in the vicinity of the shipresolve the boundary layer
and almost half of all cells were around the water surfaceretp improve the accuracy and
sharpness of the free surface. The time step size is setlspddrresponding to 1/160 of
the wave periodq{ = 1.6 s).

The ship runs with forward speed in head waves with free haadepitch motions, as
mentioned before. Fig. 4.10 compares time histories of edetpheave and pitch motions
of the ship with experimental data. The heave motion is namedsionalized by the ship
length. The numerical results are compared with a corredipgnperiod of time in the
experiment. The agreement is quite satisfactory keepingimd that boundary conditions
for wave generation are not the same in the numerical tankretig experiment.

The wetted-surface and the position of the ship are showrserias of time instants in
Fig. 4.11. The wave crest hits the ship bow at time 9.75 s atmehviels along the ship until
it reaches the mid-ship at 10.20 s, where the ship bow is appetely at the trough of the
wave. The ship is under the condition of positive and negatending at these situations.
Therefore, these two critical time instants are taken fathier discussion. Fig. 4.12 shows
the wave patterns generated by the RoRo ship at these twanstaats. The spread angle of
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Table 4.1: Dimensions of the RoRo ship model

Lyp
5.364m| 0.765m | 0.174 m| 0.409m?

KM
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Figure 4.8: Computational grid at the free surface leveliadothe RoRo ship.

of the steady wave system due to forward speed of the shig.ifithicates that the computed
wave system is actually a superposition of this steady wgstes and the unsteady wave

the wave crests at the ship bow is aboul 2.5, which agrees with the analytical prediction
system due to incoming waves and resulting ship motion.

Figure 4.13 shows the dynamic pressure distribution ontiietaull at these two time

steps and Fig. 4.14 the corresponding shear stress diginbu Higher pressure appears at
the bow and the middle part of the ship at these two time instaespectively. Relatively
high pressure can be observed in the ship bow region at 9wt corresponds to the bow

flare slamming and is critical when the wave height increases

Velocity fields in the longitudinal symmetry plane of theslare shown in Fig. 4.15.
Higher velocity under the wave crest and lower velocity duéhe wake of the ship can be

recognized.
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Figure 4.9: RoRo ship grid: viewed from stern (left) and bolgft).
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Figure 4.10: Time histories of heave (top) and pitch (bojtomtions of the RoRo ship.
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Figure 4.11: Wetted-surface and the position of the RoRp within one wave period.
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Figure 4.13: Dynamic pressure distribution on the RoRo shiface at two time instants.
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Figure 4.14: Wall shear stress magnitude on the RoRo shigcguat two time instants.
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Figure 4.15: Velocity profile in the longitudinal symmetriape 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 becomghrhigher nowadays; accord-
ingly the maneuverability of a ship should comply with agmiate maneuverability stan-
dards. As recommended by IMO, an accurate estimation ofpgssiianeuvering ability at

the design stage is essential to meet these requirements.

At present, the property of a newly-designed ship is mainddjzted by three means:

e making use of data obtained from sea trials of similarlypgtbships.
e performing model tests.

e simulating the maneuvering performance of ships by somé&enaatical/numerical
models.

However, the first often lacks reliability and the secondsglsiconsumes excessive time
and costs. The accuracy of the third method entirely dependbe hydrodynamic coeffi-
cients, which are mostly obtained from potential flow san$ in practice. These methods
concentrate themselves on ease of use and an appropriatiapgtion of magnitude of hy-
drodynamic forces rather than on the detailed structureeoflow field, they require several
empirical parameters, such as determination of the poifiowf separation or the location
of the free vertex. Therefore, a tool that can resolve thaildedf the flow field and evalu-
ate the forces and moments with a sufficient degree of acgisawecessary for the further
advancement of ship design technologies.

The described method, coupling the RANS equations witld iagpidy dynamics, can
be an answer to this problem. Especially, the method hasdwenéage of requiring no lin-
ear approximations so that it is suitable for the analysigiedous flow fields with strong
nonlinearity, such as the flow field around a maneuvering.smpChapter 3, it has been
demonstrated that the method is robust and accurate enoygkdict the motion of a 2D
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body during water-entry or subjected to small regular wareslarge wave packages. Chap-
ter 4 has further exhibited the accuracy and robustnessahn#thod in 3D problems with
complex hull forms in seakeeping applications. For simagamaneuvering motions of ships
by the present method, three steps are necessary from a GRDopaiew.

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

The second step is the coupling of propeller and rudderi¢se&t4) and also their
interaction with a hull coupled by CFD but with no ship motiomolved (section 5.5). A
large increase in rudder forces (both lift and drag forcas)lwe observed from computations
due to the location of the rudder in the slipstream of the ellep The predicted rudder
forces behind the propeller and ship hull are further comegavith available experiments,
showing satisfactory agreement.

The final step is to simulate the maneuvering motion of a slitip appendages, such as
drift motion, turning circle maneuver and Zigzag maneuvéis is one of the main goals of
the present study and will be focused on in the next chaptachws 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 marniegverhey are normally
placed at the stern of ships (favorably in the propellersstgam) to deliver a transverse
force and a steering moment about the gravity center of tigedshing turning. Since only
spade rudders are considered in this work, they will be chtced in the following. Their
cross sections are profiles, which can generate a lift fonckeiua certain angle of attack by
re-directing the flow to follow the rudder surface. The dragl &ft forces are defined as
components of the total force acting on the rudder surfatledrilow direction and perpen-
dicular to it. The rudder forces are mainly influenced by tyeainic distribution of pressure
on the rudder surface. Figure 5.1 shows definitions of tleektinglex, the lift force L, the
drag forceD, the stock momen® ; and the main dimensions of the rudder.

The drag, lift forces and stock moment can be made non-diimegisy the product of
the stagnation pressugethe rudder area ; and its mean chord length

D D
Cr = = 51
P A T 05 An (1)
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Cp= = ) (52)

Cor = = (5.3)

Here,p is the density of water; is the main flow velocity A is defined as

Ap = ch, (5.4)

b is the height of the rudder, see Fig. 5.1. The aspect ratibeofudder is defined as

b2

(5.5)

The drag coefficienf’, is decomposed in some cases into two components:

Cp =Cpy+Cpy , (5.6)

whereC)p,, is the drag coefficient due to pressure @ng; the one due to friction.

The Reynolds numbek,, is defined as
R,=—. (5.7)

wherey is the dynamic viscosity of water.

One of the most widely used types of rudder profiles is the NAIDAseries, which has
been investigated systematically in wind tunnel measunesnsee Abott and von Doenhoff
[1]. Numerical computations of such profiles in viscous floavé been carried out, see
Chau [16] and El Moctar [22] and comparisons with experiraesfitow that the lift force
coefficients have been predicted very well up to the stalleang.; (the attack angle at
which maximum lift force is produced). However, the preditstall angle itself and the drag
force coefficient are larger than the measured values. Q@tbéte forms, such as HSVA MP
series (MP stands for 'Mixed Profile’) designed by Brix [1Ahve also been widely used.
One such profile, the HSVA MP73 used for the rudder of the Rdfp &ection 4.3), will
be investigated here.

The computational domain and numerical grid used for 2D adatpns of the rudder
alone and for 3D computations of rudders with rudder fins &edship will be introduced
first. Then, numerical parameters are studied for the pref8&%A MP73-20 in 2D. Forces
on the rudder with and without a fixed fin above are computedcamdpared with each
other in 3D free stream flow. Rudder forces behind propelter €hip 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 bloaknded by a non-slip wall
representing the rudder surface as inner boundary and infl@ssure or slip walls as outer
boundaries. The rudder profile is put into a circular blockifaed by a sliding interface,
which enables an arbitrary rotation of the rudder. Sincedlanalyses of rudder forces are
performed as preparatory step for later ship maneuveripdjcapons, the circular inner
grid is embedded in an outer Cartesian block. The inlet ardgure boundaries are always
perpendicular to the direction of flow and lie at a distancecoh front of and13¢ behind the
rudder, respectively, see Fig. 5.2. Slip wall boundaried@rated! Oc beside the profile and
parallel to the flow direction. Chau [16] shows that the ddfece of the computed rudder lift
force coefficients’;, is less thari% between results obtained with outer boundaries located
at10c and13.5¢ away from the profile. Therefore it is considered to be appate to have

a distance of aboutOc between profile and outer boundaries. The cells approachitey
boundaries are gradually enlarged as can be seen in Figrbe2coarse grid shown in Fig.
5.2 has 3000 cells. The grid is systematically refined in ibaiy of the profile resulting

in a medium grid with 12000 cells and a fine grid with 39000x;edee 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.
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Figure 5.3: Fine grid in the vicinity of the rudder in 2D.
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Three dimensional grids are generated by simple extensiiie @D grid, so that it has
a similar structure with a rudder block surrounded by stidimterfaces. Care has to be taken
at the top and bottom surfaces of the rudder, where the ceasi®s of the rudder has to be
closed with a grid of similar density. The sliding interfacare used also here to allow the
rotation of the rudder. They should be placed with some degtaway from the surface of
the rudder to avoid larger discretization errors near tphatal bottom surfaces of the rudder
(due to interpolation at the sliding interface). Thin grayérs are applied to the vicinity of
top and bottom surfaces of the rudder to resolve the bouragey. The total number of CVs
used for 3D computation is 80,000 cells. The top and bottotaerdaoundaries are specified
as slip walls. Figure 5.4 shows a frame of such a grid for tmepdation of the flow around
arudder alone.

More challenges in grid generation are met if a rotating eudgrid has to be fitted
behind the ship and below a fixed rudder fin with only a narrow lg@tween rudder and fin
(5 cm). First, a grid for a rudder and a rudder fin without thip slontaining 110,000 cells
has been generated, as shown in Fig. 5.5. The narrow gapoiseddy a number of thin
layers of cells on each side attached to the top surface atittéer and the bottom surface
of the rudder fin. Then a sliding interface is used in betwe@eronhnect the rotating rudder
block and the fixed block containing the rudder fin. This tegha seems to work well,
although one can argue that the flow in the gap is rather slalterefore can probably be
neglected. El Moctar [22] has shown that the lift force agtom the rudder at the rudder
angle of5° without the gap is abo@% 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 enltag force is much smaller.

Next, the blocks with rudder and rudder fin have to be arrarggdnd the ship. A
RoRo ship with a double rudder system has been taken fordiis. cThe Costa bulb of the
rudder is neglected here to make the grid generation e&deaks with different cell density
or topology are connected by unstructured block interfacstiding interfaces (if they move
relatively to each other). The grid generated for such a ¢exgystem and a more detailed
view of the ship stern together with rudders3éat rotation angle are shown in Figs. 5.6.
The discretization domain extendsitd L in front of and beside the ship aid) L behind
the ship with an additional numerical beach. The top andbotioundaries are.0L away
from the ship, so the deep water condition is applied. Thepteta grid has about 1,050,000
cells, half of which are located near the ship hull and theleméind 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 ¢oatgdl. That is also one
of the reasons that most computations in practice are daoué for separated parts so far.
This seems to ease the difficulties in grid generation, keitthupled effect has to be either
ignored or approximated, which may deteriorate accuracy.well known that the rudder’s
behavior is completely different if it is placed in uniforrtresam or in the wake of a ship
(and partially in the slipstream of the propeller). Thankgtchniques like sliding interfaces,
unstructured blocks and cell-wise local refinements, itlhesme possible to compute the
coupled complex system simultaneously.
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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 ®ffldw around the rudder pro-
file HSVA MP73-20 in two dimensions. Both modeling errors daeemploying different
turbulence models and the discretization errors due to noalegrids and approximation
schemes will be discussed in this section. Computationsahand model scales (different
Reynolds number) will also be compared.

To study discretization error and modeling error, the tieraerror should be kept at
least an order of magnitude lower than the discretizatioarerTo meet this criteria, the
dimensionless residuals of all equations are reducédt® (10~° in some cases), which is
sufficient since the force coefficients do not change any marthe four most significant
digits when the residual is beloid > (10~* in some cases).

Turbulence models

The RNGk-¢ turbulence model (mentioned before in section 2.2.1) tetdsere and the
results are compared to the standardmodel. The computations using these two turbulence
models are carried out for the profile in a uniform flow at anlamj attack ofo = 8° and a
Reynolds number aR,, =2.7-10°. Different blending factors of CD scheme and UD scheme
are varied for both models and computations on a coarse gd@dine grid are carried out
to study the tendency of the performance of turbulence nsatkghending on approximation
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Figure 5.7: Dependency of computed lift and drag coeffisi@mnt blending of CD scheme
and UD scheme for two turbulence models on coarse and fineidB @r=8° andR,, = 2.7-
10).

schemes and the grid resolution.

The coarse and fine grids employed here have already beemshdwg. 5.2 and 5.3.
The non-dimensiondl™™ of the coarse grid is around 150. On the fine grid it has a value
between 40 and 50. The computed force coefficients using s models are compared
in Fig. 5.7 as function of blending factors of CD scheme and4dbeme. As can be seen,
both models behave similarly as the blending factor vaiiée lift coefficientC}, increases
slightly as the blending factor increases while the dragdfimbent due to pressur€’p, de-
creases linearly with a higher blending factor. As expedieel slope of the dependency of
Cp, on the blending factor is smaller when the grid becomes finer.

The RNGEk-¢ model seems to produce higher lift force than the standardnodel
with fine grid, but seems to be more sensitive on the grid utwnl and blending factors
(Oscillations appear on coarse grid for the RNG model if thiee of the blending factor is
higher than 0.8). On both grids, the RN& model produces slightly smaller drag coeffi-
cients (concerning bott's, andCp ) than the standarfl-e model, which agrees with the
prediction of EI Moctar [22]. This property of the RN&e model is somehow favorable
because the drag force coefficient is normally over-predibly numerical computations, as
shown by Chau [16] and El Moctar [22]. However, the differentthe total drag coefficient
obtained by the standard and RN& model is less thar% for coarse grid an&% for
fine grid in the computations presented here, while the mdiffee of the total drag coefficient
using either turbulence model to experimental values liestiyin the range 020% to 40%

(a smaller value can be obtained for a certain attack anglepasted by El Moctar [22]).
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The feature that the RNG-¢ turbulence model seems to be more prone to oscillations
when a higher blending factor is used on a coarse grid (oetdrg) can also be seen
in the convergence behavior of turbulence kinetic energy mass in Figs. 5.8 and 5.9,
respectively. The computations have been performed oe tnids using a blending factor
of 0.9. As can be observed, more iterations are needed using the RN@&odel and
iterations stop to converge at some stage on coarse and meptids. The residuals of
turbulence equations using the standerdmodel keep reducing on all three grids to a level
below10~5. Since the standarkie model seems to be more diffusive and thus more robust
and less sensitive to the fineness of grid Yor) and values of blending factors than the
RNG k- model and since the difference of the results using thesenuaaels is not large,
the standard-¢ model is kept for further applications.

Differencing schemes in space

The blending factor of CD scheme and UD scheme has been destisiefly above
for the rudder lift and drag coefficients for an angle of dtaf o = 8°. However, the
approximation scheme for convective terms has not onlytgnéaence on the computed
force coefficients but also on the stall angle and maximunediéfficient of the rudder.

As stated before, a blending of CD scheme and UD scheme hasused for most
computations. A lower blending factor means larger poradUD scheme being used,
which tends to smear the solution and has an effect of additidiffusion. This delays the
flow separation and therefore results in a larger stall aagtea higher unrealistic maximum
lift force coefficient as can be seen in Fig. 5.10. A highemblag factor indicates a
higher order of the scheme (the error decreases more rapitgy the grid is refined),
but often causes divergence problems. Therefore, the basegy is to use the highest
blending factor possible to make a compromise betweenlisyadand accuracy. Since the
difference between the results using a blending factor ® @nd 0.95 is rather small, a
blending factor of 0.9 is normally used here if it is not sfieaily stated in later applications.

Reynolds number

Model tests are usually performed in Froude similarity. Reynolds numberR,,
is not obeyed in ship model tests. The numerical computatianthis work are also
mostly constructed in model scale for validation purposesigh it is not necessary for
the method itself. It is therefore useful to check what dftee Reynolds number has on
the fundamental hydrodynamic characteristics of the rugdefile. Figure 5.11 shows the
computed lift and total drag coefficients for different aegybf attacka at two Reynolds
numbersk, = 0.15 - 10° andR,, = 2.7 - 10. The coarse grid has been employed hafe.
has values around 30 and 150 at these two corresponding Reymambers, respectively.
The smaller Reynolds numbeR{ = 0.15 - 10°) corresponds roughly to a rudder in an
uniform flow with a speed of ship in model tests without comesidg the wake and the
slipstream of propeller. The numerical prediction coirsidvith the empirical conclusion
from measurements (see Brix [14]) that smaller drag coefiisi are obtained at larger
Reynolds number for all attack angles. The stall anglg, as well as the maximum lift
coefficientC; .« Of the profile becomes larger as the Reynolds number insease the
later computations are mostly carried out in model scakesdheffects should be taken into
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Figure 5.8: Comparison of normalized residuals of turbcggkinetic energy equations using
two turbulence models on different grids (2D).
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Figure 5.10: Dependency of force coefficients and stallesgh the discretization scheme
(2D).
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Figure 5.11: Rudder force coefficients of different Reysatdmbers (2D).

account in evaluating the numerical results.

Estimation of discretization error

The discretization error depends mainly on the numerical gnd approximation
schemes used for different terms in the partial differér@guations. It can be therefore
best estimated by using systematically refined grids wiekepkng the schemes the same.
Three grids (as used above) are generated by systematiemeiim in the vicinity of the
profile, where discretization error is expected to be latgegér than in the region far away
from the profile). As already mentioned, the coarse and firtelgave 3000 and 39000 cells
respectively and the medium grid has about 10500 grid cdlle non-dimensional wall
distanceY* is kept at about 50 for all three grids in this case to mininieeeffect of turbu-
lence model (equalizing the modeling error due to turbudanodels). The case is set up for
the HSVA MP73-20 profile in a flow of an angle of attackeof= 8° at R, = 2.7 - 10° using
the standard-¢ model and a blending factor of 0.9. The Richardson extrajpoldRichard-
son [72]) is used here to estimate the discretization emdrpaedict the grid-independent
solution, for the predicted pressure drag coefficiep, 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 skt of the ship, as shown
in Fig. 5.6. The rudder head bearings are integrated intal fiixes in order to keep the
bending moments on the bearings as small as possible. Themsioms of rudders and fixed
fins of the RoRo ship are given in Table 5.1. The rudder thisknaries linearly along the
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Figure 5.12: Richardson extrapolation of pressure draggussults from three grids (2D).

rudder height while the chord length of the rudddras been kept the same. The ratio of
rudder thickness over chord length 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 vagalily for the fixed fin, as given

in Table 5.1.

Three-dimensional computations are first carried out fertidder alone in free stream
at R, =0.15 - 105 The grid with 80,000 cells is used as shown in Fig. 5.4 andiian
value ofY* is 50. The computed lift and drag force coefficients are shiowig. 5.13. The
Figures 5.11 (left) and 5.13 (left) show the curves of liftde coefficient versus the rudder
angle. As expected, the tangent of the cut@;, /dJ, até = 0 is much smaller in 3D than in
2D. For small rudder angles, the gradidnt; /dJ is computed between 5.72 and 6.40 in 2D,
close to the prediction dir according to potential theory [78]. In 3D flow, the computed
gradientdC},/dd is reduced to 3.55. The stall anglg..; as well as the maximum lift force
coefficientCr .« in 3D flow is, however, larger than in 2D flow.

It is known that the installation of fixed fins can not only reduhe bending moments
but also improve the hydrodynamic characteristics of tluiglen, given the gap between the
rudder and the fixed fin is kept small. El Moctar [22] has iniggged the influence of the
width of the gap on the drag and lift force coefficients of theéder. For a gap of 5 cm width,
the reduction of”;, is found to be2% at the angle of attack of = 5°, compared to a gap of
0 cm width, and more tha; reduction ofC/, is predicted for a gap of 10 cm width. The
reduction rate of’;, decreases as the angle of attacls increased (', varies little if the
thickness of the gap is increased from 0 cm to 5 cm; howeveedbmes significantly larger
if the width is increased to 10 cm. Therefore a width of 5 crms&é& be optimum to keep
the drag/lift-ratioe = C',/C, as small as possible, which is also used for the RoRo ship.

The hydrodynamic forces acting on the rudder and its fixedrércamputed here for a
gap of width of 5 cm between them. The grid used has 110,000 azlshown in Fig. 5.5.
Figure 5.14 shows the computed force and moment coefficatrts = 0.15 - 10° for both
the rudder and the fixed fin. As the gap is relatively narroefiked fin acts as prolongation
of the rudder and prevents the flow from the pressure to theosiuside of the rudder around
the upper edge of the rudder. This has a similar effect ascaease of the rudder aspect ratio
A and results in a larger lift force coefficie@t, and a smaller drag force coefficiefi}, at a
given rudder angle, as can be seen by comparing the rudder force coefficientigifb A3
and 5.14. The gradientC,/dé is increased by approximately% at small rudder angles
and the drag/lift-ratio is decreased dy.8% at the rudder angle @f = 10° 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 thicknesg | 0.60 m-0.83m 0.83m-0.96 m
chord length 3.333m 3.333m-4.003m
rudder height 53m 2.5m
1.6 0.8
A
1.2 0.6 ////
' 0.8 s o4 o
/,
0.4 o 0.2 -
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
ruder angle (degree) ruder angle (degree)
(a) lift force coefficient (b) drag force coefficient

Figure 5.13: Computed force coefficients for rudder withrmgider-fin (3D).

In Fig. 5.14, the induced forces on the fixed fin are also nomedisionalized similarly
as for the rudder (Egs. (5.1) and (5.2)) and given for difieredder angles. Although the
angle of attack for the fixed fin i¥’, the effective angle of attack.g..; is however non-zero
due to the three-dimensional flow induced by the rudder helbie gradientlCy/do for
the fixed fin is more than half of the one for the rudder and keepstant for small rudder
angles. However, the increase of lift force coefficiéht stops when the rudder angle
becomes larger thatt°. The drag force coefficient for the rudder fin increases imalar
manner as for the rudder. The stock moment computed for tad fir 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 distributionmoetin this work, as mentioned
above. The effect of the propeller is accounted for by adddy-force terms = b(z, r, )

to the source terms of the momentum equations. Such a disikoete field (or actuator
disk), approximating the forces exerted by the propellethanfluid, is embedded into the
flow field. The force vectob is non-zero only when, — Az/2 < 2 < z, + Az/2 and
r, < r < r, Wherex, is thex-coordinate of the propellef\z is the appointed thickness of
the propeller disky is the radial coordinate in the propeller plangandr;, are the radii of
the propeller and the hub, respectively.
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Figure 5.14: Computed force coefficients for rudder withderdfin (3D).

The sum of the applied body forces in theaxis is set equal to the propeller total
thrust; the sum of the applied moments about:tkexis is set equal to the total torque of
the propeller. The distributions of the body fordesre assumed to be only a function of
r and can be obtained analytically by assuming them beindasitai the radial circulation
distribution (see Stern et. al. [80]), which is proportibtwer’, where

/ r—T7Th r—7Ty

r = 1-— . (5.8)
Tp —Th Tp —Tp
The resulting distributions of axial and tangential forees:
b (r') = ¢,r'T, , (5.9)
bo(r') = cor'Qp . (5.10)

T, and@), are the total thrust and torque of the propeller. The constefficientsc, andc,
can be obtained by making the sumbofr’) andby(r')r equal toT), and@),:

(5.11)
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Q 1
S ('Q)r Y (r'r)

Nov Nev

Cyp =

(5.12)

Here, Nqy represents the number of CVs, which lie in the propeller.diBkese CVs are
selected using the aforementioned criteria according égotiopeller locationa,) and di-
mensions#;, andr,). A graphic illustration of the body-force distribution whel is given in
Fig. 5.15.

If the inflow is oblique, the side force of the propeller is s@ered here as:

by =¢,Y,, (5.13)
where
1
Cy = —, (5.14)
Nev

andY), denotes the total side force of the propeller.

The total propeller forces (thrust, torque and side foresto be given as input data for
the body-force distribution method. If the propeller fa@e known as a function of time,
they can be applied directly. Otherwise, if the inflow vetws of the propeller are given,
the trust and the torque can be obtained from the propulsagraim for free stream and the
side force can be estimated either from experiment or eogbiiormulae. However, in many
cases neither the propeller forces nor the inflow velociiethe propeller are known. The
inflow velocities of the propeller are normally difficult tstemate due to the complex inflow
pattern of the propeller under the interaction of ship, ptlgp and rudder (the wake of the
ship or the effect of the rudder in the propeller slipstreafo)simulate the unsteady motion
of ship maneuvers, propeller forces have to be calculateshdihods which can take into
account these unsteady interactions. Such a method iden\the next section, where the
propeller inflow velocities are obtained from the instanicfiilow through the propeller disk
with the help of momentum theory.

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

5.3.2 Determination of Propeller Forces from the Instant Fuid Flow

Since the propulsion diagrams of each propeller in freeasirare normally available, the
propeller forces can be obtained if the mean effective inflelocities of the propeller are
known. As already mentioned above, the inflow velocitieshef propeller are not readily
known (unless from measurements) if the propeller is placdcbnt of the rudder and both
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0 M/r 1 o
Figure 5.15: Body force distribution model for propeller.

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

The propeller thrust in free stream can be obtained usingrbygulsion diagram, where
the forces are non-dimensionalized as

KT — Tp Ko = Qp

e = 5.15
pn2D4: Q p?’LQDS ) ( )

wherep is the density of the fluid (water); is the rate of rotation and = 2r, is the
diameter of the propellef and K, are called thrust and torque coefficients, which are the
function of the advance coefficiedt

VA
J=— 5.16
- (5.16)
whereuv, is the advance (or axial) inflow velocity of the propell&f,; and K, are approxi-
mated as linear functions of.

KT =Cr — CTQJ, KQ = CQ1 — CQQJ s (517)

wherecr, era, cg1 andcg, are coefficients taken to give a close fit to the propeller rdiag
More coefficients can be added if necessary. Here, such ar lapproximation of; and
K is sufficient since the real curves f- and K, in propeller diagrams are very close to
straight lines.

The thrustZ}, and torque),, can therefore be easily calculated if the axial inflow velpci
of the propeller { or v,) is known. The propeller side forcg, can be estimated (see El
Moctar [23]) as
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Y, ~ 0.0032Ja% | (5.18)

whereq is the angle of the inflow relative to the propelieaxis and has the unit afegree

Due to the aforementioned difficulties in estimating or ./, a method to obtaim 4
directly from the flow field is derived and introduced here. égplained in Fig. 5.16y 4
andvg are the flow velocities far in front of and behind the propelig is the flow velocity
directly at the propeller disk. According to momentum thesroriginally from Rankine
[70] and Froude [26], the relation between the velocities- %(UA + vp) can be derived by
assuming:

1. A uniform acceleration applies to all fluid passing thriotige propeller.
2. Frictionless flow.

3. Infinite inflow of water to the propeller.
The volume of the fluid passing through the propeller diskgaeond is then

Qp = vpA, | (5.19)

where A, is the area of the propeller disk, = 7D?/4. According to the conservation of
the axial momentum of the fluid passing through the propéikg, it can be obtained

T = pQ(vp —va) = 2pv, A, (v, — v4) . (5.20)

From the Egs. (5.15), (5.16) and (5.17), one gets

v
T = pn2D4(cT1 — CT2£) . (521)
By substituting Eq. (5.20) into (5.21), is expressed as a function @f
2pv,2 A, — 2Dt
vy = —op Lo T OMPT (5.22)

2pv,A, — cpapnD?

v, can be obtained directly from the flow field by averaging thilaxelocity v, of N¢y
CVs lying in the propeller diski(, — Az /2 < x < x, + Axz/2 andr < r,):

1
Up = —— Z Uy (5.23)
NCV Nov

Once the advance velocity of the propelter is estimated, the thrust,, the torque®),
and the side forc&’, of the propeller can be easily obtained by Egs. (5.15) to8)5fithe
revolution of the propeller is given (from measurements).
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Figure 5.16: Flow through propeller disk.

This technique to predict the thrugf and the torqué), of the propeller is applied in
section 5.4 and 5.5. The body-force module is integrateal im¢ flow solver iteratively.
Iterations continue until the steady state of the couplestesy is reached, which means
that both the propeller forces and the whole flow field (inchgdflow velocities and the
free surface etc.) do not vary any more and residuals sahshprescribed criteria. The
final thrust predicted using this method has been proven teebeclose to the computed
drag on the ship (less than 5% variation), which is accuratagh to be applied here in
approximating the thrust of a propeller during ship maneagemotion.

5.3.3 Determination of Thrust by Numerical Self-Propulsio Test

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

The design speed of the ship is denoted/aswhich is used as the inlet and initial
velocity for the whole flow field (the relative flow motion todlship). The computation is
started with uniform flow field without propeller effect. Theeudo-time marching technique
is applied here to speed up the development of a steady watensyThe total drag on the
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ship R can be obtained by integrating forces on the ship surface. résidual of the total
drag is computed as

||Rn—|-1 _ Rn”
Rp="—"—"
|||

<Pr, (5.24)
wherepy, is given the value of 0.5 (a large tolerance is allowed hareesthe final solution
is yet not reached). If the condition, EqQ. (5.24), is fulfiljéhe body equations are solved to
account for the acceleration of the ship. If the ship is feeledave and pitch, the incremental
displacement for grid-moving and the velocity of each bodiface element are computed.
Though the ship is not allowed to surdé,(virtual speedl is computed by considering the
acceleration due to the resulting forte- R if the ship had been set free.

Once V is updated, the effect of the propeller thriiss added using the body-force
distribution method (see section 5.3.1) by assuming

Va

T=R({

) (5.25)
By considering the propeller action in the flow, the pressi@&reases at the stern of the ship,
which means that the total resistang®n the ship increases. Therefdrebecomes smaller
thanV,, which results in a higher propeller thrdstsee Eq. (5.25). A higher propeller thrust
T increases the total resistanBeagain, but alsd’ is increased at the next iteration/time
step. Such, the computation converges to the 3fate 1; which indicates thai’ = R is
fulfilled, see Eq. (5.25). The residual 6f— R is computed as

T-R
R-my =t <y (526)

wherepr_g) is given the value of 0.01.

The coupled procedure is illustrated in Fig. 5.17. The oPdetf in Eq. (5.25) is selected
according to experience. Other values can also be usedyvbeowe convergence rate will
be influenced.

5.4 Interaction of Propeller and Rudder

Rudder forces have been computed in free stream in secBokibwever, in practice rudders
are often placed in the propeller slipstream behind the $hi to the actuating effect of the
propeller, the inflow velocity for the rudder behind the peber is much higher and both the
magnitudes of inflow velocity and the angles of attack vapnglthe height of the rudder,
which has a great influence on rudder forces. The wake of tipehsis the opposite effect on
the performance of the rudder. The integrated system censglrudder, propeller and ship
will be discussed in the next section. In this section, traelas and fixed fin of the rudder
are placed in the slipstream of the propeller, which is sttbgkto free stream. A symmetry
condition is applied on the top boundary above the ruddeofapproximate the effect of the
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Figure 5.17: The coupled algorithm for self-propulsiort.tes
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Table 5.2: Dimensions of the propeller.

D Dy, P/D | A/A, Ty 2p
5.000m| 1.471m| 1.168| 0.513| 3.00 m| 2.805m

Table 5.3: Coefficients from the propulsion diagram.

Cr1 &) CQ1 €Q2
0.583| 0.458]| 0.1145| 0.0899

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

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

The same numerical grids and inflow conditions have beeniepplere as in sec-
tion 5.2.4 and the resultinyf* is about 150 in average. The flow-determined propeller
thrust loading coefficient'r, is 1.94 in this case, which is defined as

T

= BT (5.27)

CTh

The computed rudder forces in the propeller slipstream igieen than in free stream,
as compared in Fig. 5.19. The transverse force increase¥bwt a rudder angle of = 10°
and25% até = 30° for the moderate propeller thrust loading coeffici€hy, = 1.94. The
ratio will be higher for higheC'r,,. The longitudinal force is almost double as the one in
free stream for small and moderate rudder angles and ther fisckess dramatic at higher
rudder angles. The maximum transverse force of the ruddesaished at a larger rudder
angle in propeller slipstream than in free stream, whichaisially due to the higher degree
of turbulence induced by the propeller and the differeniesgf attack for the upper and
lower part of the rudder caused by the rotating flow field.

The axial velocity contours on the propeller plane (@.B0front of rudder) are shown
in Fig. 5.20 at the rudder angle &f= 10°. The corresponding velocity vectors on two planes
0.3Q:in front of and 0.30 behind the rudder are shown in Fig. 5.21 together with theedim
sionless pressure distributiop(c, = 0.5’#) on the rudder surface. The asymmetrical axial
velocity field on the propeller plane gives a reasonable @sgion: lower axial velocities in
the region of the propeller hub where no body-force termeésent; higher axial velocities at
the suction side of the rudder. The rudder encounters vggangles of attack along its height
due to the right-hand rotating propeller, as can be seen tihenshifting of the maximum,
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Figure 5.18: Rudder and propeller arrangement.
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Figure 5.19: Rudder forces in propeller slipstreara,(= 1.94) and in free stream.

along the rudder height. Also strong vortices have beenrebddehind 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 isgframfluenced by the presence
of the ship and the propeller. In this section, the integratestem of propeller, rudder and
ship will be investigated. The RoRo ship with twin propedlend twin spade rudders is
considered here in a model scale of 1/34 and the results anpared with measurements
of model tests. The model tests have been performed at HS\#Acanstant ship speed
(F,, = 0.26) and a constant propeller revolution:of= 10.43 s—. Propellers rotate inwards
against each other and simulated by the body-force distoitvunethod described in section
5.3.1. The free surface is considered here to account fogftbets of ship-induced waves
and make the method straightforward for later applicatioriree-floating ship maneuvering
by operating rudders.

The main dimensions of the RoRo ship are already given ineTdhdl. It has twin
propellers and twin spade rudders, whose dimensions caaumel in Tables 5.1 and 5.2.
The multi-block grid has 1,050,000 cells and parts of thel gre shown in Fig. 5.6. The
dimensionles§ " is about 100 on average.

Due to the presence of the free surface, the solution carnaibtained by a steady-state
solution method. Instead, the computations are perform&die domain using the pseudo-
marching technique. That means the iterations do not have toompletely converged
before the next time step begins. Therefore only one or a tesations are performed per
time step. As the residuals of flow variables and forces (eomog propeller, ship hull and
rudder) decrease in time and fall below a prescribed caif¢hie steady flow field (or wave
system) has been finally obtained. Taking the advantageeofréimsient simulations and
moving-grid techniques, the rudder can be rotated withoeijprocess being stopped, as in
model tests. Therefore only a single computation is needlieddmputing the rudder forces
at all rudder angles.

The computed rudder forces are given in Fig. 5.22 and cordpard experimental
results. The twin rudders are rotated from= —40° to 40° by stepwise varying the rudder
angle byA¢§ = 8° (6 = —40° is not available in the experiments). As can be seenin F22,5.
the agreement of the transverse force is quite good as faodsnate rudder angles (from
0 = —24° to 6 = 24°) are concerned. The maximum transverse forces are undeicped
in the computation indicating that larger errors appearmthe flow starts to separate. It
is assumed that the modeling errors from the turbulence hauakwall function become
large in this case. The longitudinal forces have been oxedipted for all rudder angles as
expected, which is partially due to the use of the turbulencdel (standaré-¢) and partially
due to the propeller model (with the resistance effect oppler hub neglected) as already
explained before. In addition, the longitudinal force isrmsensitive to discretization errors
than the transverse force and the error would decreasegfithepacing was further reduced,
as grid-dependence tests in section 5.2.3 has shown. Howee®asic rudder characteristic
is predicted well by the computation.

Figures 5.23 and 5.24 show the non-dimensionalized axlatitg contours together
with the tangential velocity vectors on the propeller pl&n@Q: in front of the rudder at
rudder angles ob = 8° andé = 24° respectively. Reversed flow can be found near the
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Figure 5.22: Comparison of rudder forces behind RoRo shilp @xiperiment.

ship hull and a higher asymmetric flow field can be observéd-at4°. The corresponding
velocity fields on the plane 0.2@ehind the rudder are shown in Figs. 5.25 and 5.26. Thicker
aft ship boundary layers can be observed and vertices ade@ed behind the lower edge of
the rudder ab = 24°.

Figure 5.27 shows the pressure distribution on the shim sted rudder surfaces to-
gether with streaks of a few particles starting from the ptigp plane giving an impression
of the interaction of the coupled system. Finally, the cotedwship-induced steady wave
system is given in Fig. 5.28 at= 8°.
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Figure 5.24: Axial velocity contours and tangential vetgpeiectors on the plane Q:3 front
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Chapter 6

Simulation of Ship Motion during
Maneuvers

6.1 Introduction

In the previous chapter techniques for modeling individnaheuvering devices and their
interaction with the hull have been presented. The emploésss chapter is on simulating

the motion of a maneuvering ship with appendages in calmmatén waves using the

present method.

Before motions of a ship during maneuvering are computedhttdrodynamic forces
and moments acting on the ship hull and the rudder surfacesgdsteady drift motion
are examined. In section 6.2, steady drift motions of a énataship with appendages are
computed, considering the free surface. The rudder is gemaléy modeled with sliding
interfaces around it to allow arbitrary rudder angles; thaeppller is approximated by the
body force model, as described in Chapter 5. The predicteg$aand moments on the ship
hull and rudder are compared with the measurements at & sédkift angless.

Section 6.3 presents the turning circle maneuvers of twostaidels. The Wigley hull,
due to its simple geometry, is selected first to perform awaptturning circle maneuver
to examine the suitability of the boundary conditions and/img-grid method. Roll, heave
and pitch motions are free when the ship starts to turn whitges sway and yaw motions
are predefined since no rudder is modeled here. Next, thg@mielled container ship is
considered during a turning circle maneuver in calm watéhn w$ own operating rudder.

Finally, Zigzag maneuvers are simulated for the Wigley halll the container ship and
the results are presented in section 6.4. First, a capfiredigzag maneuver of the Wigley
hull is simulated against incoming waves. Them()&10° Zigzag maneuver of the container
ship with its own operating rudder is performed in calm wated in waves. The predicted
track, motion and maneuvering characteristics of the ste@gampared 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 takemaf the test models in
the ROLL-S project funded by the Germany Ministry of Edusatand Research (BMBF).
The model tests with the CBOX ship have been carried out ateinazhle of 1/29 at the
Hamburg Ship Model Basin (HSVA). The full-scale ship has léregth of 145.75 m L)
between perpendiculars and the draught of 9.0 m. The dimesisif the CBOX ship model
and its rudder are listed in Tables 6.1 and 6.2, respectivEhe lines plan of the CBOX
ship is given in Appendix E. The arrangement of rudder angglier at the ship stern
is illustrated in Fig. 6.1. Tables 6.3 and 6.4 give the dinmmms and coefficients of the
propeller. The captured ship model moves with constant doadvspeed £, = 0.23) and
propeller revolutions = 12.3 s~!) at several drift angle§ = —10°, —5°, —2.5°, 2.5° and
5° respectively. The rudder angle has been kept zero all the fline side forces on the hull
and the rudder have been measured for each drift angle.

The numerical computations are performed also at modes $oavalidation purposes.
The computational domain extends to L5n front of the ship, 2.5 beside the ship and
3 L behind the ship, connected to an additional region of griddo@arsened grid (numerical
beach) to avoid reflected waves. The top and bottom boursdangel.0l above and below
the still water level to simulate a deep-water condition amdimize the air flow effect.
The inlet boundary condition is applied at the boundariefront of the ship and at the
side where the flow enters the computational domain. Thespredoundary condition is
specified at the boundaries behind the ship and at the sidewhesflow is supposed to leave
the computational domain. The static air pressure boundamgition is given at the top
boundary and the slip wall condition is specified at the bottmundary. The computational
grid consists of several blocks resulting in 1,200,000scéllgure 6.2 shows the grid around
the ship hull, the rudder and the rudder fin, with the positbaliding interfaces indicated.
The sliding interfaces are not activated in the analysebisfsection { = 0°), but the same
grid is used in sections 6.3 and 6.4 for the turning circle esaer and the Zigzag maneuver
with operating rudder.

The computation has been started at the drift apigle0° and a constant velocity cor-
responding taF, = 0.23. The body forces simulating the effects of the propelleraatded
right after the start. The total thrust and torque of the phiep are determined by the instant
inflow condition (section 5.3.2) and the distribution of thedy forces follows the assump-
tions given by Stern et al. [80], as introduced in section15.8he fluid in front of and behind
the propeller is accelerated by the imposed body forcesladdrations have to continue
until a steady state of the fluid flow and the propeller forsagached and residuals of both
are below a prescribed value. Next, the boundary conditmesaried with different drift
angles and the computations continue for each drift angiiéflow 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 halhaade non-dimensional
as follows:

Y
!
= 1
0.5pV2LT ' (6.1)
N
/ (6.2)

T 0.5pV22T
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_ K
~ 0.5pV2LAT
wherep is the density of watery” is the ship speed, is the ship length an@’ is the draft

of the ship. The non-dimensional transverse force on théeu$ defined here in a similar
way to the rudder lift force (Eq. (5.2)):

!

(6.3)

F
F,= 0.5pvy?AR ’ (6.4)

whereAry, is the rudder area (see Eq. (5.4)).

The predicted forces (moments) on the ship hull and the nuaidecompared between
computation and experiment in Figs. 6.3 and 6.4. The agreeimeather satisfactory, es-
pecially for the forces on the ship hull. The larger differes of the rudder lift forces are
assumed to be consequences of the simplified model of thelpgopince the propeller slip-
stream has a strong influence on the rudder inflow and thusdaterdorces. The computed
free surface deformation is shown in Fig. 6.5 for differertténgless = 0°, 2.5°, 5°, 10°.

As the drift angle increases, stronger asymmetry and isetddecreased wave amplitudes
at the starboard/port sides can be observed.

The dynamic pressure distribution on the ship hull and tlielen surface and the shear
stress distribution on the ship hull are shown in Fig. 6.6datrift angle of3 = 10°. As
can be seen, the maximum pressure appears at the leading®tigerudder due to the
propeller slipstream. High pressure appears on the shipab@tarboard while the bow at
portside is subjected to large shear stress. The corresmgpadial velocity contour and
tangential velocity vectors at the cross section—0.45 L viewed from the stern are shown
in Fig. 6.7. As can be seen, the flow becomes strongly asynuoetthis case and a small
vortex is developed at the portside of the stern, as can assebn in the kinetic energy
distribution, Fig. 6.8, at this cross section.

The steady drift motion tests serves here as a preliminagy ferr further maneuver-
ing simulations. The good agreement of forces acting onhigelaull and rudder has been
obtained between experiment and simulation indicatintttireeapplied numerical discretiza-
tion (grid resolution and schemes) is sufficient in predigtihe global forces on ship hull
and rudder during maneuvering situations.

Table 6.1: Dimensions of the CBOX ship model

Loy B T v LCB

5.026 m| 0.814 m| 0.310 m| 9.745m® | 2.468 m
KM GM e Iy A\

0.348m| 0.059 m| 0.255m| 1.060m | 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 thickness 0.7m 0.7m-1.0m
chord length: 3.5m 3.5m-50m
rudder height 57m 3.0m
Table 6.3: Dimensions of the propeller of the CBOX ship
D Dy, P/D | A/A, Tp 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
Cr1 CT2 CQ1 CQ2
0.445| 0.4588| 0.0575| 0.04847
_ 4.99m N
L |
3.0m
0.05 me — —— ] / Propeller
4_
‘_
£ T < I_I
 [1.003m —_
57m = —
4_
248 m 2.668 m
gl
< N
35m ]

Figure 6.1: Rudder and propeller arrangement of the CBOK. shi
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(c)p=5° (d) B =10°

Figure 6.5: Free surface deformation of CBOX ship underedsift drift angles (delta of
isolinesA(¢ =5.345 - 1072 m).
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Max. Shear Stress
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Figure 6.6: Dynamic pressure distribution (left) and sheiaess (right) of CBOX ship
(6 =10°).
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Figure 6.7: Velocity distribution at x= -0.45 L (3 = 10°): axial velocity contours (left) and
tangential velocity vectors together with free surfacetpms (right), viewed from stern.

kU2

2.052e-02
1.847e-02
1.642e-02
1.436e-02
1.231e-02
1.026e-02
8.208e-03
6.155e-03
4.102e-03
2.052e-03
0.000e+00

Figure 6.8: Turbulent kinetic energy distribution atx -0.45 L (5 = 10°), 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 calater has been carried out in
the numerical tank. The same numerical grid used in sect@2 #as been adopted here as
shown in Fig. 6.9 together with the boundary conditions. iBtary conditions are somewhat
special in this case. A combination of inlet and pressurendaty condition is applied to
the side wall at the inner side of the turning circle as intidan Fig. 6.9, since the fluid is
flowing in and out simultaneously at this boundary. The ibt®indary condition is specified
at the boundary in front of the ship. For the side wall at thiepside of the turning circle as
well as the boundary behind the ship, the pressure boundaditon is employed.

Since no rudder is modeled here, the yaw motion and the triatle &Vigley model are
predefined, as givenin Fig. 6.10. The turning circle maneisygerformed with a drift angle
of 5 =0°. The speed of the ship correspond$}o= 0.29 and the non-dimensional yaw rate
is set to be 0.4. The heave, pitch and roll motions are setineag the turning circle. The
grid around the ship is adapted to the moderate heave, pitthadl motions of the ship; for
the large yaw motion and the motion due to ship’s forward dp#e whole grid is moved
with the ship.

The computation of the free surface for the turning circlexewver of the Wigley ship
gives quite reasonable wave patterns. Figure 6.11 shovwsthputed free surface deforma-
tion at different time instances when the heading of the rhibdeome90°, 180°, 270° and
360°.

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

6.3.2 Container Ship Model

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

The computation has been started from a self-propelledistspeady straight motion
with a constant velocity correspondingfip =0.23. Once the steady state is reached, the rud-
der is turned portside by a turning ratelsf5° /s until the maximum rudder anglé & 35°)
is reached. This rudder angle is then kept until the ship leaf®pned a turning-circle of
540°. To avoid complexity, the thrust of the propeller has begst kenstant during the turn-
ing circle maneuver. The ship is expected to turn dramdyiedlthe initial turning before
the steady state of turning is reached. Free surface defiomsaan be seen from Fig. 6.13
during the turning circle maneuver at yaw angles 0°, 30°, 60° and90°, respectively. The
block surrounding the ruddef € 35°) by sliding interfaces can also be seen from Fig. 6.13.
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Figure 6.11: Free surface deformation during a turningemtaneuver of the Wigley model
(Delta of isolinesA¢ = 0.004 m).
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Figure 6.12: Roll (top), heave (left) and pitch (right) nastiof the Wigley model during a
turning circle maneuver.
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Table 6.5: Computed characteristics of turning circle nuaee of the CBOX ship

Froude | Tactical | Max. | Transfer
Number| diameter| Advance| (at90°) 1/}’ U/u,
Computation
(model scale) 0.23 2.70L 3.50L 1.37L | 0.3| 0.48
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The computed yaw rate and the horizontal velocity of the singgiven in Fig. 6.14
against time. The non-dimensional yaw rateapproaches the value of 0.3 at the steady
turning state. The speed of the ship has also been decre@sudtitally at the beginning of
the turning circle and then reached a steady state at hdiieahitial speed. The computed
tactical diameter is about 2.7Q which is in the range of typical values for a container ship.
The computed characteristics of the turning circle manearegiven in Table 6.5.

Figure 6.15 shows the dynamic pressure distribution onhipetaill and the rudder sur-
face as viewed from portside and starboard. As can be seedyttamic pressure on the ship
stern is positive at the starboard side and negative at thesple of the ship, respectively.
The maximum pressure appears on the leading edge of therr(fdai®@ starboard view).
The axial velocity contour and tangential velocity vectatshe cross section= —0.45 L
are shown in Fig. 6.16 together with distorted mesh and feefase position. As can be
observed, the ship has slightly heeled toward starbaard(), as expected.
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(c)t=18s (dt=21s

Figure 6.13: Free surface deformation during a turningeincaneuver of the CBOX ship
(Delta of isolinesA¢ = 5.414 - 1073 m).
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Figure 6.14: Yaw rate (left) and absolute velocity (right) & turning circle maneuver of the
CBOX ship.
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Pressure 3.062e+00
pU?/2

2.499e+00
1.935e+00
1.371e+00
8.074e-01
2.441e-01
-3.196e-01
-8.833e-01
-1.447e+00
-2.011e+00
-2.574e+00

Figure 6.15: Dynamic pressure distribution on the ship and the rudder at port side (top)
and starboard (bottom).
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Figure 6.16: Axial velocity contours with distorted mes#fi{) and tangential velocity vectors
with free surface position (right) at the cross section—0.45 L (¢ = 2°), viewed from stern.
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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 emgdloythe simulations of ship
motion in oblique waves (section 4.2.2) and the turningleinsaneuver (section 6.3),2a°
captured Zigzag maneuver is performed in incoming head siaest the applied boundary
conditions and moving-grid strategies for Zigzag manesivéhe model is forced to run at

a constant forward speed,{ = 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 seletited instantt = 7.0 s,
showing a reasonable coupled wave system.
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Figure 6.17: Sway and yaw motion (left) and computed waveepaiatt = 7.0 s (right)
during a25° Zigzag maneuver of the Wigley hulFf, = 0.18).

6.4.2 Zigzag Maneuver of a Container Ship Model in Calm Water

Experiment

The Zigzag maneuvering tests were performed for the CBOXisithe 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 Ipemmig Tables 6.1-6.4.
The model is trimmed at the prescribed draft and the heigtite€enter of mass is adjusted
to fit the predefined GM.

In the Zigzag maneuvering test, the model is essentially ifieall six degrees of free-
dom. It is maneuvered automatically by computer according¢-programmed commands
on propeller and rudder. The special tracking hardwareistsnsf electro-mechanical track-
ing lag transducers in all six degrees of freedom and a madkirig device. The six lag
transducers can measure the motion of the ship model withtvatlucing any force or mo-
ment on the model (almost frictionless). In the test the suswvay, yaw and roll motions of
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the ship are measured in time domain. The propeller forcdg@oes acting on the rudder
are also recorded as well as the rudder angle. The revolotithe propeller is kept constant
during the maneuver.

Different series of Zigzag maneuvers are performed for tBOX ship model in com-
bination with different rudder anglés, and theswitching angle), for each predefined GM.
The 'Zigzag Maneuvet°/b°’ denotes the rudder angle= a° and theswitching angle), = b°.

From the series of measurements, the dependency of eaderatiom component on
the velocity components and rudder angles can be deterrmam#duch that the coefficients
of the differential equations of maneuvering motion can & jguted.

Computation

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

The steady-state ship motion in straight courBg £ 0.23) is used as the initial state
of the Zigzag maneuvering motion simulation. Firstly, thdaer starts moving to starboard
side at a given constant turning rate; = 13.5°/s) until its angle becomes0°. The ship
gradually starts yawing. As soon as the heading of the staprbesl 0°, the counter-steer is
executed to set the rudder anglel @ port side. After the overshoot of the heading, the ship
turns towards the extension of the initial heading direttidhe similar procedure is made
when the heading becomesl0° and, consequently, the ship is maneuvered in a Zigzag
curve.

Figure 6.18 shows the comparison of the time history of threiated heading and rud-
der angle as well as the track of the ship with the experimintan be seen, the agreement
is in general quite satisfactory, especially for the timailuhe first overshoot angley,;
is reached. Although the firstvershoot anglés a bit over-predicted in the simulation by
3.70%, the seconadvershoot angle.,, is slightly under-predicted by about78%. Thetime
to attain switching value of heading and the firstime to check yaw,; (10°) are predicted
rather accurately, namely with differences between measant and computation ranging
in 1.79% and0.25%, respectively. The secortdne to check yaw, (—10°) is, however,
predicted too short (by9.1%), indicating that the maneuvering function of the rudder is
stronger in the simulation than in the experiment. The camight be partially from the
simplified propeller model which produced larger thrusithiae one in the experiment, as
shown in Fig. 6.22 and will be discussed again later. In @aldithe relatively low grid res-
olution might be another source of error (discretizatioo®gr Thereach timer, is predicted
shorter in the simulation than in the measurement(l69%) again due to the stated reason,
which results in themaximum transversg, ..., being predicted abolit5.4% smaller than
in the measurement, see Fig. 6.18. The dimensionless tbastcs of the Zigzag maneu-
ver are compared between measurements and computatioble6lé, showing promising
agreement.

Figure 6.19 depicts the time histories of the drift angle gnedyaw rate of the container
ship during the Zigzag maneuver. The agreement is agaia gaad between measurement
and computation, although the computed drift angles arétla larger than those of the
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experiment. In particular, the maximum drift angle is poteld to occur earlier and being
larger during the seconiime to check yawuffering again from the larger propeller forces
in this period. A similar tendency can be observed in theipted time history of the yaw
rate.

Despite the larger propeller forces in the simulation far geriod of the secontime
to check yaw(Fig. 6.22), the ship has lower speed and smaller transvertse simulation
than in the model test (see Figs. 6.20 and 6.21) indicatiatthie ship is experiencing higher
resistance due to a larger drift angle in the simulation thahe model test (see Fig. 6.19).
The reason that the propeller forces are computed largdreogropeller model in the period
of the secondime to check yawnay lie in computing the thrust based on an ideal (homo-
geneous and frictionless) inflow field. In reality, the inflofvthe propeller in this period is
very complex and strongly inhomogeneous under unsteadgsngattack.

Although the simplified propeller model employed here idtrces a certain degree of
error, the overall agreement is reasonably good. Figui&3 &d 6.24 compare the drag,
lift forces and the stock moment of the rudder, showing gagré@ment. In particular, the
magnitude of the rudder lift force has been well predictedndythe firsttime to check yaw
Larger deviations of rudder forces in the period of the sd¢one to check yawan be again
observed.

Figure 6.21 shows the time history of the roll motion. Unltiétfinal stage of the ex-
periment { > 25 s) the tendency of the roll motion is similar in experimantl computa-
tion. Since the roll motion is a very sensitive parametethm Zigzag maneuver, no better
agreement was expected. In the final phase, the larger aeviatthe roll motion between
experiment and computation is supposed to be a consequémtiedeviations identified
above.

The computed free surface deformations are shown in Fi§.&.the headingg = 10°
andy = —10°, respectively. As can be seen, the wave patteth=at 0° is somewhat similar
to the one produced by steady drift motion although more asgtry can be observed here
keeping in mind that the drift angle is only abdui® atvy = 10°. However, the wave pattern
atvy, = —10° has become much more complex at the beginning of the sdourdo check
yaw. It seems to be the result of superposition and interacti@eweral wave systems due
to dynamic yaw/drift motion of the ship. Although the wavetpen from the computation
looks rather convincing, there is unfortunately no coroesjing experimental pictures to be
compared to.

The dynamic pressure distributions on the ship hull andudder surface of the CBOX
ship are viewed from port and starboard sides in Figs. 6.8®&v at) = 10° andy = —10°,
respectively. The maximum pressure appearing at the lgagtige of the rudder is much
higher atyy = —10° than aty = 10° due to higher propeller forces. As can be observed,
the dynamic pressure at the stern is highepat=10° (in most areas positive) than the
one atyy = —10° (in most areas negative). As the distribution of the dyngmnéssure on the
bow is of similar magnitude for both yaw angles, the ship igeziencing higher resistance
aty = —10° as stated above. The dynamic pressure at the stern is — adexkpehigher at
the starboard for = 10° and at the port side fap = —10°, respectively.

The axial velocity contours and tangential velocity vest@t the cross section
x = —0.45 L are shown in Figs. 6.28 and 6.29 together with the free seirfeusition at
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1 =10° andy = —10°, respectively. As can be seen, the ship has slightly hedledta.5°
starboard an@.0° port side, respectively. As the initial ship speed has bakart to scale
the axial velocity, a reduction of ship speed can be obseaved= —10°.

The computations presented in sections 6.3 and 6.4 are otine dif'st maneuvering
simulations by coupled solution of turbulent free surfaoce/fnd floating-body motion. As
a first test of this kind of simulation, the method has showrpdtential in reproducing the
complex maneuvering behavior of a self-propelled and rsteship in thevirtual Towing
Tank The method has demonstrated to be rather robust. The lesetoracy which can be
achieved today is mainly restricted by grid resolution (poer resource), turbulence model
and propeller model. From a practical point of view, this@ed technique will definitely
replace more and more model tests in the future.

Table 6.6: Comparison of the characteristics of th@10° Zigzag maneuver between model
test and computation.

Non-dimensional Variables Model Test| Computation| Error
(F,=0.23)| (F,=0.23)
Qo1 0.330 0.342 3.64%
Qg2 —0.590 —0.579 —1.86%
T, 1.837 1.805 —1.74%
T 2.553 2.546 —-0.2%%
i 3.227 2.611 —-19.1%
T 7.359 6.866 —6.70%
- —0.396 —0.422 6.5%%
7. 1.940 1.642 | —15.4%
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Figure 6.18: Time history of the heading (left) and the tré&adht) 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 thenyeate (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 tremise (right) displacements to-
gether with the rudder angle of the CBOX ship during the Zipaeaneuver.
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Figure 6.21: Time history of the non-dimensional ship sp@eft) and the roll angle (right)
together with the rudder angle of the CBOX ship during thezZggmaneuver.
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Figure 6.22: Time history of the propeller thrust (left) ahd 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 i forces on the rudder together
with the rudder angle of the CBOX ship during the Zigzag maeeu
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Figure 6.24: Time history of the torque on the rudder shafétber 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 CB@) atvy = 10° (left) and
1 = —10° (right) during the Zigzag maneuver.
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Figure 6.26: Dynamic pressure distribution on the ship kol the rudder surface of the
CBOX ship at) = 10° during the Zigzag maneuver, viewed from port side (top) daarcbsard
(bottom).
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Figure 6.27: Dynamic pressure distribution on the ship kol the rudder surface of the
CBOX ship ati) = —10° during the Zigzag maneuver, viewed from port side (top) dad s
board (bottom).
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Figure 6.28: Velocity distribution at the cross sectiorr —0.45L of the CBOX ship at
Y = 10° during the Zigzag maneuver: axial velocity contours (leftgd tangential velocity
vectors together with the free surface position (righ@wed from stern.
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Figure 6.29: Velocity distribution at the cross sectiorr —0.45L of the CBOX ship at
1 = —10° during the Zigzag maneuver: axial velocity contours (laftl tangential velocity
vectors together with the free surface position (righ@wed from stern.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In the present work a coupled solution satisfying RANSE afidlGd- rigid body motion

equations is pursued to predict motions of floating-bodmeturbulent free surface flows.
This approach has proved to be capable to reproduce the ibelwdveal ships in three-
dimensional seakeeping and maneuvering applicationsyisgagood agreement with ex-
periments. The present work contributes to the long-terjaative of ship hydrodynamics,
namely the so-calle®irtual Towing Tankagenda.

In the following, the conclusions drawn from the previousyaters are summarized,
some numerical aspects are addressed, and the practidalatigms are highlighted:

¢ Free surface modeling

The VOF method applied in this work to predict the free swefdeformation has the
capacity to model breaking waves, spray, water jets as wedindrapped air bubbles
in water, as can be observed from the water-entry and -estitcese of a horizontal
circular cylinder in section 3.2. The formation and collajgs the water jets and en-
trapped air bubbles beside the cylinder in the water-ersg @re reproduced with very
good agreement with experimental photos. The accuracyediréie surface model is
also examined by the water elevation comparison of gereragres with analyti-
cal solutions and experimental data for both small ampditteyular waves and large
amplitude wave packages. The promising features and pama@macy of the free sur-
face model offer great flexibility of the method to be appliedhip motions in large
waves, slamming, and sloshing as well as coupling of intdloa, external flow and
ship motion.

e Wave generation
Different types of waves are generated in the present ngaleviave tank with good
accuracy achieved. Numerical parameters such as gricutesgltime step size, time
integration scheme and differencing scheme in space haa gifluence on wave
generation, especially when the wave-damping factor iseoed. The numerical
grid should be fine enough — at least 20 cells per wavelengihlércells per wave
height — to capture the wave profile accurately. The time steg, in principle, can
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be determined by the local Courant numbeéy, (= 72—%} < 1.0), but it must be small
enough to get high enough a resolution per wave period @irtol the rule for grid
resolution per wavelength and wave height). For the presficif motion of a floating
body in waves, the time step size is usually restricted byngnitude of body/grid
motion. First-order schemes should basically not be agpbeanalyze problems in-
volving wave generation and propagation due to their firdeotruncation error and
requirement on too small a time step or grid size. Therefardeast second-order
schemes (e.g. ITTL in time and CD scheme in space) are recaoneddo avoid the

numerical diffusion becoming higher than the physicaludiion.

Two methods — imposing inlet velocities and directly sintimig a moving flap — are
tested in this work for the generation of waves. The first oetls more efficient

from the CFD point of view due to a smaller solution domain aacb effort on grid-

moving. The second method is more appropriate for the perpbs/alidation by

exactly reproducing the motion of the wave-maker as in th@eament. However,
to investigate ship seakeeping problems, the first methpdeferred — with certain
attention in numerical implementation — since it is themigintforward to generate
irregular ocean waves. Waves produced by both methods @stastory.

Moving-grid method

The computational effort on grid-moving is kept low if themioer of grid points which
are required to be moved during the computation is kept asl stmgossible and
the moving-grid option can be regionally activated. Usihg moving-grid strategy
selected in this work, the distant part of the grid (far awaynf the body) is kept
actually unchanged during the whole computation. Only thé gear the body is
moved with the body and the grid in between is adapted to thiy lnootion while
keeping its topology the same. The determination on howel#ng size of moving-
grid regions should be is indeed problem-dependent (baaty grid aspect ratio and
amplitude of motion etc.). An ultimate criterion would besthuality of the adapted
grid, in particular the orthogonality and spacing of gridels and the resolution of
grid points where variable gradients are high. As in the cd$ee surface modeling,
regular hexahedral grids with two faces parallel to the stg#ace produce a minimum
of error. The general guidelines on grid quality have beeprmgin section 2.5, which
will not be repeated here.

It has been found that the alternative of the overlapping grethod increases the
computational time by a factor of 1.3 for a 2D test case dubdaricreased number of
cells in the overlapping region and the cell-searching rétigm as well as the interpo-
lation process between the foreground and the backgroudsl. grhis factor tends to

increase in 3D applications since the effort on cell-saagchnd interpolation would

increase dramatically in 3D, especially when parallelrats necessary. Therefore,
the selected moving-grid method is suitable and recomntetalbe used for similar

problems as presented in this work in terms of both efficieanay accuracy. In case
of large rotation, sliding interfaces are adopted as forohation of the geometrically

modeled rudder. However, attention should be paid to thegtioe of sliding interfaces,

which should be put as far away as possible to the region ¢f yegiable gradients

due to the errors introduced by the artificial interfaces.



7.1. CONCLUSION 157

e Turbulence modeling
The turbulent nature of the flow plays a crucial role in theed®ination of many
relevant parameters in ship hydrodynamics, such as fniatidrag, flow separation,
thickness of boundary layer and spread of the wake. The lembgtates which can
be encountered across the range of flows in ship hydrodysaanec rich and com-
plex and therefore no single turbulence model is declarefarsto be able to span
all these states. It should be noticed that there is no wallgrvalid general model
of turbulence which is accurate for all classes of flows. Theadardk-¢ model with
wall functions mainly used in this work has proven to be ratiobust and little sen-
sitive to the fineness of grid (e.§.*) and orders of numerical schemes, compared to
other alternative, e.g. the RN&Ge model (section 5.2.3). This allows more cells to
be concentrated in the region of the free surface or highgn®&®ds number flows to
be computed with an acceptable number of cells, which mdieestandard-¢ model
more attractive in practice. The results shown in this warkg the wall function as-
sumption in conjunction with the standarer model are satisfactory provided that the
value of Y™ at all mesh points adjacent to the wall is greater than 3@gatInot less
than 11) and does not exceed 100 or at least 10 grid point®eaéed in the bound-
ary layer. Attention, however, has to be paid on the majorkwesses of the standard
k-e model, such as over-prediction of turbulence effects inoregyof flow impinge-
ment and re-attachment, under-prediction in regions afin@tation, delay of flow
separation from surfaces under the action of adverse peegsadients and inaccu-
racy in laminar and transitional regions of flow. Nevertisslghe standarkl-¢ model
with wall function remains the workhorse of practice-ra@etzcomputations and will
continue to do so in the near future. Especially it is alsolad\@noice for full scale
computations since the range of validity of wall functionsreases as the Reynolds
number rises.

¢ Computational domain and boundary conditions

As the solution domain cannot be infinite, it has to be enddgea number of bound-
aries. Bothnatural andartificial boundaries are employed in this work. The former
are easier to set up since they exist physically while thierare adopted in the flow
field in order to reduce the size of the solution domain andefloee are normally lo-
cated at a distance away from the region of interest to mierttieir bounding effects.

In principle, theartificial boundaries (like inlet, outlet and pressure boundaries@xc
the symmetry plane) should be put as far as possible fromatig/ghip, but decisions
have to be made by taking both economy and accuracy into atdoumost ship sea-
keeping and maneuvering applications of this work, the atatpnal domains have
shapes of rectangular boxes and extend to at Idagt front of, above and below the
ship, 4-9. behind the ship and 1#2beside the ship, which has proven to be a good
balance between economy and accuracy. If shallow waterpbealp the boundary
below the ship becomesratural boundary so that the physical distance should be
taken and a no-slip wall condition should be specified. Siheair flow is included in
the present method, wind conditions for superstructureshigfs or smoke from fun-
nels can be computed by specifying appropriate inlet cadit Gradually coarsened
grids (by a factor of 1.21.4) serving as numerical beaches (extending framd
4-5L behind the ship) are employed in connection with hydrostatessure bound-
aries, which has proven to be adequate to damp the waves aittltheir reflection
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at the boundaries. In maneuvering applications, a combmaif inlet and pressure
boundary conditions is specified at the side boundariesentherfluid flows in and out
simultaneously, which works well during the simulation ohgplex motions.

Applications to seakeeping

In this work, the coupled solution of viscous fluid flow and fadotion has been
applied to simulate the motions of a RoRo ship in head wavesoliraging agreement
has been obtained between the experimental data and theutaiiop. The effort
required to perform such simulations is significantly sexathan that required for
model tests. The simulation gives detailed insight intdlinv field as well as pressure
and shear stress distributions on the hull. The method atsdar nonlinearities of
fluid flow and body motion and thus forms an ideal basis for &g optimization.

Interaction of rudder, propeller and ship

As a prerequisite to the simulation of maneuvering openatithe rudder forces be-
hind ship and propeller have been analyzed and comparedp&riments showing
adequate agreement. Whereas ship and rudder are modeleétgeally to achieve
high accuracy, the action of the propeller is idealized bp@ylforce model. Two nu-
merical procedures to determine the propeller thrust offgpsepelled ship have been
introduced: One uses the propeller diagram and the instamfiiéld behind the ship;
the other performs a numerical self-propulsion test. Theér approach is applicable
to any maneuvering simulation where the flow field and thesthchange.

Applications to ship maneuvering

Several maneuvering simulations of practical importareneetbeen performed for a
commercial container vessel considering 6-DOF ship madiweh free surface within
a viscous flow computation. The numerical analysis of thedsron ship hull and
rudder during steady drift motion shows favorable agreemath experimental data.
The following analysis of a turning circle maneuver givegital characteristics for
such a container ship. The final comparison of numerical aodeitest results for a
Zigzag maneuver of this ship demonstrates again the apgligaf the computational
method. These maneuvering simulations cover a long pefioglab time (A turning
circle at model scale is typically performed in two minueand thus require stable
and reliable computational procedures. Such procedunes heen demonstrated in
this work, building the basis for further developments iaVWrtual Towing Tank

Further applicability of the present method

The implemented method has been applied to investigatewssmll damping prob-
lems of a 2D mid-ship section with and without keels. Visceftfects play an im-
portant role in roll motion and therefore should be inclugegredictions of roll mo-
tion. A study on interaction of two adjacent floating bodiesicoming waves further
proves the robustness and the reliability of the method &ndohstrates the possibil-
ity and potential of the method in further application areash as multi-floating-body
interaction in calm water and subjected to currents and svad@alysis of complex
operations is nowadays more and more asked for and has tedut g the maritime
industry. This includes loading operation between two eissat sea and docking of
barges in carrier ships as well as launching and recovefihfigoand speed-boats.



7.2. FUTURE WORK 159

In general, the present method has proven to be robust shatsicapability to deal
with complex applications. The computational effort wifl@urse hinder the application
of this approach to long-term studies of ship behavior inreggular seaway. However, the
author is convinced that more and more coupled RANSE andomatmputations will be
used to investigate a wide range of unsteady problems irtimarhydrodynamics.

7.2 Future Work

More exhaustive verification and validation in 3D ship hydiroamics are certainly needed
to further examine the accuracy of the present method. Edfyetocal flow patterns should
be carefully looked at to ensure that the overall agreensamitionly obtained because errors
in different places/models cancel up. Sensitivity studiesuld be carried out on different
grid densities, numerical schemes, sizes of computatarakin, boundary conditions and
turbulence models etc. to assess the uncertainty and trs @rthe predicted results.

The efficiency of the coupled method can be improved — on tleel@and — by the
flow solver and — on the other hand — by the coupling technidNex generations of flow
solvers should incorporate the capacity to accommodatéandle not only appropriately
distributed, but also easy-to-generate grids for compéongetry. Grid generation is, unfor-
tunately, still one of the challenging tasks. It is very tleensuming, especially if a high
quality of grids is required. Development of multi-grid eiques would promote further
improvement of efficiency and accuracy. Investigations ampting methods could also ac-
celerate the convergence rate of the coupled procedurh, asithe criteria for activating
or de-activating the body motion module and grid-movingreubine, choices of (problem-
dependent) under-relaxation factors or added-mass d@ssSm@me integration schemes of
body motion, influences of the time step size and use of vgryime steps or different time
steps for fluid flow and body motion.

After further validation of the method and further improwemhof the efficiency of the
coupled approach have been achieved, more sophisticaptidedions can be performed
with the increased computer resources expected in thesfutur

e Full scale computation
Full scale resistance, propulsion, seakeeping and maneg\gemulations can be, in
principle, performed by a single code with different bourydaonditions and released
DOFs of ship motion.

¢ Including a geometrically modeled propeller
A geometrically modeled 3D rotating propeller can be ineldido replace the simpli-
fied propeller body force model so that the unsteady behawvipropeller-rudder-hull
interaction can be captured more accurately. Also, an g@pjatte simulation of the
propulsion plant would enhance the prediction of propgiknformance.

e Ship maneuvers in restricted water
Often ships have to operate in restricted waters like harborcanals. The natural
boundaries, e.g. canal walls, have to be modeled in thess easl there might be the
presence of a third phase, e.g. sand or mud.
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e Simultaneous computation of internal and external flows
Ships with filled ballast and/or cargo tanks and damagedsshivaves can be simu-
lated with liquid flowing both inside and outside the ships@koll damping with the
help of a stabilizing tank can be handled by the present ndetho

e Simultaneous computation of water and air flow
Aerodynamic and hydrodynamic effects on sailing yachtshgpsswith large super
structures can be simultaneously considered by a single icothe present method.
Also, unsteady wind conditions are possible to be simulated

e Fluid-structure interaction
Further extension of the method would be the inclusion ofdb®rmation of the
structure — either elastic or plastic — to simulate slamnnitlyiced deformations of
ship structures, aircraft ditching on water or landing ommaier.

e More challenging multi-body interactions
Overtaking maneuvers of ships in restricted water would beenchallenging simu-
lations, especially in terms of grid techniques. Furtheemnaoollisions of two ships
would need to include further models to consider the noalimesponse of ship struc-
tures under large impact forces.

Although it is yet not foreseeable how fast the developméithi® method will be and
how exactly the range of application will expand in the fetut is certain that a new era in
ship hydrodynamics has begun. The ultimate goal is yet mi¢ittual Towing Tankbut the
Virtual Reality, which would help the captain on board to make precise dawsinder 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 globalrdomate system. The gov-
erning equation of angular motion of a rigid body in a bodedéixcoordinate system (BS)
is:

d (MC . wc)

a1 = Mg . (Al)

In the above equation$/ is the tensor of the moments of inertia of the body, is
the angular velocity vector of the body, antl: 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 originatedeatémter of gravity and
maintaining a given orientation of the rigid body. Siride keeps constant with respect to
the BS, EQ. (A.1) can be written in the following form:

I\/IC-dJC—i—waMC-wC:mC. (A2)

In the following, the angular motion equation with respextttie global coordinate
system (GS) will be derived. The superscript g indicates/ér@ables expressed in terms of
the GS.

AssumingTt as the transform matrix from BS to the GS, one can easily get:
[5¢] = (Tr)™" - [9¢*] (A.3)

w=(Tp) " w8, w=(Tr) " &8, (A.4)
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(Tr)" = (Tp)™". (A.5)

According to the principle of virtual work in angular motioone can write

05" mc® = [64]" - mc . (A.6)

By substituting Egs. (A.2), (A.3), (A.4) and (A.5) into EA.6),

[5¢g}T - mc®

[ [(TT)A}T +(Mc - we + we x Mc - we)

= [0¢%]" Tr- {Mc : [(TT)_l "bcg} + [(TT)_l : wcg] x Mc - [(TT)_l 'wcg]}
]

T {Tr Mo (To) ™ wef + To [((Tr) ™1 wef) x Mo ((Tr) ™ - wef) ]}
(A7)

Thus
mcf = Ty Mc - (Tr) ™ @cf + Tr- {[(Tr) ™ wet] x Mo [(To) ™ wet]} . (A8)
In order to simplify the second part of Eq. (A.8), we woulddito prove:
Tr-{[(Tr) ™ wet] x Me - [(To) ™" wef] }
= [TT A(Te) ™ ‘wcg} X [TT Mc - (Tp) ™! ‘wcg}
= ng X |:TT . MC : (TT)_l : ng] . (Ag)

Assuming
a=(Tr) " ~wc® b=Mc(Tr) - wct, (A.10)

Equation (A.9) can be rewritten as:
Tr-(axb)=(Tr-a)x (Tr-b) . (A.11)
The transform matriX+ can be expressed as below:
cos /xfox cos /xBoy cos/xfoz

Tr = cos /y®ox cos /ytoy cos/ytoz
cos /z8ox cos /zBoy cos /zBoz

L
I3

wherel;, 1, andl; are the space unit vectors with respect to the BS. Therefore

11 = 12 X 13, 12 = 13 X 11, 13 = 11 X 12 . (A13)
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Thus

TT'(aXb) = 12-(a><b

a x b)

(axb) | . (A.14)
axb

Since it is known from the vector calculus that

(dxf)-(gxh)=(d-g)(f-h)—(f-g)(d-h), (A.15)

whered, f, g and h are four randomly defined vectors. Substituting Eq. (A.18p i
Eq. (A.14) yields
(I-a)(ls-b) — (I3-a) (I, - b)
TT . (a X b) = (13 . a) (11 . b) — (11 . a) (13 . b) (A16)
(Li-a)(la-b) = (I;-a) (I - b)

Now developing the right hand side of Eq. (A.11):

i J k
(TT-a)x(TT-b) = 11-a 12-a 13-a

L-b ILb-b I3-b
(I-a)(ls-b) = (I3-a) (I - b)
(Is-a) (L -b) — (I -a) (Is - b)
(I-a)(lz-b) = (Iz-a) (I, - b)

(A.17)

Thus, Egs. (A.11) and (A.9) have been proved. The equatitnrespect to the GS can
be written as

M% . (.«'.ch + wcg X M% . wcg = mcg , (A18)
whereM§g represents the moment of inertia of the rigid body with respethe GS. It has
the following form:

Mg =Tr Mg Tyt (A.19)
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Appendix B

High Resolution Interface-Capturing
Scheme

As mentioned in section 2.3.1, the so-called HRIC schemééas 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 badeai of this scheme will be briefly
introduced, more details can be found in Muzaferija anddH&8].

The scheme is based on limiting the approximation of the-feel value¢; (see
Eq. (2.89)) to lie in the shaded area of the so-called Nozedl\Variable Diagram (NVD)
(see Leonard [51]) shown in Fig. B.1. The normalized vagahh the vicinity of the cell-
center C is defined as:

ciry = STl —cv (B.1)
Cp — Cryy

where the subscripts 'U’ and 'D’ denote centers of CVs ustreand downstream of the
cell-center C. In particular, note that = 0 andc, = 1. The normalized face valug is

C; — Cu

(B.2)

Cj = .
Cp — Cpy

The scheme is a non-linear blending of upwind and downwitiefaee values with the
normalized face valug; calculated as

cc if ¢ <0
_ 200 if 0<¢e<0.5
- if 05<ce<1
Co if 1 < c¢o

(B.3)

Since the amount of one fluid convected across a cell facaglartime step must not
be more than the amount available in the donor cell, the tziked value ofc; is further
corrected according to the local Courant numbgr

v-nS; At
c,=—-—. B.4
NG (B.4)
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G
] H\RIC
DDS
? UDS
0

Figure B.1: Normalized Variable Diagram (NVD, see Leondidl]].

This correction plays a role in transient simulations anchéle according to the following
expressions:

¢ if €, <0.3
¢ =4 o+ (g —tc) =gy if 03<C, <07 . (B.5)
ce if 0.7<C,

The use of the downwind scheme keeps the interface share ihtarface is parallel to the
cell face and moves in the direction of the cell-face norniidghe interface is perpendicular
to the cell face, the convected fluid would be likely of the sasomposition as in the cell
center, so the upwind scheme is appropriate. A final cooeas necessary to take this into

account:
c;" = c¢;Veost + cco (1 — Vcos 9) , (B.6)
where .
c-m,
cosh = ——2 . (B.7)
Vel

Hered denotes the angle between the normal to the interface ambth®al to the cell face.
Finally, the cell-face value af is computed according to Eq. (B.1) as

c?RIC =¢;" (cp —cp) + . (B.8)



Appendix C

Derivation of the Rotation Operator T;

As stated in Section 2.2.2 (see Eq. (2.129))is a rotation operator for the rotational trans-
formation of the body position about a unit axishrough the origin of the coordinate system.
Supposer = (uy, uy, u,) and the rotational angle abouts ¢, this rotation operatof; can
be expressed by:

uZ (1= cosg) + cosp  uxuy (1 — cosp) — u,sing  uyu, (1 — cose) + uysing

Ti = | uxuy (1 —cosp) +u,sing  ul (1 —cosp) + cosp  uyu, (1 — cosd) — uysing
Uy, (1 — cosd) — uysing  uyu, (1 — cosg) + uxsing  u2 (1 — cosg) + cose

(C.1)

The derivation of this operator is performed by the auth®gigen in the following.

As shown in Fig. C.1, a vectay; rotates about the unit vectarwith a rotational angle
¢. The planeu - r = 0 is perpendicular to the unit vectarand includes the origin of the
coordinate systemy. Then, the vector; can be decomposed into two vectarsandz,,
wherez, is parallel tou and perpendicular to the plarme- r = 0, andz, lies in the plane
u - r = 0 and represents the projectionmgfonto this plane. The following relations apply:

Such one can get
z, = (u ’ rl) u, (CZ)
Zo =T — Z7 . (C3)
As the vectorr; rotates about the unit vectar with a rotational anglep, only the

componentk, of r; is altered taz; during the rotation. Therefore the new vectgrcan be
expressed as

ry =2z + Z3, (C.4)

wherez; lies in the common plane a@f, andu x z,, which is the plana - r = 0.

Therefore one can suppose
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N

Z3

Figure C.1: Rotation of vectar; aboutu.

z3 = azy +b(u x zy) . (C.5)
Applying the basic rules of plane geometry, the veetocan be expressed as

Z3 = Z5COS ¢ + (U X 2z9)sin¢ ,

(C.6)
with ¢ as the rotational angle from to z; in the planea - r = 0.

The vectoras, r; andr, are expressed through their components:

Uy
w— ( u, ) , (C.7)



Tig
ry = le )

T1,

T2y
o = | T2y

To,

By substituting Egs. (C.7) and (C.8) into Egs. (C.2) and JQt3s obtained:

zi = (u-r))u
Ug
= (uxnx + uyryy, + uzrlz) Uy
Uy

2
Uy “T1g + UgUyT 1y + UgUT,
— 2
= UyUg 1y + Uy Ty + uyu;rlz
Uy Ug Ty + Uy UyT 1y + u, Tz

and

Zo = I\ —Z
Mg Uy
= Tly — (uzhx + uyryy + uzrlz) Uy
Ty Uy
2
Tig = Ug Ty — UgUyT1y — UgUpT1,
_ 2
= le = UgUyT1p — Uy le — uyugrlz
Tly = UgUpT1g — UyUT1y — Uy T,
Substituting Egs. (C.7) and (C.11) into Eq. (C.6) one gets:
Z3 = COS@zZo + sin¢ (u X zy)
22 UyZ2, — UZZQy
= cosp | 2z +sing | wyzo, —Uzzo,
22, Uzz2y — UyZ2,
T1y — uﬁrlx — umuyrly —UgUT1 5 UyT1, — uzrly
= cos¢ | T, —uguyriy — uyzrly — Uyl T, +sing | wuyri, —u,ri,
T1, —UgUT1, — UyUZT‘ly —UL"T1, Uz"“ly — UyT1y

169

(C.8)

(C.9)

(C.10)

(C.11)

Ty COS @ — Uy >T1, COS G — UgUyT1,COS G — Uy T1,COS P + UyT, SIN G — U T1, SN P

= T1y COS @ — UylyT1, COS P — uy2r1ycos @ — UyU,T1,COS P + U,T1, SN ) — Uy ,Sin @
T15COS P — Uypl,T1, COS P — UylU,T1,COS ) — u.?ry ,cos ¢ + UyT1, SiN G — Uyry,Sin @

(C.12)

Finally by substituting Egs. (C.10) and (C.12) into Eq. (Gahe can obtain
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ro = z1+1z3
2
Uz T 4 +umuyr1y +uzu=ry,
2
= uyumr1m+uy r1y+uyuzr12 =+
UzUgTlg FUzUYyT1y FUuz"T1,

Ty COS ¢} — UgUyT], COSP — uy2r1ycos¢ — UyUzT], COSP F UT1, SING — uzry, Sing

71, COS O — “227‘12 cos ¢ — umuyrlycosgb — UgpuzT1,COSP + uyry, sing — UzTy sin ¢
T1.COSQ — UpU=T1, COS O — UyUzT1,COSP — uzzrlz COSP + UxT1y Sing — uyri, sing

2 2 . .
Uz T1p, tUUYT1y + Uz uzTL, +ri,co8¢0 —uz"r1, cos¢ 7umuyr1ycos¢f umuzrlzcos¢+uyrlzsm¢7uzr1ysm¢

= uyuzrlz+uy2r1y+uyu:rlz+r1ycos¢—uzuyr1mcos¢—uy rlycosqb—uyuzrlzcos¢+u:r1msin¢—uzrlzsinqb .
UzUpTlp + UzUyT1y +u22’r1: +r1.cos¢p —uguxri, cosop — UyUzT1y cos ¢ — u;zrlz cos ¢ Fuariy sing — uyry,sing

(C.13)

that is

ro = Tt -y, (C14)

whereT; has the form as shown in Eq. (C.1).
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Lines Plan of RoRo Ship
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Figure D.1: Transverse sections of RoRo ship.
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Appendix E

Lines Plan of CBOX Ship
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Figure E.1: Transverse sec tions of CBOX ship.
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Appendix F

Definition of Turning Circle Maneuver
Test

Turning circle tests are performed to both port and staxbatapproach speed with a maxi-
mum rudder angle. To determine the main parameters of taisitris necessary to continue
the maneuver until the ship has turried°.

The essential information to be obtained from this maneawasists of (see Fig. F.1):

Tactical diameter

Advance

Transfer

Loss of speed on steady turn

Time to change headirgy)°

Time to change headin0°

For comparison purpose the following dimensionless véegmbare used, which are also ap-
plied for the Zigzag maneuver (section 6.4.2):

Characteristic maneuvering time:

- F.1
= (F.1)
Dimensionless yaw rate: _
. L
= — F.2
V=5 (F-2)
Dimensionless advance or transfer (transverse):
= % and ¢y = % : (F.3)

Herer is time,? is yaw angle L denotes the ship length andis the ship speed before the
outset of the maneuver.
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Tactical Diameter: at 180° Change of Heading

A
\

I
Tansfer: at 90° Change |

of Heading |

<
« ]

Maximum Transfer

A

Advance: at 90° Change of Heading

Drift Angle [;

. — Y- - 1 — _ Rudder Execute

Path of Center of Gravity

Figure F.1: Turning circle definitions.



Appendix G

Definition of Zigzag Maneuver Test

The typical procedure for conducting a Zigzag maneuverisess follows:

At the outset of the maneuver the self-propelled model tsame a straight course at a
predefined speed. Once a steady speed is established, the ptamt controls, i.e. rate of
propeller revolutiom, are not altered during the duration of the maneuver. Astilhted in
Fig. G.1, the rudder is put over to an angle-af (first execute) after a steady approach.
When the heading equalsy, off the initial course, the rudder is counter-steered+ig;
(second execute). After counter rudder has been appliecgsHip continues turning in the
original direction with decreasing turning rate until thevement decayed. Then in response
to the rudder the turning rate is reversed and later aftetirter, also the heading reverses.
When the heading is¢,, the rudder is reversed again (third execute) and this carebe
repeated through the fourth, fifth, or more executes.

The principle parameters obtained from a standard Zigzagemaer and those charac-
terizing the steering quantities of the ship model are ddfing¢he following (c.f. Fig. G.1):

e Switching angl€or execute heading angle, [degree]
Headingy; at which the rudder is reversed, here= 10°.

e Time to attain switching value of headifgy initial turning time) 7, [s]
The time from the outset of the maneuver (first execute) tingiheading ig), off the
initial course. At this point the rudder is reversed to thpagte side (second execute).

e Overshoot angley, [degree]
The difference of heading angle through which the ship oo to turn in the original
direction after the application of counter-rudder.

e Time to check yaw, [s]
The time from the instant counter rudder is applied to theadsall of the turning
movement in the original direction.

e Reachtime;, [s]
The time from the outset of the maneuver (first execute) andilship, after having
completed the starboard turn, passes the initial coursertlghafter this point the
transverse deviatiopreaches its maximum valug,(.).
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~

Ymax

\ 4
Figure G.1: Scheme of Zigzag maneuver test.

e PeriodT [s]
The time from the outset of the maneuver until one total cygéev to starboard and

port) has been completed.

e Turning speed),,;, [rad/s]
Negative yaw rate approximately when passing the initiakse.

e Transverse deviation [m]
The transverse displacement of mass center of the ship.
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