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Abstract

This thesis is concerned with the simulation of mechanically coupled bodies in
a multi-phase environment. While the applications of such cases are very wide,
they are of particular interest for offshore wind parks, where numerical inves-
tigations can support the safety margins of an operation. The computational
focus of the present study is to supplement a viscous three-phase fluid-soil
solver featuring the overset-grid technique by appropriate mechanical mod-
els to analyse the hydrodynamics of complex systems composed of multiple
mechanically coupled bodies. A quaternion-based motion modeller featuring
several basic joint elements is used to model their influence in a multi-body
arrangement or the mechanical interaction between different moving parts of a
structure, which can be seen as a multi-body system. Implicit seaway bound-
ary conditions allow the use of compact domain sizes and variable headings of
incident waves. Validation examples included refer to rigid links, ropes, fenders
or guide frames restricting the motion in experiments, which aim to illustrate
the predictive capabilities of the procedure. Finally, investigations on the sim-
ulation of a floating tug in waves, boatlanding for safe transfer, grounding of
gravity foundations for wind turbines and the installation process of jack-up
rigs in seaway involving structure-seabed interactions have been considered for
application purposes while utilizing all features of the computational frame-

work.
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Nomenclature

The general notation in this thesis for vectors is presented in bold and lower-
case letters, whereas matrices are described in bold and upper-case letters.
Time derivatives and second time derivatives are denoted by () and (), respec-
tively. Subscripts are applied in different ways and will be defined in each
chapter. The symbols not defined in this list, will be denoted where they

appear.

Latin

A,  matrix coefficient of the cell center variable
A, matrix coefficient of the neighbouring variable

A, water line area

b vector

B ship breadth

B coupled system matrix

c concentration

Co concentration of additional fluid phase
c concentration of suspension

C cohesion

C spring stiffness

Cy  friction coefficient

C,, amidships section coefficient
Cw  resistance coefficient

d distance vector

dx., displacement of contact point
D ship draught

D damping coefficient

X
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f force vector
fe constraint reaction forces
I vector of normal force

Srope vector of rope force

fi volume force coordinate
fr friction force

fn normal force

fmaezr maximum reaction force
F, external z-force

g vector of external forces and moments

g° vector of additional constraint forces and moments
h vector of accelerations

H, significant wave height
k]

wave number

[ length

eight

H, wave height

J inertia tensor

Jo second invariant of the viscous stress
k kinetic energy

L ship length

L matrix

m mass

Mg mass of vessel

mo initial mass

m/®  constraint reaction moments
n rotation axis

n unit vector

n normal vector

O(h) truncation error

P pressure

p,pr Euler parameter

p mean pressure

P’ pressure fluctuation

P’ pressure correction

p* intermediate pressure

p* initial estimation of pressure within SIMPLE
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Do quaternion component
D1,2,3 component of Euler parameter

P P arbitrary point in space

P quaternion

q source term

q, qx vector of Euler parameters
Qp source term

T, T translation vector
s, s position vector
Sa connection vector
Sp connection vector
S volume boundary
S rotation matrix
S; cell face

Se wave spectrum

t time

t", "1 current time step, previous time step

T, significant wave period

U, U velocity coordinate

u; velocity coordinate relative to the control volume velocity
u? grid velocity coordinate

mean velocity coordinate

S

velocity fluctuation coordinate
velocity correction coordinate

intermediate velocity coordinate

E 8 £ & &

Sy Sy S~ oL~

velocity coordinate after initial estimation of pressure within SIMPLE

Vep velocity of contact point
V control volume

w; off-diagonal coefficients
Ti, Tj spatial coordinate

z vertical position

Greek

« friction angle in the soil model

« shape function in the seaway bounds

xi
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xii

closure coefficient of the turbulence model
damping coefficient in the stabilization method
blending factor

magnitude of forcing

damping coefficient

closure coefficient of the turbulence model
resonant frequency in the stabilization method
peak enhancement factor
under-relaxation factor

imposition coefficient

coupling term

diffusion coefficient

damping ratio

parameter for additional terms

unity tensor, Kronecker delta

time step interval

fender deformation

cell face

volume of cell

change of wave encounter angle

deflection angle

frequency band

dissipation of turbulent kinetic energy
strain tensor

wave phase

wave elevation

heave motion

vertical motion of fender

wave amplitude

pitch motion

pitch motion of catamaran

Lagrange multiplier

wave length

vector of Lagrange multipliers

scaling factor

friction coefficient
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Ho
Ha
Hns

Contents

dynamic viscosity

wave encounter angle

variable viscosity

main wave direction

viscosity of granular soil
viscosity of the suspension layer
viscosity of water

turbulence eddy viscosity
density

density of granular soil

density of water

closure coefficient of the turbulence model
stress tensor

viscous stress deviator

yield stress

shear stress

rotation angle

generic field values

target values

wave phase

generic variable

generic variable of current time step and previous time step
cell center value

neighbouring cell value

inviscid value

inviscid value at cell center
initial deflection

constraint condition

vector constraint conditions
specific dissipation rate of the turbulence
wave frequency

angular velocity

local angular velocity
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Operators and symbols

V=2

partial differential

Oq
O(h) Landau
Fr Froude number
Re Reynolds number

Abbreviations and acronyms

3D

6DoF
BiCG
BiCGStab
BL

CDS

CEL

CFD

CPU

EG

FB

FEM
FreSCo-+
FVM
GMRES
GPGPU
HOC
JONSWAP
LSODE
ParMETIS
PETSC
RANSE
RAO
SIMPLE
UDS
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xiv

three dimensional

six degree of freedom

biconjugate gradient method

biconjugate gradient stabilized method

breaking load

Central Differencing Scheme

Coupled Eulerian-Lagrangian

Computational Fluid Dynamics

Central Processing Unit

elongation

Flux-Blending

Finite Element Method

Free Surface Code (in-house tool)

Finite Volume Method

generalized minimal residual method

General Purpose Computation on Graphics Processing Unit
High-Order Convection schemes

Joint North Sea Wave Project - wave spectra
Livermore Solver of Ordinary Differential Equations
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1 Introduction

The subject matter of multi-body hydrodynamics can be widely discovered in
the maritime industry. Since wind energy is one of the most promising renew-
able energy resources, particular attention is devoted to offshore operations in

farms of wind energy plants.

Figure 1.1: Towing, stabilizing and installation of gravity foundations (Source:
Seatower AS).

Figure 1.2: Left: Jack-up rig elevated in sea ((C)Magnus Reinke). Right: boat-

landing for safe transfer (Source: Turbine Transfers Ltd).

Many related hydrodynamic application cases refer to the interplay of multi-
ple vessels or structures. An example refers to an assessment of the offshore

capability of ships, where it is important to consider their behaviour when



1 Introduction
operating in seaway as well as in close proximity of other vessels or structures.

Another illustrative example refers to the installation of gravity foundations
for offshore wind turbines, which require their towing to a desired location,
subsequent flooding and sinking to seabed (see Fig. . The latter involves
the interaction of the structure and multiple fluid phases, i.e. air, water and
soil. Towing or escorting vessels and stabilizing structures (Fig. middle)
with towing hawsers by tugs are well-known operations, which refer to multi-
body hydrodynamics [Luo et al., 2012], [Luo-Theilen and Rung, 2017|, [Rung
et al., 2013a]. For the final step, i.e. setting the wind turbine, jack-up rigs or
self-elevating units are essential, see Fig. left.

These offshore installations not only enable explorations of mineral deposits
deep down the ground, they are also used for the installation, maintenance
and removal of offshore wind farms. Many steps of construction work are car-
ried out by means of jack-up vessels. But in the first instance, the complex
procedure of installation of jack-up barges itself is considered. They are usu-
ally employed 10km — 50km away from the coast and in shallow water depths
between 15m and 50m. The mobile service platforms consist of a buoyant
hull fitted with a number of movable legs. The hull of jack-up rigs enables
transportation of the unit to a desired location. During transit, manoeuvring
and positioning, the legs are in a raised position. To lift up the hull, the
legs are lowered and penetrate into the seabed. Supported by the ground and
stabilized by its own weight, jack-up rigs are able to carry out seaway- and
current-tolerant operations. To ensure the performance, efficiency and safety
at work, a comprehensive analysis including an assessment of operational lim-

its has to be provided.

Next to performance issues, there also often exists an enhanced interest in
the safety margins in hazardous operating conditions for multiple bodies. El-
evated sea states, for example, can restrict or endanger the installation of
offshore structures or even the access to them for maintenance and repair pur-
poses. Technical staff and equipment are transferred by service vessels which
often simply push their bow fender against the structure to limit the relative
motion between the vessel and the foundation. A boatlanding manoeuvre is
depicted in Fig. right. A sudden slip of the fender due to wave loads can
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seriously endanger a save transfer.

Accordingly, research is required to develop sound computational modelling

practices which provide reliable answers at feasible numerical expenses.

1.1 Previous work

Inviscid boundary element methods are predominantly employed for transient
hydrodynamic simulations. Due to the significantly smaller computational
effort and the superior geometric flexibility, they are an ideal candidate for
parameter studies or long term simulations at small time to solutions. For
the same reasons, they are also predominantly used in industry for complex

hydrodynamic multi-body simulations.

Potential flow methods for coupled rigid bodies can be found in [Nair and
Kanso, 2007]. Dealing with hydrodynamic coupled multi-body systems, the
response of bodies is determined by impulse response functions in [Wang et al.,
2005|, [Tajali and Shafieefar, 2011] and their convolutions in [Clauss and Ja-
cobsen, 2005|, [Jacobsen, 2005|. Steady-state application calculations of the
prediction of towline forces in escort operations are published by |Artyszuk,
2014] and |Jahra et al., 2015|. Research publications concerning landing ma-
noeuvres are presented in [Josse et al., 2011] and [Feikens et al., 2011], in which
the methods are based on computations in frequency domain in conjunction
with the impulse response function method in time domain simulations. There
are only few publications on multi-body hydrodynamics using non-linear three-
dimensional potential flow methods in time-domain. Simulations regarding
offshore service ships based on Boundary Element methods were carried out
by |Gonzalez et al., 2015a] and |[Gonzélez et al., 2015b].

The performance and operational limits of jack-up platforms have been sub-
ject of several research activities, e.g. [DNV, 1996|, [DNV, 2012], [Jensen and
Capul, 2006|, |Bienen and Cassidy, 2006| and [Mirzadeh et al., 2016|, which
usually cover either elevated or floating conditions. In [Kang et al., 2016| the
towed condition of a jack-up can be found. The grounding of jack-ups or grav-
ity foundations were analysed in |[Kreuzer et al., 2014], [Qiu and Grabe, 2012|
and [Bienen et al., 2015]. While many authors investigated selected parts of
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an offshore installation procedure, the analysis of the entire process has not

yet attracted much scientific interest which motivates the present research.

1.2 Present contributions

Even though inviscid or potential methods offer shorter analysis periods, some
effects of importance for the prediction of forces and motions are either ne-
glected or misrepresented by these approaches. The aim is to develop a pro-

cedure, which should address the following challenges:

e to reproduce realistic physical processes based upon viscous (turbulent)

flow simulations.

e to support investigations on sea-keeping and manoeuvring in seaways
with transient heading using compact computational and physical do-

mains.

e to mimic the hydrodynamic and the mechanical interaction of multiple

floating bodies.

e to perform monolithic simulations for three phase problems, i.e., air,

water and seabed (soil).

When attention is devoted to these issues, viscous (turbulent) flow investi-
gations are a valuable source of information. With regards to viscous flow-
simulation approaches, the present research incorporates the following fea-

tures

e special seaway boundary conditions follow a coupled viscous/inviscid ap-
proach, which enables prescribing boundary values by known inviscid

methods to avoid wave reflections.

e a motion module based on a quaternion formulation to avoid motion sin-
gularities, known as Gimbal Lock. Rigid bodies are spatially constrained

due to mechanical joints.

e the overset-grid technique provides the ability to treat large and flexible

relative movements of different body (parts).
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e application purposes are assigned to offshore operations including inter-

actions within multi-phase environments.

The present study aims to convey the benefits of a mesh-based three-phase
finite-volume RANS method with the numerical procedures mentioned above.
All hydrodynamic and mechanical effects of a multi-body arrangement in com-
plex offshore operations should be analysed within a monolithic simulation

environment.

1.3 Layout of the thesis

The structure of the thesis is divided into the following chapters:

Chapter 2 presents the governing equations and their numerical treatment,
which are used to calculate incompressible flow problems. A description of the
multi-phase flow model including irregular seaway simulations is also given.
The introduced seaway boundary condition enables computations on small

compact domain.

Chapter 3 outlines the motion model for coupled multi-body systems. The
equations of motion supplemented with additional constraint conditions are
derived for basic mechanical joints. Furthermore, the overset-grids technique
for large relative body motions is presented. Finally, the overall solution algo-

rithm involving the flow solver as well as the motion modeller is illustrated.

Chapter 4 shows validation and verification cases to demonstrate the func-
tionality and the quality of the implemented models. Examples refer to overset
simulations in compact domains involving multi-body systems with combina-

tions of mechanical couplings and three-phase flow problems.
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Chapter 5 focuses on offshore application cases for wind farm industries
involving the investigations of the hydrodynamic performance of tugs in sea-
way, boatlanding on monopiles for repair and maintenance purposes, as well
as the installation of gravity foundations for wind turbines and the hydrody-
namic effects during jack-up operations. All methods developed in the previous
chapters are combined within a single simulation to mimic realistic ambient
conditions. Furthermore, the whole dynamic operation process is of interest,
in which the fluid-structure interaction and structure-soil interaction are taken

into account.

Chapter 6 gives a final resume of the thesis. A summary is outlined and

future research topics are suggested.



2 Flow Simulation

The numerical methods described in chapters two and three are implemented
in the in-house code FreSCo+ |Rung et al., 2009|, |[Hafermann, 2007|, which
is used for the simulations presented in this thesis. The procedure solves the
Reynolds-averaged Navier-Stokes equations (RANSE) for incompressible flu-
ids using the Finite Volume Method. Multiple immiscible phases, i.e. air,
water and soil, can be simulated by the Volume-of-Fluid method |[Hirt and
Nichols, 1981]. Computations can be carried out on unstructured, overlap-
ping, adaptive and dynamical moving grids. The pressure is obtained from a
pressure-correction scheme based on the SIMPLE algorithm. Preconditioned
solvers for symmetric and non-symmetric sparse-matrix systems, e.g. GM-
RES, BiCG or BiCGStab, are employed from the PETSC library |[Balay et al.,
1997|. The parallelisation of the procedure is based on a domain-decomposition
technique of usually 30000 cells per process and can be efficiently performed
up to multiple hundreds of processes. Inter-processor communication employs
the MPI communication protocol and load balancing is achieved by using the

ParMETIS partitioning software.

2.1 Governing equations

The computational methods are based on the integral formulations of the
Navier-Stokes equations to describe the momentum of incompressible, viscous

Newtonian fluids and the conservation of mass.

Continuity equation

The conservation of mass, also referred to as the continuity equation, states

that the rate of the mass change in a moving (Eulerian) control volume V' is
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equal to the mass fluxes across the volume boundary S for solenoidal fields

/@dv+j4(pdi)d5i —0 . (2.1)
v Ot s

Herein, p denotes the density and ; represents the components of the velocity

for the Cartesian coordinates i = 1,2, 3 relative to the control volume velocity,
viz.

o g

1

where uf denotes grid velocity.

Momentum equation

The conservation of linear momentum states that the sum of the time varia-
tion of momentum and the flux convection of momentum across the volume’s
surface is caused by the sum of the external acting forces. For i,7 = 1,2,3
reads

d(pu; .
v S s v
where 0;; is the surface stress tensor and f; describes the volume specific forces

acting on the fluid. The stress tensor can be expressed in terms of the hydro-

static pressure pd;; and a viscous deviator 7;;

Oij = Tij — P5ij . (2-4)

Using the dynamic viscosity p and the strain rate ¢;; for incompressible fluids,

which is trace free and thus, consists only of the symmetric part of the velocity
gradient, Eq. (2.4) reads

8ui an

The viscous stresses of Newtonian fluids are modelled dependent on the strain-
rate tensor sij and the dynamic viscosity m. and hence, the viscous stress

coordinates are expressed by



2.1 Governing equations
Generic Transport equation

Using the conservation equations above, the laminar flow of viscous incom-
pressible fluids can be described. For additional (modelled) phenomena, e.g.
turbulence, additional transport equations have to be solved. The generic
transport equation for a variable ¢ employs a diffusive flux (I" denotes the

diffusion coeflicient) and a source term g, i.e.

d(p9) . _ 99

Mind, that the momentum and the continuity equation can be also expressed
through (2.6). This fact is employed by the sequential numerical procedure by

discretizing only one type of equation.

Turbulence model

In case of turbulent flows, e.g. high-Re flows around ships, the velocity and
the pressure are frequently decomposed into a time-averaged and a statistically

fluctuating part (Reynolds decomposition)

w="1u+u, , p=p+p . (2.7)
The mean values are denoted by () and fluctuations are marked with ().
Introducing Eq. (2.7) into the governing equation and subsequently averaging
yields unclosed nonlinear correlations u;_¢’ , which are modelled by generalized

Boussinesq viscosity models in the present thesis, e.g.

-2 ou;  0u;
i gk% Vt(@a:j + 8$l> ’ (28)

Herein, v is the turbulence eddy viscosity and k& = %W denotes the turbu-
lence kinetic energy. This yields statistically averaged equations, which are
called Reynolds-averaged Navier-Stokes equations (RANSE). This appraoch
was first proposed by Reynolds |[Reynolds, 1895| and is based on the statistic

properties of the turbulence.
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In this thesis the k£ —w turbulence model is used as the closure for the RANSE.
This model predicts the turbulent properties by two additional scalar transport
equations to determine k£ and w, with the first being the kinetic energy of the

turbulence and the second represents the specific kinetic energy dissipation

rate
ok ok ou; 0 ok
T T g * 2.
5 + 7 o Tij o, B*kw + o [(V + o*vr) (%J (2.9)
ow ow w0, 9 ow
o Tl = QT — ) 2.10
5 +u o, ak‘Tﬂ&Ei Bw? + e |:(V + O'I/T)axi:| (2.10)
using the closure coefficients and auxiliary relations
5 3 9 1 1
- - - = * = == = 2.11
=y T P10 T 7 T3 (2:11)

The eddy viscosity follows from vy = k/w. For the derivation and further
details of this model, see [Wilcox, 1988].

Note, that most investigations of this thesis refer to body motions in waves, in
which the flow forces are mainly pressure dominant. Thus, turbulence plays a

minor part in these simulations.

2.2 Finite-Volume method

The numerical method solving the conservation equations are adopted from
the Finite-Volume method (FVM). The computational domain is discretized
by a finite number of contiguous and arbitrary shaped control volumes, which
can move with their grid origin. All transported quantities are stored in the
volume/cell center and a collocated variable arrangement is employed.

In the following, the subscript p indicates the cell center, the corresponding
faces are denoted by the f and the neighbouring cell center of the faces are

marked by nb.

10



2.2 Finite-Volume method

Approximation of time derivatives

To obtain time derivatives, the A-stable implicit backward Euler method is
used. The approximation is obtained by the differential quotient of the current
time step t" and the previous time steps t"~!, "2 divided by time interval
h := At. The field variable ¢ is evaluated in the volume centre p.

A first-order accurate approach is given by

8¢ ¢n (bn 1

o= oW (2.12)

For a second-order accurate approximation the implicit three-time-level

% _ 3¢n - 4¢n71 + ¢nf2
ot 2h

+ O(h?) (2.13)

is considered.

Approximation of integrals

The volume integrals are approximated by the second-order accurate mid-point
rule, in which the integral is calculated by the multiplication of the cell center
value ¢, and the volume AV, of the cell

/ pdV = ¢, AV, +O(h*) . (2.14)
.

Surface integrals are composed of the sum over all faces, which are also ap-

proximated by the mid-point rule
]fqﬁds = ¢ds = ¢r-ASip+O(R?) (2.15)
f

11
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Approximation of convective fluxes

For the calculation of the convective term, the value of ¢ at the center of the
cell face has to be determined. Since the convection has a direction, there are
different ways to approximate ¢; from the cell center values. Basically, there
are symmetric and upwind based schemes. The following linear symmetric
interpolation scheme provides second-order accuracy and is usually referred to
as Central-Differencing-Scheme (CDS)

5P =y et I R (1 St M 7”) +O(h?) . (2.16)
Tinp — Lip Linmb — Lip

Upwind based interpolation schemes consider the directionality of the trans-

port mechanism, in which the upstream value is more dominant. The Upwind-

Differencing-Scheme (UDS) is a well-known method by using the cell center

value on the upwind side of the face

¢f mf = ¢p . max[mf, O] — Onp - max[—mf, 0] + O(h) . (2.17)

Mind that this scheme is only first-order accurate. To regain the accuracy,
the second-order CDS can be blended with the first-order UDS by using the
blending factor 5 € [0, 1], which leads to the Flux-Blending-Scheme (FB)

077 = BOTT+ (1= B)oy™" = 97 + 8977 — 0" (218)

This is applied by means of a deferred correction approach, which consists
of an implicitly treated UDS contribution and an explicit correction by the
second addend.

Higher-order schemes (HOC) based on the same deferred correction technique

can be summarised in the compact x-scheme notation (cf. [Rung, 2008])

1 0
(/5}1;100 _ ¢?DS + 5 K(np — dp) + (1 — K) d; <3Z>J (2.19)

for k € [—1, 1], where the right hand side terms inside the brackets are evalu-

ated explicitly from the previous iteration or time step. Herein, d; denotes the

12



2.2 Finite-Volume method

i-th component of the direction vector pointing from the cell center p towards
the neighbouring cell center nb. Depending on values of x different approxi-
mation concepts can be achieved, i.e. CDS using x = 1 or UDS for x = —1.
k = 0.5 yields the QUICK scheme, which considers a three-point upstream
quadratic interpolation |[Leonard, 1979|.

Approximation of diffusive fluxes

To calculate the diffusive flux, an approximation of the gradient at the cell face
is required. Since the diffusion has no directionality, a second-order accurate

approximation is used

<a¢)f _ = (2.20)

oz; LTinb — Lip

Final algebraic equation system

By summarising the approximation equations, an algebraic equation system
can be obtained for each quantity and control volume. The dependent variable
¢ at the cell centers is composed of the values at the neighbouring control
volumes by using the matrix coefficients A,, A,, and the source term @),

viz
AP ’ ¢P - Z Anb : ¢7zb + Qp . (221)
nb

Further details of the approximation schemes can be found in [Rung, 2008|
and |[Ferziger and Peric, 2002).

Pressure calculation using SIMPLE

While the calculation of velocity for incompressible flow problems is quite
obvious, the determination of the pressure needs extra treatment. The diffi-

culty is that the pressure is coupled to the velocity by its gradient and there

13
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is no equation, which contains the pressure itself. Therefore, the SIMPLE-
algorithm (Semi-Implicit Method for Pressure Linked Equations) |[Patankar,
1980], [Ferziger and Peric, 2002| is used to solve this problem. The idea is to
obtain the velocity by the momentum equation using an initial estimation p*
of the pressure field or the pressure distribution from the previous iteration.
Since the resulting velocities u} do not satisfy the continuity equation, p* needs
to be corrected. Therefore, following correction equations for the pressure and

the velocity are introduced

p=p +p, w=u +u, . (2.22)

Herein, ()* denotes the intermediate field which is updated by a correction
term of ()’. The iterative process is terminated, if the corrections p’ and u}

approach zero.

2.3 Multi-phase simulation

The free-surface between two immiscible phases (e.g. air and water) is de-

termined by the Volume-of-Fluid (VoF) method [Hirt and Nichols, 1981|.

This popular technique is based on the conservation equation of the fraction

¢ € [0, 1], which defines the volume concentration of a fluid phase in the control
V.

volume, i.e. ¢ = 3¢, and tracks c.

2.3.1 Equations of state

Assuming constant phase properties for two or three-phase flows the density p

and the dynamic viscosity i are computed by
p = p1C1 + paco + p3cs3 (2.23)

H = 1€t + H2Co + M3C3 (224)

where ¢y, ¢9, c3 are the local volume concentrations, i.e.

1= 7,, C=

ViV
%4 \%4

v
: cgzv?’ . (2.25)

14



2.3 Multi-phase simulation

Due to
3 3
V=V = D =1 (2.26)
i=1 i=1
and using a simple, linear equation of state, one obtains

P = pi1C1 + P2C2 + ,03(1 — C1 — Cg) (227)
= ey + pocs + pg(l —cp — o) . (2.28)

Substituting Eq. (2.27) into the differentiation form of Eq. (2.1) yields

[acl 801 (2 29)

— 4 u— ( _ )_|_ %+ % aui
ot gy |\ TP ot "o,

(p2 — p3) = m

For immiscible fluid phases the integral form of the conservation equation
states D D
C1 Co
=0 —<=0 2.30
Dt " Dt (2:30)

which yields the conventional simple phase volume conservation

81%
(995@-

-0 . (2.31)

Thus, the governing equations employed herein follow a conservative form

@ av + j{ cu; dS; =0 (2.32)
v Ot s

for ¢ = ¢; and ¢ = ¢, cf. [V6lkner, 2013).

2.3.2 Soil model

The granular soil phase is modelled as a visco-plastic fluid with a variable vis-
cosity [Volkner et al., 2015|, [Ulrich et al., 2013|. The transition between the
static and the visco-plastic behaviour follows from a yield criterion. If a cer-
tain yield stress is achieved, the material manifests a related plastic, strain-rate

driven deformation. The soil viscosity model used for this study is based on

15
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a combined Mohr-Coulomb and von Mises yield criterion for granular materi-
als. According to the von Mises yield criterion for cohesive materials, yielding

occurs for

JQ(Tij) = 0.57'1']‘7'1']' = T? (233)

with J, being the second invariant of the viscous stress 7;; = 2u*¢;; with the
strain rate tensor ¢;; and 7; denotes the yield stress. To obtain the yield stress,

the Mohr-Coulomb criterion

7r = p*sin(a) 4+ C cos(a) (2.34)

for cohesive and viscous materials is applied, which depends on the relative
pressure p*, the cohesion C and the internal friction angle a. Thus, an isotropic
local viscosity p* can be determined by the combination of both criteria, which
leads to

. D'sin(a) 4 Ccos(a)

p= A : (2.35)

When the strain rate vanishes in Eq. (2.33), the resulting soil viscosity gets
singular and the static mode should be recovered. Therefore, an upper viscos-
ity limit has to be introduced into the model ( |[Ulrich and Rung, 2012], [Ulrich
et al., 2013]) and is usually assigned to fi;e: = 5000Pa s. If this limitation is
exceeded, non-physical material creeping can occur. This appearance can be
prevented by a visco-static approach where the accelerations and velocities of

affected soil particles are simply assigned to zero.

Additionally, the fluid state of the soil model is combined with a suspen-
sion layer to treat the soil-water interface. The suspension is assumed to
be in the grain collisional regime, where experiments and predictions indicate
a quadratic, turbulent-like relation between the shear stress and the velocity.
In the limit of a vanishing suspension layer thickness the viscous stress can be
treated as wall shear stress 7,,, which can be expressed in terms of the empir-
ical friction coefficient C}, the density of the granular soil phase pg and the
velocity u;

Tw = Crpauu; . (2.36)

16



2.3 Multi-phase simulation

According to |Fraccarollo and Capart, 2002|, C should be chosen from the
interval of [0.007,0.03]. In this range there is no remarkable difference of the
suspension behaviour. Following |Ulrich et al., 2013| though, the empirical
friction coefficient is defined to be Cy = 0.01. Finally, the viscosity of the
suspension layer j1g can be derived in the same manner as the variable viscosity

of the granular soil phase

_ C'f PG Ui Uj

hie) (2.37)

s

For the identification of the suspension layer, the suspension concentration ¢
is introduced [Volkner, 2013|, [Volkner et al., 2015|. ¢ is derived from the
volume fraction of the granular soil and is defined in the range of 0.3 < ¢ < 0.6
within the suspension layer (cf. [Ulrich et al., 2013]). Using the following linear
interpolation, the transition from the viscosity of the suspension layer to either

water’s viscosity uy or the viscosity of the granular soil g can be modelled

w + "S(Ig‘wé for ¢ <0.3
pr=< g for 0.3 < ¢<0.6 . (2.38)
s + BB (7~ 0.6)  for 0.6 < 7 < 0.99

Mind, that ¢ should not exceed 0.99. In this case the viscosity of the granular
soil would be calculated by the suspension model. Obviously, the viscosity of
the suspension layer is physically limited by the viscosity of the water and and

the granular soil.

2.3.3 Irregular seaway

One way to obtain natural seaways in numerical simulations is achieved by su-
perposing harmonic wave components of different amplitudes and frequencies.
Since the phases of each wave component varies in space and time, an irregular
wave field can be developed. Using the wave number k;, the amplitude éj, the
frequency wj, the encounter angle ;; and the phase €;, the wave elevation ¢

can be defined by the time ¢ as following

17
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e [é] e’i(wj‘tfk‘j(iﬁCOS,LLjerSiIl/Lj)JFEj)] (239)

M=

C(z,y,t) =

J=1

f cos(w;t — k;(z cos i + ysin ;) + €;)

TMz

The formula (2.39) requires the specification of the unknown parameters of
each single wave components, i.e. amplitudes of the frequencies éj(wj), the

phases k; and wave encounter angles y;.

The whole process exhibits a stochastic and an empirical part. The amplitudes
of the frequencies are derived empirically from the seaway characteristics. Usu-
ally, they are provided by seaway spectra using empirical data. The spectra
describe the wave energy distribution over the wave frequencies and encounter
angles. However, they do not provide any informations about the phases and
the frequencies. To describe the wave elevation of Eq. the phases have
to be chosen randomly in the range of [0,2x]. Thus, various sea states can
be generated, that have the same essential characteristics due to the same

underlying spectrum.

The JONSWAP spectrum was formulated based on wide measurements at
the German North Sea coast. Following |[Clauss et al., 1988]|, the spectrum is
defined as

Se(w) = 5.32¢€ H? exp{—32.29 §} P, (2.40)

™ w ™

¢ = (TZL) . p=oxp{—(WT./5.32 — 1)%/(21%)}

b=0.07 for wT, <532, b=10.09 for wT, > 5.32

Herein, H; and T, denote the significant wave height and the significant wave
period, respectively. 7 defines the peak enhancement factor and for v = 3.3
the JONSWAP seaway is fully developed.

18



2.3 Multi-phase simulation

The Pierson-Moskowitz-spectrum

Se(w) = 5.57€ H2 eXp{—272T.28 5} (2.41)

™ w

is an alternative to the JONSWAP spectrum which is also implemented in

FreSCo+. In Fig. 2.1 a comparison of the two wave spectra is illustrated.

15 : . :
— JONSWAP
- - - Pierson—-Moskowitz
— 10t 1
NO‘J
E
2
n 5 |
’l
O 1 1 .
0 0.5 1 1.5 2 2.5 3 3.5

o [1/s]

Figure 2.1: Ilustration of the implemented wave spectra based on JONSWAP

and Pierson-Moskowitz.

Figure 2.2: Application of the JONSWAP spectrum (200 wave components;
Hy,=Tm, T, = 6s).
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The distribution of the wave energy over the different encounter angles u can
be achieved by applying a cos?-distribution of the energy in a range of [ug —
7/2, po + /2] about the main wave direction p. Thus, the wave spectrum for
each wave direction can be formulated as

2
Se(w, p) = Se(w) - — cos® {pg — pu}, for —m<pu<m . (2.42)

Using S¢ as the averaged wave energy for each range of wave frequency and
encounter angle, the wave elevation can be obtained by the superposition of

every single seaway component

N
C(z,yt) = \/25<(wj7 p5) AwAp cos(wit — kj( cos pj + ysin i) + €5)
=1

(2.43)

The application of at least 40 wave components is recommended for the sim-
ulation of a natural seaway. Furthermore, the wave frequencies need to have
an irrational ratio to each other to avoid replications. Therefore, the wave
frequencies as well as the wave phases are chosen arbitrarily within the uni-
formly distributed frequency bands of Aw and [0, 27] for each wave component.
Fig. exemplifies a natural seaway based on a fully developed JONSWAP
spectrum (v = 3.3) using a significant wave height of Hy, = 7m and a signif-
icant period of Ty = 6s. 20 different wave frequencies are distributed over 10

different wave directions which leads to 200 different wave components.

2.3.4 Seaway boundary condition

The accurate prediction in the viscous manoeuvring and seakeeping simula-
tions of floating bodies in waves requires appropriate dissolved computation
meshes which are able to capture the incident wave field towards the body. For
transient problems the time-step is limited due to the Courant number and
has to be even decreased for grid refinements. Due to computation efficiency,

seekeeping simulations on small and physically compact domain are of interest.
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2.3 Multi-phase simulation

Another essential challenge of viscous computations is the appropriate defi-
nition of the seaway boundary condition. The wave field downstream of the
body is reflected at the outlet boundary of the domain and thus, cause wave
disturbance close to the body. To improve the quality of result and suppress
these reflections at the far field, numerical damping is required. A common
way of damping downstream of the body is achieved by the introduction of
a damping zone, also referred to as numerical beach. Usually, the grid is
stretched towards the boundary. The idea is to damp the waves by numeri-
cal diffusion before they reach the boundary. In this case, a simple boundary
condition, e.g. hydrostatic pressure condition for calm water, can be applied.
Since the magnitude of grid stretching is wave dependent and thus unknown,

long damping zones need to be applied.

When attention is drawn to offshore operations, the involved manoeuvring
vessels, i.e. tugs or jackups, are exposed to waves which change their direction
in time. In these cases inlet and outlet boundaries can no more be distin-
guished from each other. Since the grid-based damping method is inherent
directionally, it is not applicable for offshore operation simulations. A remedy
to this problem is given by |Gentaz et al., 2004]. They proposed a coupled
viscous/inviscid method, which assigns the incident wave field to an invis-
cid description. The technique used in this thesis assumes that viscous and
diffraction effects are negligible in the vicinity of the far-field boundaries. Thus,
viscous methods for the computation of the wave field close to the body can be
coupled to inviscid approaches for the simulation of the far-field, see [Wo6ckner
et al., 2010]. The coupling of both methods employs an implicit manipulation
of the coefficient matrix by forcing the viscous solution field ¢ to be imposed

by known inviscid values ¢ for large values Sa?, viz.

nb

(14 B80°] Apdy = > Aigyi + Ss+ Ap Ba® ¢, (2.44)

In Eq. A, denotes the diagonal coefficients, A; refers to the contri-
butions of the neighbouring cells and S4 describes the source term. At the
transition of the viscous and inviscid area, two non-dimensional parameters 3
and a are employed to manage the imposition. The shape function « restricts

the manipulation to a buffer-zone of usually half wave length. As illustrated
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wave direction
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Figure 2.3: Hlustration of the buffer-zone (BZ) and the shape function param-
eter «, [Wockner et al., 2010).

by the blue dashed line in Fig. « is zero within the computational do-
main and increases to unity at the boundaries. The parameter J represents
the magnitude of forcing which is usually of order 3 ~ 1073. Further details
on this coefficient is described in [Wockner et al., 2010).

This method is applied to all far-field boundaries of the domain and utilizes
Dirichlet-conditions for the momentum and the free surface equations based
on the prescribed values ¢. The latter can be easily obtained from linear wave
theories, i.e. Airy-theory.

Generally, this coupled method has no directionality and can be applied for sea-
keeping simulations of floating bodies featuring wave directions which change
in time, e.g. in turning test cases.

Mind, that the neglect of the wave diffraction is only acceptable at sufficient
distances from the body. The inviscid solution is time-dependant regarding
wave direction and amplitude. Using the linear wave theory, different wave
components can be superposed for the simulation of natural seaway. Accord-
ing to our experiences, the linearity does not affect the quality of the solution,
since non-linear effects are quickly recaptured by the Navier-Stokes equations
in the inner part of the domain.
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Floating bodies and their motions have a significant influence on the surround-
ing wave field and vice versa. In this chapter the equations of motions are pre-
sented. Special attention is drawn towards mechanically coupled multi-body
systems. Various mechanical joints and their constraint conditions are pre-
sented, which can be applied to an arbitrary number of bodies. Furthermore,
the overset-grid technique is described. The solution algorithm of the flow

solver FreSCo+ including the motion model is given at the end.

3.1 Rigid motion

The most common way to describe the angular orientation of a rigid body in
a three dimensional space is the use of Euler angles. They represent three
composed elementary rotations of a body-fixed local coordinate system refer-
ring to an initial global system. Each elementary rotation allows one degree of
freedom. In such an arrangement the effect of a Gimbal Lock can occur, see
Fig. when two axes are driven into a parallel configuration, which "locks"
the system into a rotation in a degenerate two-dimensional space. To avoid
this singularity and ensure that each motion is uniquely defined, quaternions
are employed for the motion modeller and will be discussed in the following.
Constraint forces due to mechanical couplings are also derived using quater-

nions.

3.1.1 Euler parameter

According to Euler’s theorem, the general displacement of a body can be

accomplished by a single rotation about a suitable axis over a certain an-
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Figure 3.1: Left: no Gimbal Lock. Right: Gimbal Lock.

gle [Nikravesh, 1988|, [Goldstein, 2006]. Therefore, it is reasonable to use a

representation of the coordinate transformation in terms of the parameters

of this single rotation, i.e. the angle of rotation and the direction cosines of
the orientational axis of rotation. A quaternion is a collection of four real
parameters, of which the first is considered as a scalar and the other three as

components of a vector in three-dimensional space:

P=(po p)=(po ;1 p2 p3)" €R (3.1)

Denoting n in Fig. [3.2] as the rotation axis and ¢ as the rotation angle, the
transformation of vector s’ into s represents a rotation from P’ to P

s=8cosp+n(n-s)(l—cosp)+mnxssing. (3.2)

Introducing the following Euler parameters [Bauchau, 2011, [Nikravesh, 1988|

Po = COS g, p=(p1 p2 p3)l =m- sing and [n| =1 (3.3)

a rotation matrix S, according to [Wittenberg, 2008|, can be derived from Eq.
(3-2)), which obeys to

s=02pi-1)s+2p(p-s)+2pypxs =85 (3.4)

and reads
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3.1 Rigid motion

T

Figure 3.2: Rotation from P’ to P.

(pg +p3) — % (p1p2 —pops) (p1ps+ pop2)
S=2|(pip2+pops) W§+103)—3 (P2ps—popr)
(p1ps —pop2) (P2ps+pop1) (P§+p3) — %

Based on Eq. (3.3)), it is

PTP = cos® g + n’'nsin’ g =1 . (3.5)

Hence, S consists of unit quaternions. Thus, the resulting vector s is a unitary
transformation of s'; see Eq. (3.4). To state the angular velocity vector w in
the same manner, the following relation can be obtained from time derivative

of P (cf. [Nikravesh, 1988|):
P=-L" (3.6)
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with
—P1 Do ps  —D2
L= |-p, —ps po p1
—P3 P2 —P1 Do

By means of the obtained relations above, a body’s equations of motion can

be easily transformed into quaternions and thus avoid Gimbal Locks.

3.2 Multi-body interaction

An equation system of k unconstrained bodies is achieved by stringing to-
gether all six equations of motion for the translation and rotation of single

unconstrained bodies:

mir = f
(3.7)
J o+ x (J W) =m/
into the 6k system
A-h+b=g . (3.8)

Herein, the 6k x 6k matrix A contains all masses m and local inertia tensors

J'. The acceleration vector h inherits the second derivative of the transla-

tion vector r of the body-fixed coordinate system relative to the global frame

and the local angular accelerations w’. External forces f and local external

moments m’ are combined in vector g. The vector b reads (0, w| x (J7 -
/

wi), -+, 0, wyp x (J} - wy)) and comprises all quadratic velocity terms of
each body 1 to k.

In a multi-body system, the bodies are coupled to each other or to their sur-
roundings by mechanical joints. A mechanical joint constraints the motion of
an attached body and consequently influences the movement of the adjacent
bodies in a coupled system. Thus, the equations of motion are supplemented
by additional constraint conditions. In this thesis, focus is given to scleronomic

and holonomic constraints, in which constraint conditions are not formulated
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3.2 Multi-body interaction

as inequalities. Furthermore, they are independent on time and independent
on velocity or acceleration variables. Hence, the constraint equations are for-

mulated in terms of the spatial position variables of the body.

3.2.1 Coupled bodies

Since spatial position vectors are expressed by quaternions, each condition
equation ® is a function of a combined vector containing the translation 7

and the Euler parameters py of each body £k =1,2,..,n :

qi

q
q= ? € Egﬁlv qr

r

[P] =(x y 2pop1 P2 D3) - (3.9)
k

n

For n bodies, m constraint conditions can be formulated as

P=P(q)=| : | =0, (3.10)

which leads to a coupled system of 6n —m degrees of freedom. Each constraint

equation also has to be fulfilled on velocity and acceleration levels, i.e.

d=V,0-q =0, (3.11)
P=V,2-4+V,(V,D-q) ¢ =0. (3.12)
Herein, it is
0®i1(q) .. 9%1(9)
oq1 oqn
V0= [Ved o V0| = SRR ER™™  (3.13)
0Pm(q) . 9Pm(q)
0q1 oqn
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3 Multi-body Systems

To be consistent with system (3.8), a transformation from g = (# P)7 into

h = (# &')7 is necessary and by using the relation

| 1
P = ELTL'U/ — Z(W/Tw/>7) (314)
Eq. (3.12)) yields to
i
wh
V.® YV, o)Ll ... v, & YV, ®)LT-| | -~4"=0 , (3.15)
wl

with 4% being a coupling term specified on the mechanical joint between the
bodies and defined as

0
%(wllTwll)Vm(I) "P1
'Y# = f — Ve (Ve®-q)-q . (3.16)

0
_%(W;LTW;L)VP”(D " Pn |

Thus, the constraint conditions (3.11) and (3.12) can be summarized in the

following relations:

d=V,D-q — Bh =0 (3.17)
D=V, 0 - G+V, (VP q)-q — Bh —~* =0, (3.18)

with B being the coupled system matrix defined in Eq. (3.15)).

Moreover, reaction forces and moments caused by mechanical joints have to

be considered. Lagrange multipliers A are often used to fuse the governing
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3.2 Multi-body interaction

equations with constraint conditions. The additional vector g° containing con-
straint reaction forces f¢ and moments m’c, which is simply added to the right
hand side of the system (3.8)), can be derived as

e (Ve @)\

O I N O LY XN P
| vae] ] | (Lo
m/2¢ %LQ(V;;@)AQ

Finally, following equation system describes the motion of n mechanically cou-

pled bodies using quaternions to describe spatial positions:

Al e

3.2.2 Basic constraint conditions

In this section some basic mechanical couplings with their associating con-
straints are presented. Generally, these joints restrict the bodies in one or
two degrees of freedom, but they can be combined to each other for more
complex joints and if less degrees of freedom are desired. More types of me-
chanical joints can be found in [Nikravesh et al., 1985a], [Nikravesh et al.,
1985b] and [Woernle, 2011].

Rigid link

To model a rigid link of two coupled bodies, the distance d between two points
i and j of each body has to be restricted to a constant length [. As indicated
by Fig. it can be expressed in terms of global coordinates s; and s; and

replaced by transformation into local coordinates s; and s’ as follows

d=(rj+s;) —(ri+s;)

—_— . . /_ - — -.,
=r;+S;-8;,—1i— S8

(3.21)
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3 Multi-body Systems

Thus, the constant distance constraint for the rigid link can be acquired
through
d(q)=d-d—1*=0 . (3.22)

To obtain the coupled system matrix B and the associating term ~* for the

system ([3.20)), the additional constraints (3.17)) and (3.18]) have to be acquired

for this link. A detailed composition of matrix B and ~# are given in Tab.
and respectively. Herein, S; and w] for i« = 1,2 denote the rotation
matrix and the local angular velocity of the body i.

Table 3.1: Detailed components of matrix B of the rigid link.

P Vrlq) %(Vplq))L{ V’l‘zq) %(szq))Lg
d-d—1?=0| —2d" | 2d"S.s, | —2d" | —2d"S,s),

Table 3.2: Composition of v for the rigid link.

) ~#
d-d-— l2 =0 —2de + 2dT(wi X 31/ — w; X 8'2/>

Translational joint

As indicated by Fig. the translational joint constraints two bodies to move
along a common axis. Chose two arbitrary points on each body, which are all
located on the same joint axis, i.e. P4, and Q4 on body A and Pg and Qg on
body B. To derive constraint equations, the connection vectors s, sp and d

between these points have to acquire the following constraints

®i(q) =84 x8sp=0 (3.23)
Qy(q) =saxd =0 . (3.24)

In other words, these vectors have to be parallel to each other at all times.

Thus, there are two relative degrees of freedom between bodies connected by
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3.2 Multi-body interaction

Yy

Figure 3.3: Spatial positions in a multi-body system.

this translational joint. Note, that body B can still rotate about the joint axis,

which is non-relevant for the application purposes in the present studies.

If no relative rotation between the bodies is desired, i.e. just one relative
degree of freedom, an additional constraint is required. Define two perpen-
dicular vectors, e.g. h4 and hg on Bodies A and B, which have to remain

perpendicular to each other: ®3(q) = hlhp = 0. But for the application
purposes in this paper, constraints (3.23)) and (3.24) are sufficient.

The required matrix B and v# for solving the system (3.20]) can be derived

in the same manner as above and are given in Tab. and in which S4

and Sp represent the rotation matrix of body A and B, respectively.

Rope model
The physical characteristics of springs and dampers are very versatile in their

application. These basic mechanical elements can be used to model the elastic

behaviour of ropes. Since the rope is only applying tension forces to a body,
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3 Multi-body Systems

Figure 3.4: A translational joint.

constraint forces are simply added to Eq. as external forces. If the
distance |d| between the points i and j is below the defined relaxed rope length
[, no constraint forces are taken into account and the equations of motion will
be solved separately for each body. As soon as d exceeds [, the additional

external force J
Fre = C(ld] = )5 + D (3.25)

is applied to both of the coupled bodies with opposite signs. Herein, C' and D

denote to spring and damping coefficients.

The choice of the coefficients C' and D is crucial for the rope’s behaviour.
Typical classifications of ropes are based on their maximum breaking load and

their elongation at 50% breaking load.

Fig. exemplifies two ropes with different characteristics. The stiff rope

Table 3.3: Detailed components of matrix B for the translational joint.

(D V"’lé %(Vplé)L{ V"'2® %(Vp2®)Lg’
saxsp=0 0 (sp x 84)TS4 0 —(s4 x 83)TSp
SAXd=0 —S4 (dXSA)TSA SA —(SAXSB)TSB
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3.2 Multi-body interaction

Table 3.4: Composition of 4% for the translational joint.

P ~7*
syxsg=0 —2(84 X Sp) + (Sp X wa)Sa — (84 X wp)Sp
Saxd=0 | —2(ss xd)+ 84X (wa XS4 —wpx8p)+dx (ws X Sa)
50 x x T e
40 t
S
T 30
o
()]
£
g 20
o
o]
10 |
. stiff rope
0 1 1 __elastic rope -
0 2 4 6 8 10

elongation [%]

Figure 3.5: Load-Elongation diagram of a stiff and an elastic rope.

manifests an elongation of 1.3% at 50% breaking load. The elastic rope fea-
tures an elongation of 7.4% at the same breaking load, which corresponds to
a length deviation of 6.1m for a 100m rope.

Different rope characteristics can be modelled by choosing appropriate param-
eters in Eq. (3.25). As Hooke’s law relates the spring force f to a length
deviation (|d| —[), a 100m rope with a maximum breaking load of 200¢ and
an elongation of 1.3% at 50% breaking load would have a spring coefficient of
755kN/m.

To obtain the damping coefficient, a frequently employed damping measure is
used and is given by the damping ratio

52 (3.26)
NN '

which is dependent on the attached body’s mass m. Realistic ropes exhibit an
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3 Multi-body Systems

under-damped behaviour, which refers to 0 < § < 1.

Fender model

Another important mechanical device in ship operations is the fender. To

mimic its property, two models are presented.

The first model (I) is also based on the spring-damper system outlined by
Eq. (:25). As opposed to the rope, the fender applies repellent forces to a
body, if a predefined minimum distance, i.e. the fender thickness, cannot be
maintained due to the body’s motion. The effective direction of fender nor-
mal forces are dependent on the fender’s geometrical extent and are usually
applied radial to the longitudinal axes of the fender geometry. If the fender

gets compressed, normal forces can be determined by

fno=C-Az-n+D-n |, (3.27)

where Az is the fender deformation and n denotes the unit vector in radial

direction of the fender.

Additionally, friction forces have to be taken into account. To determine the
friction between the fender and the floating body, the dynamic motion of the
body has to be considered. The fender can either stick to or slip against the
body. Given by Coulomb’s law of friction, the relation between normal force

f» and tangential friction force f; is defined by

[fel < mlfaul - (3.28)

Herein, u is a (constant) friction coefficient. Since Eq. (3.28]) is an inequality,
the actual acting friction force can be significantly lower than the maximum

friction force

|ff,maz| :,u|fn| ) (329)
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3.2 Multi-body interaction

which at the same time defines the limit of stiction forces. While the normal
force can be obtained by Eq. , the required friction force has to be
derived from the equations of motion. The dynamic tangential motion at the
contact point between body and fender is neutralized, if the sum of all forces
acting on that specific point is less than ff,,4,. Therefore, the spring-damper
system

Fro=Cdrgy (—®)+ D v, (3.30)

|v0p|

is used to model the friction force f.. Here, v, and dz., denote the tangen-
tial velocity and the associated tangential displacement of the contact point.
This modelling is suited for implicit calculations, since large tangential force
impacts on the contact point are detected as opposing accelerations and will be
counterbalanced in the implicit iteration. If there is no velocity of the contact

point, no friction force will be applied.

10 10 S

60r 7

Reaction %

401 u(x) = (4.1522E-5) x* + (-4.89358E-3) x3 1
+ (0.10812) x2 + (3.2431) x + (0.225519)

0 1 1 1 1
0 10 20 30 40 50 60 70

Deflection %

Figure 3.6: Non-linear characteristic curve of the fender’s reaction force.

In the second fender model (II) the characteristic behaviour of the fender is
predefined by a non-linear characteristic function as shown in Fig. This
specific type of fender has the feature of self protecting from over-compression.
In Fig. the percentage of the reaction force is given over the percental de-
flection of the fender. The force close to the maximum load is already achieved
at 33% of compression. Followed by a region of decreased forces (~ 60% re-

action force), the maximum reaction load reaches to ~ 75% of compression.
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3 Multi-body Systems

Choosing an appropriate maximum reaction force f,q., the fender normal force

fn can be obtained using the characteristic curve u(z) as following

fn =0.01- U(Z’) : fmax n ., (331)

where x defines the deformation of the fender. For the associated friction

force

Vep

|UCP|

frr =001 u(dzep) - frnas - ( ) (3.32)
the argument of the characteristic function u(dz) refers to the vertical dis-
placement of the contact point.

The friction condition at the contact point in both fender models refers either
to stick or slip, based on the comparison of the forces defined in Eq. (3.29)

and (3.30)) or (3.32)) respectively:

ff,ma;t y if ff,max S |ff7~| (Sllp)
fr= , (3.33)
\frel - else (stick)

3.2.3 Stabilization method

To suppress the error-growth during the numerical integration process, a feed-
back controller is needed to achieve stable results. A violation of residuals
in the state and velocity condition equations, i.e. ® # 0 and d # 0, can be

dampened by Baumgarte’s constraint violation stabilization method |[Baum-
garte, 1972|:

d 4 20d + f*d =0 (3.34)

herein, o, 5 > 0 are related to the damping coefficient and the resonant fre-

quency respectively. Using following identity

d=Bh—~"*=0 (3.35)
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3.3 Overset-grid method

and inserting ® from Eq. (3.34) into Eq. (3.20)), the final equation systems

reads
h b| g
H N H _ L# A 52@] e

For a = 8 = 0, there is no stabilization and the system’s response can diverge
from the exact solution. Usually, solving system (3.36)) for v, 8 # 0 the numer-

ical response oscillates around the exact solution value, see Fig. 3.7 However,

A BT
B 0

in some application cases this oscillation can distort the actual dynamics of
the mechanical system. According to [Woernle, 2011|, 5 should not exceed
the lowest resonance frequency on the one hand, but on the other hand too
small values can lead to a rigid system. |Nikravesh, 1988| recommends values
of a, B € [1,10]. In this thesis reasonable results were achieved by using values
of « = f = 10. However, universal convenient values for o and [ are not

established.

time

Figure 3.7: Schematic representation of the exact and numerical solution to a

typical dynamic response |[Nikravesh, 1988].

3.3 Overset-grid method

The overset-grid technique, also known as overlapping/chimera grid method, is
well suited for numerical simulations of large relative motions involving multi-

ple bodies. The idea of the method is to cover the computational domain by a
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3 Multi-body Systems

number of grids which overlap with each other. Usually, the background mesh
defines the extents of a fixed domain of interest and the foreground meshes are
attached to each moving body. This grid arrangement has two major advan-
tages. On the one hand, the grid generation process of complex geometries can
be improved and employed in higher quality. Furthermore, grid components
can be added or removed as desired. On the other hand, body parts which
move close to each other or even intersect with each other can be modelled
easily. Though, the implementation of this technique is rather complex regard-
ing the interpolation/coupling between /of the grids, especially when it comes
to parallel computations. Still this method seems to represent a very good

balance between computational flexibility and technical feasibility.

The overset-grid technique implemented in the simulation tool FreSCo-+ is as-
signed to a mass-conservative, strongly coupled and fully parallelised approach
as described by |Brunswig and Rung, 2011|, [Rung et al., 2009| and [V6lkner
et al., 2015]. To couple the grids at the overlapping region, the cell value on
a target grid is interpolated by field values ¢ from a donor grid by using the

following generic interpolation equation:

or = Z wip; + 0 (3.37)
i=1

p; are the field values at the n donor cells for the target value ¢;, w; denote
the associated interpolation weights and the parameter ¢ contains additional
terms, e.g. functions of gradients of higher order methods. Since all grid
equations have to be solved by one global equation system, the grid coupling
can be treated in an implicit (strong coupling) way, see Fig. Here, the
coefficients of the system matrix are the weighted sum of the field values and

the right-hand side contains the explicit part 9.

For the solving algorithm, the RANS equations are replaced by Eq. for
those cells which are interpolated from values of the donor grid. The target field
values ¢; are interpolated implicitly by replacing the corresponding row of the
equation system by a row of unities as coefficient of the main diagonal (marked
as red entries in Fig. and the respective off-diagonal coefficients obeying
> w; =1 (marked as green entries in Fig. [3.8). Different interpolation orders
can be chosen: interpolation by a single donor cell value (order 0), trilinear

38



3.3 Overset-grid method

N Y I Y I

f- Gria2 —}—— Gria1 ——]

_|-— Gridl1 ——}— Grid2 H|—

Figure 3.8: Global equation system using strong grid coupling, [Luo et al.,
2012].

interpolation from a donor tetrahedron (1st order) or the 1st order method in
addition to the donor cell gradients (2nd order). A direct evaluation of Eq.
(3.37) leads to an explicit interpolation between two grids. The gradients at

the interpolation cells are calculated in that manner.

Next to implementation techniques for cell search and interpolation, there are
three other overset treatments of interest: pressure correction, mass conserva-

tion and dynamic cell status/priority management.

Pressure correction for overset-grids

A special treatment is required for the pressure correction equation. In contrast
to the other dependent variables, pressure cannot be solved directly, it has
to be obtained by its correction. If there are no interpolation errors, the
interpolation scheme leads to the same pressure correction field on both
donor and target grid. Thus, pressure variations, e.g. due to relative grid
motions, will remain disregarded and have to be taken into consideration. The
interpolation of the pressure correction is derived from the inter-grid coupling

of the pressure
po=S wipi+5(p) (3.38)
i=1
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and treated as following, where (*) and (") denoting the current and the cor-

rection value, respectively:

pi =Y wilpi +vp) +6(p") - (3.39)

i=1

Herein, p; and p, are the pressure correction on the donor and target grid,
whereas v denotes the under-relaxation factor. Mind that the explicit part of
the interpolation equation is restricted to the pressure field from the previ-
ous iteration p*. To obtain the modified interpolation equation, the pressure

corrections are organized separately from the values of the old pressure field:

n 1 n . ) )
P ) wip, = 5 > wip} +6(p") —pj| - (3.40)
i=1 i=1

Obviously, the incorporation of the interpolation schemes into the global equa-
tion system leads to a non-symmetric system matrix. Thus, common linear

solvers for symmetric matrices are not suited for these problems.

Mass conservation for overset-grids

The finite-volume method is based on flux balancing over each cell volume and
thus, is inherently conservative for transported quantities. This approach is
not conservative anymore, especially for the mass, if direct field interpolation
from one to another grid is considered. Due to the violation of the global
mass conservation, the pressure correction loses its consistency and therefore
diverges. This problem can be reduced and minimized by using a higher-
order interpolation scheme for the velocity field. Furthermore, an additional
flux correction is implemented, where the sum of all mass fluxes through the

interpolation section on each grid are forced to zero.

Cell status

The overset-grid technique needs to determine the status of each cell, which

can be changed dynamically during the computation process. Knowing the
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3.3 Overset-grid method

cell status, the solving algorithm can decide and control if a cell needs to be
interpolated, used as a donor cell, to be ignored or solved in the common way.

For the solution process four cell status are of interest:

e SOLVE
- the RANS equations are solved for this cell

e INTERPOLATE

- the values are interpolated by donor cell values from another grid

e DONATE

- the value is donated for interpolation to a target cell on another grid

e IGNORE
- this cell is blanked and is not considered in the computation

Grid 2 blanks grid 1 Void space 1

blanks grid 2

“+.., Priority 2

Void space 2
blanks grid 1

. Priority 2

Background Mesh, Priority 0 Background Mesh, Priority 0

(a) Cell blanking by grid priority. (b) Cell blanking by void space.

Figure 3.9: Priority management by cell blanking, [Brunswig and Rung, 2011|.

To enable the employment of an arbitrary number of overlapping grids, the cell
status determination process has to follow a priority structure, which can be
predefined and assigned to each grid. If two overlapping grids provide donor
cells for the interpolation to the same location, the cells of the grid of lower
priority will be blanked (status IGNORE), since this part of the computa-
tional domain is covered already by a grid of higher priority, see Fig. [3.9h.
Another reason for cell blanking is the location outside of the computational
domain, or if cells are located in the void space - which is usually the meshed
body - of other grids, see Fig. [3.9b. Regions of enabled cells, i.e. SOLVE-,
INTERPOLATE- and DONATE-cells, are located in overlapping regions with
grid coupling. In certain circumstances, the priority can be changed dynam-
ically for cells of lower grid priority, which feature a higher grid quality than
the cells of the higher grid priority due to grid movements, see Fig.
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Figure 3.10: Illustration of the variable cell priority for a cylinder in a chan-

nel: The void space of the background grid, |Brunswig and Rung,

o)

3.4 Solution algorithm

The overall solution algorithm, illustrated in Fig. [3.11] consists of two main
procedures - the flow solver and the motion solver. If no body motion is
enabled, the flow solving algorithm focuses on the conservation equations.
Herein, the three velocity components u;, ¢ = 1,2,3 are computed by the
momentum equation (2.3) in the first place. Then, the pressure can be deter-
mined using the continuity equation and the SIMPLE-algorithm. In case
of turbulent flows, the turbulence variables are established and afterwards, the
volume fractions ¢ and ¢y for multi-phase flow simulations are obtained by Eq.
(2.32)). Basically, there are two iteration procedures. The inner iterations are
concerned with each equation system of the dependent variable, whereas the
outer iterations are assigned to the solution steps over all equation systems.
The termination of each iteration procedure is defined by either the maximum
iteration step or the compliance of a desired convergence. This algorithm is

repeated for every time step in an unsteady calculation.

In case of body motions, the solution algorithm addresses the motion solver
before solving the conservation equations. The bidirectional fluid-structure

interaction is implemented within an expanded iteration procedure. If explicit
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3.4 Solution algorithm

time integration is desired, just the values of the last time step are required.
Thus, the motion solver is just called once in the first outer iteration of each
time step. For implicit time integration the values of the current time step are
needed for the determination of the body’s position and velocity. Therefore,

the motion modeller has to be called in every outer iteration.

At first, the motion modeller accumulates the hydrodynamic forces and mo-
ments acting on each body. These values arise from the pressure and sheer
stresses established by the Navier-Stokes-equations and are set to zero in the
initialization step. In conjunction with the mechanical forces due to coupling
joints in a multi-body system, the equations of motions for each body can be
obtained by the equation system (3.36|). Finally, the updated body motion
values of position and velocity can be transferred into a new grid position and

thus, induce new hydrodynamic forces on the body.
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Figure 3.11: Flow chart of the solution algorithm using implicit coupling of

flow solution and body motions.
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In this chapter different verification and validation cases are presented. The
simulations were carried out by the simulation tool FreSCo-+ based on the
described methods in Chapter [2] and [3] Herein, simulations using mechanical
joints are of particular interest. By reason of efficiency all computations are

conducted on a physically compact computation domain.

4.1 Water-impact of a cube

For the study of the behaviour of a cube impacting into a water tank, results
obtained from the overset-grids approach have been verified against single-
grid results. The aim of this test case is to present the functionality and the
quality of the overset-method. A cube with edge length 0.15m is falling into
a 0.25m x 1m x 1m tank. Notice that the lateral and bottom boundaries of
the tank refer to walls in accord with the experiment reported by |Kraskowski,
2009]. The cube’s centre of gravity is displaced by 7 mm to one side which
causes a complex angular (roll-over) motion inside the water. The results of an
overset-grid simulation with 3.6 - 10° background cells and 1.4 - 10° foreground
cells are compared to images of |Kraskowski, 2009| and to the results of a
single-grid computation with 6.7 - 10° cells, see Fig. The floating-body
motion was computed using the quaternion-based motion modeller for the
cube using an implicit coupling procedure between the motion modeller and
the fluid solver.

Fig. reveals an impressive agreement between both simulations and experi-
mental observations for three time instants, i.e. t = 0.4s,t = 0.6s and t = 0.7s
after the first contact of the cube with the free surface. Fig. compares the

predicted vertical accelerations returned by the overset-grids and the single
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overset y | single-grid

Figure 4.1: Comparison of numerical grids employed for the water impact of a

cube case.

overset experiment single grid

Figure 4.2: Comparison of cube position and orientation for different points
in time. The left pictures refer to overset-grids simulations, the
middle ones depict experimental photographs and the right pictures

show snapshots from single-grid simulations.
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' Overset '
Single grid -------

0.5

-0.5

Normalized vertical acceleration

1 | | | | 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]

Figure 4.3: Vertical accelerations impacting on the cube for the overset-grids
and the single grid simulations. The accelerations are normalized

by earth gravitation.

grid method. Again an encouraging predictive agreement is seen. Further sin-
gle grid results for this case can be found in |[Koliha, 2011]. For more overset
validation cases in FreSCo+, see [Brunswig et al., 2014], [Brunswig and Rung,
2011] or [Volkner et al., 2015].

4.2 Resistance calculation using a rigid link

The next verification case was concerned with the resistance of a Wigley vessel
in turbulent flow at Froude number Fr = 0.20 and Reynolds number Re =
5.6-107 using a rigid link connection. The dimension of the vessel referred to a
length-to-breadth ratio of L/B =5, a draught-to-length ratio of D/L = 1/16
and a displacement of and an amidships section coefficient of C,, = 0.909.
The employed grid consists of 7 - 10° nodes. Results obtained for fixing all
degrees of freedom were compared to the simulation of a vessel, which was free
to surge with its bow connected to a wall by a rigid link. The rigid link aimed
at preventing the vessel from moving backwards. Both single grid simulations
used the seaway model described in Sec. for calm water conditions.

A comparison of the resultant wave pattern is illustrated in Fig. Results
for the fixed position simulation are displayed in the upper part of the figure

47



4 Verification and Validation
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Figure 4.4: Wave pattern of the resistance test with a fixed vessel (top of figure)
and a vessel held by a rigid link (bottom of figure).

and agree with the wave pattern returned by the rigid link simulation shown
in the bottom. An identical total resistance value was obtained for both cases
and the relative length change of the rigid link remained in the order of 10~*
during the whole simulation, which is deemed negligible.

Other verification and validation cases for this joint model can be found in
[Mierke, 2012| and [Luo et al., 2012].

4.3 Falling cube fixed to a rope

This case refers to a test of the rope model by analysing the vertical motion
of a free falling 3D-cube with a mass of 10kg and an edge length of 1m under
gravity. As depicted in Fig. [4.5] the cube was attached to a rope of 5m, which
was fixed to a horizontal wall. In the beginning of the simulation, the cube was
initialised at a vertical distance of 0.5m to the wall (see Fig. [4.5]). For this test,
a rope that has 20k¢g maximum breaking load (BL) and an elongation (EG)
of 2% at half breaking load was considered. Due to Hooke’s law and choosing
0 = 0.5 in Eq. for convenience, one obtains the rope parameters listed
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in Tab.

Table 4.1: Rope parameters of the falling cube case.
EG [%] BLI[kg C[¥ DX

2 20 981 99.045
1z
0.5m
10 kg g
5m
: — 10 kg 1m

Figure 4.5: Illustration of the falling cube fixed to a rope. Left: initial position,
right: final position.

The result of the simulation is illustrated in Fig. [1.6] The left diagram displays
the temporal evolution of the vertical position and the right chart reveals a
history of forces acting on the cube. As the length of the overstretched rope
is decreased towards the relaxed length, the cube is accelerated in negative
z-direction, cf. close-up in Fig. (left), and upward pointing fluid forces up
to approximately 25N occur in line with the induced hydrodynamic masses.
As soon as the contact point distance settled to the predefined rope length
of 5m, the rope forces reduced and finally held the cube under gravitational
force. The rope length displayed an overshoot of 5.38m and maintained a
final length of 5.09m. Compared to the expected final length according to the
rope parameters in Tab. of 5.1m, this corresponded to a relative error of
0.2%. Furthermore, the sum of the rope forces and the fluid forces yield to
the weight of the cube, which is in line with the theory. The overshoot is an
effect related to the spring-damper-model. The magnitude of the peak can
be affected by adjusting the damping behaviour, but has no influence on the

final elongation value of the rope. Further details are discussed in section
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Figure 4.6: Simulation results of rope length (left) and forces acting on the
falling cube (right).

Results showed that the implemented rope model is able to mimic realistic
rope characteristics.

4.4 Rope parameter study

The behaviour of the rope in its overshooting region was investigated for dif-
ferent rope parameters using the simulation set-up of the Wigley vessel from

the previous section. Instead of the rigid link connection, a rope was attached
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4.4 Rope parameter study

to the vessel’s bow. In the initial position of the Wigley, the rope was not
tightened. Induced by the incoming current, the vessel moved backwards until
the predefined rope length was achieved. The vessel was able to move 0.3m in
the direction of the current until the rope got tight and held the vessel in place.
For the comparison of various rope’s characteristics, two different coefficients
of extension were paired with different damping parameters as outlined in Tab.
[4.2] In each simulation the relaxed rope length referred to 100m. The spring
coefficient can be obtained by Hooke’s law and the elongation magnitude of
the rope. According to Eq. the dependent variable for calculating the
damping parameter is the mass m. Since towing operations involve differ-
ent body masses as well as the relevant hydrodynamic masses, the damping

coefficient D can be seen as a function of the vessel’s mass m.

Table 4.2: Parameter sets of two different rope types (i.e. stiff and elastic)
used in the study.

EG[%  BL[] C[Y DI[Y] D=D(m)

1.3 (stiff rope) 100 3.8-10° 5.5-10* D(0.25-my)
7.8-10"  D(0.5-my)
1.1-10° D(my)
1.6-10°  D(2-my)
22-10°  D(4-my)

7.4 (elastic rope) 100  6.6-10* 2.3-10* D(0.25-my)
3.2-10'  D(0.5-my)
46-10*  D(my)
6.5-10'  D(2-my)
0.2-10°  D(4-my)

The resistance coefficients and wave pattern resultant from each computation
agreed with the data obtained in the previous case using the rigid link. Figure
demonstrates the percental length deviation from the rope’s relaxed length
by observing the normalised distance between the two end points of the rope.
Due to the initial position of the vessel, the displayed curves started at —0.3%.
The upper figure shows the result for the stiff rope, which had a breaking load
of 100t and 1.3% elongation. The lower diagram depicts the results for the

elastic rope, which had the same breaking load and an elongation of 7.4%.
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4.5 Runup generated by sliding wedge

Every simulation manifested a result close to the expectations. Modelled ropes
were flexible, and as expected, the ropes with the higher flexible quality - in-
dicated by small values in C' (Fig. bottom) - elongated more than ropes
with lower flexibility - indicated by large values in C' (Fig. top). Fur-
thermore, less stiff ropes overshot the target length more than the stiff ropes.
However, all ropes with identical spring but different damping coefficients led
to the same final elongation length. The magnitude of the oscillation am-
plitude was controlled by choosing appropriate damping parameters for the
desired rope characteristic. As indicated by Fig. [.7, independent on the
spring stiffness, larger values of damping coefficients led to smaller or even no
oscillations. The two dotted lines are least extended. Looking at the stiff rope
with C' = 3.8-10°N/m and D = 2.2 - 10°N - s/m, the elongation maximum
reached 0.011% before remaining a final length of 0.002% above the relaxed
rope length. Compared to Tab. damping values should be taken from

D(n - my) for n > 1 to avoid large oscillation amplitudes.

4.5 Runup generated by sliding wedge

This validation case was considered with experiments described in [Liu et al.,
2005]. The test case studied the wave field and run-up/run-down generated
by a sliding three-dimensional rigid wedge and illustrates the attainable accu-
racy for mechanically coupled simulations of free-surface flows using overset
grids. Figure shows a sketch of the experimental setup. Simulations were
performed for turbulent flows using the & — w model and no-slip boundary
conditions. Free-surface elevations were measured at different locations, two

of which are depicted on the bottom of Fig.

In the present study, the motion of the wedge was computed by the 6DoF
motion modeller and was mechanically coupled to the ramp by translational
joint described in Sec. 3.2.2. In other words: This joint serves as a sleeve bear-
ing for the sling wedge and the motion is calculated numerically in each time
step under the mechanical joint condition. Thus, the motion is not predefined.
The considered forces are confined to gravitational and fluid dynamic forces,
i.e. contact or friction forces between the wedge and the ground are deemed

negligible. The initial emergence of the slide was 0.32cm and the mass of the
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Figure 4.8: Side view (top) and top view (bottom) with wave gauge locations.

Figure 4.9: The time evolution of the free-surface for the sliding wedge case.

o4



4.5 Runup generated by sliding wedge
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Figure 4.10: Comparison between numerical results and experimental data re-
ported by Liu et al. [Liu et al., 2005] for the time histories of the
free-surface elevation at gauge A (left) and B (right) of the sliding

wedge case.

wedge was assigned to 467.83kg. The numerical grids contained 5.1 - 10 and
1.55 - 10° cells for the background and the foreground grid, respectively. The
simulation used a grid refinement featuring approximately 15 cells per wave
height.

Figure [4.9| shows the predicted time evolution of the free-surface contour at
six different time steps as the wedge moves down the incline. In this sequence,
the generation and its subsequence propagation of a wave train can be ob-
served. Figure [4.10| compares the surface elevations simulated at gauge A and
B with experimental data. The wave amplitude in the simulation is slightly
underestimated for gauge A and overestimated for gauge B. However, the wave
phase is well predicted. Note that the experimental data were carried out by
visual observation of video images supported by resistance wave gauges with
unknown sampling rates. Overall, the numerical simulation revealed a fair
agreement with the experimental data. Furthermore, the numerical variation
of the wedge’s motion to the incline of the ramp remains in the order of 1-107°
— and hence negligible as compared to the extent of the body (O(m)) — during
the entire simulation, which demonstrates a reasonable functional capability

of the applied mechanical joint.
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4 Verification and Validation

4.6 Generic platform with heaving legs

The present validation case refers to a generic platform with two attached legs,
which are restricted to heave perpendicularly to the platform. The aim was to
verify the implementation of the mechanical joints. As depicted in Fig.
the platform was exposed to waves and therefore performed a pitch motion.
Both legs were coupled to the platform by translational joints. The legs should
thus pitch in accord with the platform, but were free to heave independently.
The initial position of the two legs at ¢t = Os can be seen on the right diagram
of Fig. Furthermore, a constant force was applied to both legs, which

cause an additional heaving motion.

In this simulation three overlapping grids containing 2.25 - 10° cells for the
background grid and 2 x 5 - 10* for the foreground grids were used to compute
the laminar flow with slip-wall boundary conditions for the verification. The
platform’s dimension was 15m x 15m x 2m and the dimension of each leg
reads 3m x 3m x 15m. The density of all three bodies was half the density
of water. Thus, the three bodies were half submerged in the static calm-
water conditions. The wave field was characterized by a wave height and
wave length of H, = 1.3m and A = 20m, respectively. A constant force
of F, = 135kN was applied to the local z-axis of both legs. In Fig.
the pitch and heave motions of the system are presented. As expected, all
three bodies performed exactly the same pitch motion. Since the buoyancy
forces compensated the external forces acting on the legs, the legs’ vertical
displacements were gradually diminishing. The legs were initialized in different
heights and therefore heaved in shifted phase. The pitch of the platform - and
the attached legs - also declined gradually, as expected. Results were all in line
with the expectations and indicated the capability of the mechanical model to

capture complex relative motions of a coupled multi-body system.

4.7 Seabed penetration of Jackup legs

The last test case is concerned with the leg-seabed interaction. Emphasis is
given to the predictive accuracy of the computed seabed reaction force dur-

ing the penetration of an exemplary leg which featured a diameter of 4.5m
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4.7 Seabed penetration of Jackup legs
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4 Verification and Validation

and a cone angle of 76°. The leg was penetrated vertically into the su-
perfine silica sand, which is representative for many offshore locations, see Fig.
Results of the present simulation were compared to reference data taken
from |[Kreuzer et al., 2014], who employed a Finite Element (FE) method in a
Coupled Eulerian-Lagrangian (CEL) framework to investigate the leg-seabed
interaction. The CEL FE-method has been successfully used to simulate the
penetration process of spudcans or legs into soils [Qiu and Grabe, 2012]. To
simulate the behaviour of the soil, a comprehensive hypoplastic model [von
Wolftersdorft, 1996| was used by the authors in [Kreuzer et al., 2014].

Table 4.3: Soil and fender parameters used for the penetration simulation.

Parameter Value
soil density 1540kg/m?
internal friction angle 35°

spring stiffness 1 1.8-105N/m
damping coefficient 1 | 1-10%kg/s

spring stiffness 2 4-10°N/m
damping coefficient 2 | 5-10%kg/s

In the present study, the soil phase was modelled as a viscoplastic, incompress-
ible material, which featured a strain rate dependent plastic deformation, cf.
[2.3.2] Inherently, the elastic and compressible properties of the soil cannot
be considered in this incompressible framework. A remedy to this issue and
thereby append reaction forces by reason of compression to the model, was the
supplementary use of a combination of linear fenders to the penetrated leg, see
Fig. [4.14] The soil resistivity manifests a similar characteristics to that of the
fender model, i.e. the reaction force rise when the material gets compressed.
Since the seabed reaction force is nonlinear, two fictitious fenders with differ-
ent spring stiffness were combined to mimic the elastic behaviour of the sand.
This way, any seabed composition or desired soil resistivity can be approxi-
mated by applying suitable fender parameters, which were assigned and tuned
to mimic a certain (previously investigated) soil behaviour. Thus, both soil
characteristics, i.e. compressibility and plastic deformation, were covered in

this combined approach.
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4.7 Seabed penetration of Jackup legs
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Figure 4.13: Geometry and penetration path of the leg penetration case.

Figure 4.14: Modelling of the compressible behaviour of the seabed using two

linear fenders, which are indicated by using different spring stiff-
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4 Verification and Validation

Figure displays a fair predictive agreement between the present cohesion-
less model (cf. Tab. and the reference data provided by |[Kreuzer et al.,
2014] for vertical reaction forces of the leg. The seabed reaction force progres-

sion was thus reasonably reproduced by the combined model.
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5 Applications

The application cases presented in the following chapter refer to offshore op-
erations, especially for offshore wind park industries. All simulations were
obtained by FreSCo-+ using the overset technique on compact computational
domains. Examples included involve three phase flows including air/water/soil
interactions. A combination of various mechanical joints are employed to

model realistic conditions.

5.1 Floating tug

A tug vessel (see Tab. served for the validation and application of the
coupled computational methods. Simulations of a non-propelled tug in differ-
ent harmonic waves and encounter angles were compared to measured data
reported by the [SVA Potsdam Model Basin, 2013| for a scaling factor of
A = 16. Figure 5.1 exemplifies the investigated three validation cases in head,
oblique and beam waves. In the computation two overlapping grids containing
5.6 - 106 cells for the foreground grid and 6.3 - 10° cells for the background grid
were used for a rather compact domain of 3.5L x 3L in horizontal and lateral
direction. The vertical span of the domain was 1.06L with the free surface
being centred. All degrees of freedom of the vessel other than the motion of
interest, i.e. heave (, pitch 6 and roll ¢, were suppressed by neglecting the

associated accelerations.

Table 5.1: Dimensions of the full-scale tug.
Llm] B[m] D[m]  m[kg]

37.5 14 0.836 1244894
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5 Applications

Figure 5.1: Validation test cases of the tug in head, oblique and beam waves

using overset grids.

In Fig. results of head (u = 180°) and beam waves (u = 90°) are as-
sessed by a comparison to the associated response-amplitude-operator (RAO)
in comparison to measured data. The comparison revealed an encouraging
agreement between simulations and experiments. While the calculated heave
motion in head waves for the normalised wave length \/L = 2 was slightly

over-predicted, the agreement of the other motions were much better.

It is noticed that the numerically predicted roll motion in head waves is al-
ways close to zero due to the strictly symmetric set-up, which was difficult to

maintain during the experiments.

The simulations for encounter wave angles of 135° required specific treatment
because of the strong coupling to the yaw motion of the tug. Due to its hull ge-
ometry, the tug turned itself into the incoming diagonal waves. Therefore, the
yaw motion increased over time and an energy transfer to the other degrees of
freedom was experienced. Though, the yaw was suppressed numerically, inher-

ent properties of the quaternion model would still permit small yaw movements
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Figure 5.2: Simulation results of floating tug compared to RAO for head and

beam waves.

Figure 5.3: Applying numerical ropes to avoid breaking out of the tug for wave

encounter angles p = 135°.
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in every time step, which would cumulate to larger magnitudes. The experi-

ment actually suffers from similar phenomena.
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Figure 5.4: Simulation results of floating tug for yu = 135° using guidance lines
compared to RAO (left). Yaw motion with and without guidance
lines (right).

To measure the heave, pitch and roll motion, the tug was stabilised in the
experimental towing tank by using guidance lines. Whenever the tug started
to break out of the desired position, it was towed back immediately. For the
numerical investigation the same treatment was used by attaching numerical
ropes to the tug as illustrated in Fig. [5.3] Using rope parameters of C' =
6.8-10°N/m and D = 2.9-10° N - s/m reasonable results were obtained. Figure
(left) demonstrates the improved performance returned by the bonded
configuration in comparison with the simulation results of the unbonded case.
Due to the use of the numerical ropes, the yaw motion was reduced to the
order of 0.01lrad =~ 0.57°, see Fig. Mind that the stabilization of the
tug position by guidance lines in the experimental environment is the most

difficult for oblique waves. Therefore, discrepancies can easily occur between
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5.2 Boatlanding

measurements and numerical results. The conspicuous deviations between
measurements and predictions for the larger wave length \/L = 2 displayed in
Fig. could also result from the combination of the compact numerical grid
and the employed incident wave model, in particular the length of the buffer
zone and its respective clearance from the vessel. According to [Jacobsen et al.,
2012, wave reflections at the buffer zone might occur for buffer zones that are
shorter than the length of the vessel, at least for explicit wave models. Other
towing application cases have been published in [Rung et al., 2013a| and [Rung
et al., 2013b|.

5.2 Boatlanding

This application case was concerned with the landing manoeuvre of a catama-
ran vessel at an offshore foundation using a fender. The aim was to analyse the
hydrodynamic effects on the contact between a vessel and a monopile structure.
Numerical simulations were compared to experiments published by [Gonzalez
et al., 2015a]. The tests were carried out in a towing tank of 80m length,
5m width and 2.3m depth. The main particulars of the model are listed in
Table [5.2] which refers to a geometric scaling factor of A = 10. The vessel
was equipped with two propellers and a D-profile fender. As the vessel pushed
against the monopile, which was achieved by keeping the thrust on a mean

level, the motion of the catamaran and the fender were measured.

Table 5.2: Dimensions of the catamaran model.

L{m]  Blm] Dlm] m[kg]

2.2 0.8 0.12  79.2

Table 5.3: Model parameters used in the simulations.

Model C[Y] DX fuulN] g

m

I 40000 500 - 0.7
IT - - 60 0.7
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Figure 5.5: Sketch of the simulation set-up (left) and the employed grids (right)

for the boat landing case.
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5.2 Boatlanding

Figure illustrates the set-up and the employed overset grids. The fore-
ground grid contains about 1.7 - 10° cells and the background grid amounts
approximately 4.7 - 10° cells. The computational domain had the same size
as the towing tank. The propeller thrust was modelled by applying external
forces on the body and fender forces were calculated and compared by using
the first and the second fender model as described in the section 3.2.2. The
response-amplitude-operator for the heave and the pitch motion of the iso-
lated, free floating catamaran is shown in Fig. [5.6]

The agreement between the numerical results and the experimental data is
deemed satisfactory. Mind that results refer to a vessel which was not push-
ing against a monopile. Therefore its motion was not effected by any contact
forces and the simulations serve to verify the adequacy of the computational
model.

The model parameters of the two fender models used in the boat landing
simulations are listed in Tab. 5.3l The simulated motions of the vessel were
restricted to surge, heave and pitch. A constant thrust, which agreed with the
average value extracted from the measurements, was applied to the body to

mimic the propeller force.

Results of the landing manoeuvre in regular waves were compared to the ex-
perimental data in Fig. for a normalised wave length of A\/L = 1.12 and
a steepness of H,/\ = 0.0243. The upper diagram shows the vertical motion
Cfen of the fender and the bottom of the figure reveals the pitch motion 6., of
the catamaran. Both simulations using fender model I and II displayed a good

agreement of the predicted amplitudes and frequencies with experimental data.

For further demonstration of the fender’s stick and slip behaviour, the ma-
noeuvre was simulated in irregular waves. For this purpose, a JONSWAP-
spectrum using a significant wave height of H; = 0.08m in model scale and a
significant period of Ty = 1.57s (Fig. was used. According to |[Bertram,
2000], 30-100 wave components should be employed for the simulation of the
natural seaway in each incident wave direction. Three different discrete reali-
sations of the spectrum using 20, 50 and 80 frequency bins were used for the
same grid in the present study. The resolution of the free-surface was chosen

in a way that waves with half significant wave height were resolved with about

67



5 Applications

20 cells, and the peak frequency has been reproduced adequately for all three
seaways. Since the waves were superposed in five defined directions, each short
crested seaway was therefore composed of 100 (seaway A), 250 (seaway B) or

400 (seaway C) components.

An important aspect refers to the random characteristic of the seaway sim-
ulation. To avoid recurrence, frequencies and phases of the superposed wave
components were chosen randomly within each discretization and also with
respect to their phase within [0, 27], respectively - see Sec. 2.3. Thus, despite
the same underlying wave spectrum, different discretizations could lead to dif-

ferent results in such a short-term analysis.

The fender’s vertical displacement (., and velocity ¢ fen Were compared for
the three realised seaways. Results displayed in Fig. outline that the slip
occurred about every 13 seconds for a period of approximately 7 seconds in
seaway A, which was attributed to the low resolution. In conjunction with
seaway B, three significant slips were recorded at ¢t = 6s, t = 18s and t = 49s.

In seaway C the fender rarely slipped into large amplitudes.
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Figure 5.6: RAO for free floating catamaran in head waves.
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5.3 Grounding of gravity foundations

5.3 Grounding of gravity foundations

The following test case refers to a shallow water foundation for offshore wind
turbines. The structure is usually towed to a desired location and subsequently
lowered to the ground by partial flooding, see Fig. Figure depicts the
investigated structure which featured eight symmetrically arranged flooding
compartments and a mass of 7315.8¢. The overset grids contained 9.2 - 10°
cells for the background and 1.35 - 10° cells for the foreground grid. The soil
parameters were taken from Tab. and the soil was considered to be cohe-
sionless. To ensure a realistic sinkage depth, two fictitious fenders were applied
right beneath the surface of the soil phase. Once the bottom of the foundation
hit the ground, the fender will be compressed. Without loss of generality, the
fender’s spring stiffness is assigned to C; = 32-10°N/m and Cy = 64-10°N/m,
the damping coefficients are defined as D; = 16-10°kg/s and Dy = 8-10°kg/s.
Note, that in this application case the fender parameters were chosen to meet
desired attributes, i.e. reasonable final sinkage depth preventing long simula-

tion time. In fact, any desired soil resistivity can be applied here.

In the first simulation, no external forces, e.g. induced by towing hawsers
were considered. As indicated by Fig. the foundation tilted aside during
the simulated flooding process. The reason for tilting was the reduction of
stability during flooding and a small asymmetry of the discrete model, which
is induced by the automated generation of the unstructured mesh. In view
of transient inhomogeneous environmental and initial conditions, an asymme-
try seems not unrealistic and can harm the operation. To prevent tilting, the
foundations are stabilized by towing hawsers of the tugs operating nearby, see
Fig. (center). Regarding this, four numerical ropes were applied to the
foundation’s shaft and were bonded to fixed local points in a height of 10.5cm
above the free-surface. The arrangement of the ropes was in a circular angle
of 90° around the foundation, cf. Fig. All ropes had a relaxed length
of 98.5m and the employed rope parameters were C' = 6.7626 - 10 N/m and
D = 2.9-10°Ns/m for the spring and damping coefficient. In the beginning
of the process, the ropes were already strained with an initialised rope length
of 99m. The simulation result by means of the flooding process and the veloc-
ity magnitudes inside the foundation at different time steps are shown in Fig.
As the water penetrated into the flooding compartments, the foundation
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Figure 5.10: Foundation dimensions and shape for the 3D simulation of the

gravity foundation flooding process.

Figure 5.11: Installation process without towing hawsers: the foundation is

tilting due to the asymmetric flooding process.

began to sink gradually until it hit the ground and was filled up completely.
The top diagrams of Fig. [5.14] shows the corresponding motions. The verti-
cal /sinking motion stopped at 21m, i.e., the foundation subsided 1m into the
seabed and the vertical velocity vanished as the foundation reached the ground.
The rotational motion diagram reveals tilting in x- and y-direction at the time
of highest sinking velocity. But this time, the foundation was stabilized by
ropes, which can be seen in the bottom diagrams of Fig. As expected,
during the sinking phase of the foundation the rope forces decreased first, since
the ropes got stress relief based on the ropes’ arrangement. As soon as the
foundation experienced pitch and roll, which led to tilting in the direction of
rope 3, rope 2 was tightened again and forces of rope 3 were nearly vanishing.

Finally the foundation sank to ground with a small final pitch and roll angle
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SIDE VIEW TOP VIEW
rope length at thegin: 99m rope's relaxed length: 98.5m
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Figure 5.12: Rope configuration for the installation process using towing

hawsers.

Figure 5.13: Installation process using towing hawsers: velocity magnitudes

inside the foundation at different timesteps.

of 0.2°, which again strained all ropes. Note that the rope forces are expressed
by the magnitudes of the forces. The force discrepancy in the final process
was dominated by vertical components. Figure depicts the velocity dis-
tribution in the installation process. The sinking motion induced translational
velocities under the foundations bottom, i.e., in the suspension layer to the

soil phase, which leads to a soil bulge around the foundation base.
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Figure 5.14: Foundation grounding case: vertical motion, vertical velocity, as
well as rotational motion and rope forces during the installation

Process.
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t=19s o t=22s o t = 25s

Figure 5.15: Velocity distribution and soil bulge around the foundation.
5.4 Jack-up elevation in seaway

The final application is concerned with the hydrodynamic performance during
the installation process of a generic jack-up vessel. The aim was to analyse the
hydrodynamic forces acting on the vessel and to examine potential operational
limits. Herein, all components of the computational model were combined.
Regarding the safety of the crew during operations, roll motion and large

accelerations should be avoided.

Elevation process in natural seaway

The first investigations were concerned with the elevation process of the generic
jack-up vessel [Kreuzer et al., 2014] depicted in The main dimensions
of the considered geometry are given in Tab. Herein, VCG denotes the

vertical distance from baseline to the center of gravity, which is horizontally at

amidships. The jack-up consisted of a main platform, which had translational
joints to its four legs. The employed coupling allowed the legs to move only
perpendicular to the ships longitudinal axis. To lower the legs in reality, they
are flooded and additionally pushed down by a hydraulic system. Since the
flooding of the legs is not of interest, the simulation can be simplified by adding
a time dependent mass conditioned by the lowering depth of the legs. This

mimics a water flux that scales with the vertical motion.
m(t) = mg + /mdt =M + pu - Awl - /z(t) dt = mg + pu - A - 2(t). (5.1)

Herein, mq denotes the initial mass of the leg, p,, is the water density and A,
describes the leg’s water line area. The time dependent vertical position of the

leg’s center of gravity refers to z(t).
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Figure 5.16: Generic jack-up vessel.

Six grids were used for this turbulent flow overset simulation. The background
grid contained 8 - 10°, the platform had 5 - 10° and each leg counted 2.62 - 10°
cells. A fully developed JONSWAP spectrum of 200 wave components using
H, = 2m and T, = 5s was applied. The extent of the compact computational
domain is 200m x 300m and the water depth was 30m. The initial positions of
the legs were assigned to 5m above the seabed. To model the compressibility
of the seabed, additional fenders were applied to the penetration area of each
leg, cf. Sec. 3.3. The fenders act right beneath the seabed surface. As soon
as each single leg hit the ground, the fenders will be compressed. Without
loss of generality, each fender’s spring stiffness denotes to C; = 35 - 10N/m
and Cy = 80 - 10°N/m, the damping coefficients are D; = 20 - 10°kg/s and
Dy =20 -10°kg/s. Again, note that any desired soil resistivity /characteristic
can be applied here. For this application, the given combination were chosen
for reasonable sinkage depth.

After the legs penetrated into the soil, the main ship lifted itself up to a given

Table 5.4: Dimensions of the generic jack-up vessel for numerical investiga-

tions.

length | breadth | draught | lengthi, | diameter;, | mass | VCG
130m 36m 6m 60m 5m 24614t | S5m
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5.4 Jack-up elevation in seaway

Figure 5.17: Three phase overset simulation (air, water and soil) of a generic

14
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10

vertical motion [m]
(o]

-2

jack-up vessel and its elevation process in natural seaway: leg

flooding/lowering (0.25s—1.5s), seabed penetration (2s) and plat-

form elevation (3s — 4s).

1

platform ——
L legs --------
free-surface v

time [s]

Figure 5.18: Vertical motion of the jack-up vessel and its legs during elevation

process.
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height by adding a ramp force to the platform and correlating moments at the
leg joint positions to ensure stability. While the platform was lifting up, the
legs experienced supplementary stability forces by the weight of the platform.
Fig. illustrates the overall jacking procedure of a generic jack-up vessel
in a natural seaway and Fig. shows the corresponding vertical motion of
the platform and the legs. Mind that actual leg velocities typically refer to
1.2m/min and the legs were lowered much faster in the present study. Due to
the flooding the legs hit the seabed for the first time at ¢ = 2s and come at rest
at a penetration depth of 2m, while the platform started to jack up itself to a
defined height of 12m. The jacking forces, which lifted up the platform, were
also applied to all legs in the opposite direction. These forces and induced
moments contribute to the stability of the vessel. Due to a draught of 6m, an

air gap of 5m was achieved at the end.

Loads on the platform

The final investigations refer to the loads on the platform due to beam waves.
Therefore, the jack-up vessel was exposed to harmonic waves of same wave
length A = 35m and wave height of H,, = 6m during the elevation process.
The wave crest was supposed to hit the platform before the legs reach the
ground, at the time of the penetration and after the legs already dived into
the seabed. Therefore three different phases ¢; = 12.07, ¢y = 10.74 and

w3 = 9.41 were of particular interest.

Fig. exemplifies the free-surface elevation at ¢ = 1.5s, when a wave crest
reached the platform. Fig. compares the lateral forces of the beam waves
for different wave phases, as well as the corresponding roll moments and roll
motion of the vessel. The maximum amplitudes of the hydrodynamic forces
and moments acting on the vessel were assigned to the wave impacts. Since the
bulk of the vessel was submerged in water at the time of impact for all three
cases, the platform got excited and hence, performed a roll motion. In the
case of ¢ the roll motion was exclusively dominated by hydrodynamic forces.
For o and (3 the legs already had contact to the ground. Thus, the wave
impact forces could cause a tilting of the vessel by the down jacked legs during
subsequent lowering, which was rather a mechanical effect. In these cases safe

working condition is not assured and jacking would not be performed. Mind
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Figure 5.19: Load investigation on jack-up platform: wave impact at t = 1.5s
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Figure 5.20: Computed lateral forces, roll moments and roll motion experi-
enced by the investigated platform during elevation for different

wave phases.
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that a critical significant wave height for jacking operation is typically 2.5m
maximum [Swire Blue Ocean, 2013|, [Oster, 2016|. These cases illustrated and
predicted the hydrodynamic performance of jack-up rigs in extreme seaway

conditions.
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6 Summary and Perspectives

In this thesis the development and application of mechanically coupled bodies
in seaway and multi-phase environments are presented. The hydrodynamic
effects on multi-body systems have been analysed in simulations of complex
offshore installation procedures, while taking into account the dynamics of

three phases, i.e., air, water and soil.

The numerical treatment of the Reynolds-averaged-Navier-Stokes equations for
the incompressible viscous flow simulation is carried out by use of the Finite-
Volume method. Turbulent flows are modelled by the & — w turbulence model
and the free-surface is determined by the Volume-of-Fluid method. Implicit
seaway boundary conditions, which combine viscous solutions in the near-field
and inviscid solutions in the far-field, were used to avoid undesirable reflections
from the boundaries and allowed for the use of relatively compact domain sizes
and variable headings against the incident wave. To overcome the challenge of
large relative motions in a multi-body set-up, implicitly coupled overset-grids
with multiple overlapping layers were applied. A motion module based on the
quaternion formulation, which aimed to avoid the effect of the Gimbal Lock,
including constraint conditions and models of several basic mechanical joint
elements have been successfully implemented. With the help of the mechanical
joints, three-phase flow simulations including (rigid) structure-seabed interac-
tions have been modelled. The characteristics of the seabed can be modelled
by using a combination of linear fenders and a soil model, in which the seabed
is treated as a visco-plastic fluid with a variable viscosity. Followed by a yield
criterion, the granular soil phase manifests a strain-rate driven deformation if

a certain yield stress is achieved.

The algorithm was successfully validated and verified against numerical and ex-

perimental reference data. Particular interest was directed to simulation cases
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involving mechanical joints. Examples included refer to a sliding wedge, which
was modelled by the 6DoF motion module using a translational joint. Seabed
penetration of Jackup legs involving granular soil was investigated. Fair to
satisfactory agreement was obtained through out all investigations. Thus, the
procedure is shown to be capable of predicting body motions, body forces and

fluid forces with encouraging accuracies.

Finally, combining and utilizing all features of the computational framework in
the application to full scale two- or three-phase simulations, application cases
including wave tests of a floating tug, which had to be stabilized by numeri-
cal ropes, boat landing manoeuvres using fenders for safe transfer, installation
process of a gravity foundation and a jack-up rig to study safety margins were
analysed. The aim is to investigate the entire operation/installation process
within one simulation, including rigid structure motions in irregular waves and
seabed penetration. The results indicate that the combination of generic me-
chanical joints between multiple moving objects and overset-grid methods in a
multi-phase environment are a viable option to analyse complex hydrodynamic

scenarios at reasonable computational costs if a short-time analysis is sufficient.

Future investigations could involve numerical analysis of maneuvering in con-
fined water, which is important for ships opertating amongst others in harbours
or channels. The effect on ship motion is crucial for safety and optimum work
flow. By the use of the implemented methods and mechanical joints, simu-
lations on the dynamics of mooring systems [Wilke, 2003| or hydrodynamic
loads on tugs in escort operations |Artyszuk, 2014] are attractive and feasible.
The latter is commonly investigated using fixed yaw angles [Jahra et al., 2015].
With the present module, loads and flow patterns near escort tugs can be exam-
ined dynamically. Further interest could be directed towards crane/heavy-lift
operations on sea [Cha et al., 2010|, [Halse et al., 2014]. Swinging of suspended
loads or even loss of loads have big impact of the ship motion and stability,

thus dynamic response simulations are essential.

Concerning physical modelling, the implementation of a dynamic tensor of in-
ertia would be desirable. In the present procedure a body with multiple moving
parts, e.g. jackup vessel with moving legs, is modelled as a system of coupled

bodies with separate constant tensor of inertia assigned to each moving part.
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For more violent motions one time dependent inertia assigned to the complete
system would be valuable for its dynamic description. Considering the seabed
model, elastic reaction forces can be obtained by the supplemented fender
combination, if the penetration direction is known. The contour of a realistic
seabed is uneven and can have different inclinations. Thus, one-dimensional
reaction forces could be inaccurate. A more flexible model capable of treating

different penetration angles should be investigated.

Further attention should be turned to an increase of computational perfor-
mance. To gain meaningful results, long time simulations are beneficial. The
present code is already parallelized and efficient in its CPU performance, but

could be improved with a adequate GPGPU implementation.

This thesis demonstrates the applicability of the procedure for the simulation
of multi-body hydrodynamic problems. The use of appropriate combinations
of mechanical joints allows not only to analyse the consequences of holonomic
constraints, but also to supplement a soil model in an incompressible flow
solver. The procedure can serve as an attractive tool for a wide range of

applications.
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