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Preface

This thesis is submitted in partial fulfilment of the requirements for the degree of philo-
sophiae doctor (Ph.D.) at the Norwegian University of Science and Technology (NTNU).

The work presented in this thesis is the result of the doctoral research funded by the
the Research Council of Norway, under work package 4.1 of the Center for Research Based
Innovation (SFI) Offshore Mechatronics (OM) Project, which was carried out at the
Department of Mechanical and Industrial Engineering (MTP), NTNU, from December
2017 to December 2020.

The research was carried out under the guidance of Assoc. Prof. Christian Holden
(MTP, NTNU), as the principal supervisor, along with Prof. Olav Egeland (MTP, NTNU),
and Sr. Er. Dr. Ronny Sten (National Oilwell Varco), as co-supervisors.
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Summary

The advancements in computing has made it possible to carry out integrated simulation
of complex multiphysical systems, to better evaluate system performance and safety. The
discipline of multiphysical simulation, though well established in many domains, is not
used as extensively in the analysis of ocean engineering systems, which even in their
simplest applications, is highly multiphysical and interdisciplinary.

One factor that limits the of use of multiphysical simulation techniques in the analysis
of offshore systems is the lack of mutiphysics capabilities in hydrodynamics simulation
software, and vice versa.

This thesis presents the efforts and results in the direction of implementing such
a multiphysical approach in the ocean engineering domain, and thereby encompasses
facets such as the development of Modelica component models to constitute an Ocean
Engineering Library for OpenModelica, a popular open-source multiphysics software; and
the formulation of a co-simulation interface between Simulation X, a commonly used
commercial multiphysics software, and OrcaFlex, a popular commercial ocean engineering
software.

Being an article based thesis, the project scope is divided into parts, and each part is
dealt with in an article along with the relevant theory. The first chapter introduces the
project, and details the arrangement of the thesis.

In the first article, preliminary results from the multiphysical simulation of a rep-
resentative ocean engineering system in OpenModelica is compared with those obtained
using OrcaFlex, as an indicator of the possibilities of implementing such a multiphysical
approach. A detailed description of the theory behind the development of component
models to simulate regular and irregular waves, and depth-varying current is presented
in the second article, while the response of non-diffracting floating objects, and mooring
response based on the quasi-static approach, is presented in the third article. The third
article also brings out the limitations of the quasi-static approach in the simulation of
mooring forces.

The fourth article describes the lumped-mass approach to simulation of mooring line
dynamics, while the fifth article deals with the development of Modelica component-
models for subsea cable dynamics based on the lumped-mass approach.

The sixth article lays the foundation for the future development of Modelica component-
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Summary

models for simulating the hydrodynamics of larger objects, where wave diffraction and
radiation effects are significant, by presenting a Python code for the evaluation of the
frequency dependent hydrodynamic coefficients.

The seventh article is concerned with the development of a co-simulation methodo-
logy for riser analysis and presents a co-simulation interface between SimulationX and
OrcaFlez.

The last and eighth article compares the results of a multiphysical simulation, based
on the above co-simulation methodology, of a planned riser disconnect procedure with
field measurements, and demonstrates the possibilities that open up.

The conclusion section sums up the contributions of the present work and suggests
avenues for future research in the domain.
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Chapter 1

Introduction

The Research Council of Norway is a national strategic body for research. It manages
research funding from all of the Norwegian ministries, and allocates funds to basic and
applied research and innovation within all fields and disciplines.

The Research Council of Norway provides long-term funding to the Centre for Research-
based Innovation (SFI). The scheme promotes innovation through close cooperation
between R&D intensive companies and prominent research institutions. The Center for
Offshore Mechatronics (SFI-OM), (sfi.mechatronics.no), is a third generation SFI cen-
ter established with the aim of developing advanced offshore mechatronic systems for
autonomous operation and condition monitoring of offshore equipment and systems.

Work Package 4 (WP4) of the SFI-OM project is concerned with modelling and sim-
ulation, and Prof. Olav Egeland, from the department of Mechanical and Industrial En-
gineering (MTP), NTNU, was designated the work-package leader. Sub-package WP4.1
is concerned with the simulation of multiphysical systems in offshore operations, and
Assoc. Prof. Christian Holden, from MTP, NTNU, was assigned the responsibility of
guiding the PhD candidate in research. Dr. Ronny Sten, senior simulation engineer from
National Oilwell Varco, the industrial partner in WP4.1., was assigned as a co-supervisor
to the PhD candidate. Subsequently the call for application for the PhD position was
issued |[Appendix A|, and the author was selected to fill the position.

1.1 Background and motivation

Ocean-engineering systems, even in their simplest applications, are highly multiphysical
and interdisciplinary.

The hydrodynamic response of the ocean platform has a considerable influence on
the performance of on-board systems, which are in all cases multiphysical. Most, if not
all, commercial and open-source hydrodynamic software do not have multiphysics cap-
abilities, or interfacing capabilities that allow for the simulation of the whole system in
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1. Introduction

an integrated fashion. Similarly, most, if not all, multiphysics simulation software do not
have hydrodynamics capabilities that allow for the simulation of the ocean engineering
system in its entirety. At present, either the hydrodynamic component, or the multiphys-
ics component, is simplified and included as a sub-component to carry out integrated
simulations. This simplification, however, has a bearing on the simulation results.

The development of capabilities that allow for fully integrated simulations are relevant
from the aspects of both the newly emerging domains of offshore wind, open-ocean based
aquaculture, wave energy conversion, and ocean mining, and the conventional offshore
oil and gas industry.

1.2 Identification of research potential

In this section, we discuss the identification of the broader scope of the project.

1.2.1 Development of OpenModelica component-models

In the case of the emerging domains such as wave energy conversion, ocean mining, etc.,
it is the high cost associated with experimental analysis of ocean engineering systems,
the low rate of return on investments compared to conventional oil and gas, and heavy
dependence of system design synthesis to system response, that necessitates the devel-
opment of integrated simulation capabilities, especially in the open-source format.

Modelica is an object-oriented, declarative, multi-domain modelling language for
component-oriented modeling of complex systems. It is developed by the non-profit Mod-
elica Association, which also develops the free-to-use Modelica Standard Library.

The commercial implementations of Modelica include Dymola from Dassault Systemes,
Stmulation-X from ESI ITI Gmbh, MapleSim from Maplesoft, JModelica from Modelon
AB, and Wolfram SystemModeler from Wolfram Research.

The only open-source Modelica-based modelling and simulation environment intended
for industrial and academic usage is OpenModelica. The non-profit organization, Open
Source Modelica Consortium (OSMC), supports its long-term development, and OMEdit
is an open-source graphical user interface (GUI) that functions as the front end for the
OpenModelica environment.

The Modelica Standard Library contains about 1600 model components and 1350
functions from the electric, electrical, mechanical, fluid, and control engineering domains.
Both the commercial and open-source Modelica simulation environments have been ex-
tensively used by the industry, especially in the automotive sector, to carry out complex
multiphysical system simulations.

Inspite of the many advantages that Modelica has to offer, its utilization in the offshore
domain has been minimal. One of the reasons behind this could be the lack of Modelica
component-models to simulate waves, currents, hydrodynamic loads, mooring loads, etc.

10



1.3.  The arrangement of this thesis

It was suggested that the development of component-models to constitute an Ocean
Engineering Library for OpenModelica would be beneficial to both academia, and the
rapidly emerging non-conventional offshore industry.

1.2.2 Development of co-simulation interfaces between
domain-specific commercial software

With the current outlook in the oil and gas industry pointing to brent crude-oil prices
of around USD 109 per barrel in 2040 [17] when the cheap reserves of oil are expected
to run out, the main focus of offshore field development in the foreseeable future would
be to lower capex and opex costs. The pre-2014 trend of over-design is being stripped
away from offshore projects and the industry is now witnessing a trend where operators
are making deep-water projects more competitive to be economically feasible at crude
oil prices of around USD 50 per barrel [22].

The large degree of conservatism incorporated into conventional analysis methods
result in a smaller operability envelope, thus driving up offshore project costs. Hence,
better methods of analysis that aid in maximizing the operability envelope, with minimal
increase in risk, is the need of the hour. Under the prevailing requirement to maximize
operability, there is an increased possibility of drift-offs of the dynamically positioned
(DP) vessel under harsher environmental conditions necessitating more frequent and
quicker Emergency Disconnect Sequences (EDS).

Contemporary coupled riser analysis does not consider the multiphysical model for
the hydro-pneumatic riser tensioner system. Instead, linear or non-linear springs are used
to model the response of the tensioner cylinders. Riser tensioner systems are a part of the
product portfolio of NOV, and it was suggested that the development of co-simulation
methodologies to enable the multiphysical simulation of the platform, riser, and riser-
tensioner system by interfacing the commercial riser analysis software, OrcaFlex, and the
commercial multiphysics software SimulationX, would be of interest to the industry, in
addition to providing benefits to academia.

1.3 The arrangement of this thesis

The remainder of this work is arranged as follows:

Chapter 2 deals with the basics, for the benefit of those unfamiliar with marine hy-
drodynamics and/or multiphysical modelling. Knowledge of the contents in this
chapter is also required to better comprehend the details in the project description
and the theory sections of the articles in the subsequent chapters.

Chapter 3 describes the aims of the project, in the light of the information given in
the earlier chapter. It also describes correlations between the different articles that
constitute this thesis, and the project objectives.

11



1. Introduction

Chapter 4 presents articles dealing with the concept of developing a dedicated Ocean
engineering standard library for OpenModelica. In particular, it deals with the de-
velopment of component models for simulating waves, currents, the hydrodynamic
response of small floaters, and for quasi-static catenary moorings.

Chapter 5 presents articles dealing with the implementation of the lumped-mass method
in the Modelica environment to simulate the dynamics of sub-sea cable structures.

Chapter 6 presents an article dealing with the implementation of the boundary-element
method to determine frequency dependent hydrodynamic parameters associated
with larger floating objects, where wave diffraction and radiation effects are signi-
ficant.

Chapter 7 presents articles dealing with the implementation of the co-simulation meth-
odology to link OrcaFlex and SimulationX, to carry out the multiphysical simula-
tion of the riser—riser-tensioner—platform system.

Chapter 8 draws up conclusions based on the work presented by the articles in the
preceding chapters, presents the scientific and academic contributions realized by
the current research, and gives an outline for further research in this direction.

12



Chapter 2

Background Theory

The two classical theories dealing with the hydrodynamic response of floating objects
are:

Maneuvering theory which deals with the study of a ship moving in calm water, and,

Seakeeping theory which deals with the motion of ships, at zero or constant speed
and heading, interacting with waves.

In conventional offshore operations, we are mostly concerned with seakeeping prob-
lems, formulated using the seakeeping azes. For more information, see [11, pp. 8-12].

2.1 The co-ordinate systems

The different coordinate systems used in seakeeping analysis are explained in Figure 2.1.

The inertial
reference

frame :)
Yn
o

The translatory

seakeeping reference frame
fixed to theequillibrium ../ 7
state e

Z"

V' i Yo o The body-fixed
U N d reference frame
Average oscillating about
forward speed the seakeeping
reference frame
along the 6 DoF's

Figure 2.1: Coordinate systems used in seakeeping analysis. Adapted from [11, Figure
1.6].
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2. Background Theory

2.2 The seakeeping problem

The general problem to be solved is the equation of motion for a floating object with
six degrees of freedom (DoF), in the presence of environmental and operational loads, as
shown in Figure 2.2.

i

Waves

/
=
/

Current

Figure 2.2: Loads on a floating object

The environmental loads are the loads due to wind, waves, current, and other ex-
ternal loads, while operational loads are loads arising due to the operations being carried
out, e.g., thruster loads from the dynamic positioning (DP) system, the crane load, etc.
Though not exactly correct, for the ease of comprehension, the equations of motion for
a 6 DoF object, formulated in the Newton—Eularian from, may be expressed by the
pseudo-differential equation |11, p. 12]

[Mrp + A(w)]E + [By + B(w)]& + Cax = Fy(w, B) + Fe + Fy + Fy, (2.1)

where M is the mass/moment of inertia matrix, A(w) is the frequency dependent added-
mass matrix, B, is the viscous damping matrix, B(w) is the potential damping matrix,
C is the stiffness matrix, and z is the displacement vector with respect to the seakeeping
frame. Further, Fy,(w, ) is the wave load where f3 is the angle of incidence, F, is the
current load, F, is the wind load, and Fj, represents the operational loads.

The frequency dependence of added-mass and potential damping terms are associated
with the fact that the added-mass arises due to the inertia of the fluid mass that is set in
motion due to the movement of the body, while the damping is caused due to dissipation
of energy from the system by the radiation waves generated by the motion of the body
in the fluid. A more detailed description of the frequency dependence of these terms can
be found in Sec. 2.3 and 2.6.

14



2.3. The wave-body interaction problem

The current loads and the aerodynamic loads may be approximated as drag and
applied as point loads on the centroid of the drag area, while operational loads may be
applied as point or distributed loads obtained from the dynamic analysis of the sub-
system modelling the operation, e.g., the thruster force being applied as a point load
based on a model for the thruster.

The determination of wave loads is not so straight straightforward, and for a better
understanding we need to look at the wave-body interaction problem.

2.3 The wave-body interaction problem

The description of the wave-body interaction problem given below is based on the subject
matter of [19, Sec. 6.15] and [9, p. 39].

Consider an object floating on the surface of a semi-infinite body of water bounded
only by the free surface. In calm water, the buoyancy, which is the hydrostatic pressure
integrated over the wetted surface of the body, keeps the body afloat.

If we now consider a progressive monochromatic wave traversing the free surface
and interacting with a floating object, we observe that the object begins to respond
to the wave. The response of the object is brought about by the fluctuation of the
fluid pressures on the wetted surface due to the motion of the fluid, and this pressure
component is referred to as the hydrodynamic pressure. After the initial transients die
out, these responses attain a steady state, and the object begins to oscillate in its 6 DoFs
with a response frequency equal to the incident wave frequency.

The presence of the object scatters the incident waves, and this phenomena causes
the diffraction of the incident wave. The motion of the object in the fluid also generates
surface waves, called radiation waves that originate at the interface between the body
and fluid surface, and propagate away from the body. Both the scattered and the radiated
waves exhibit amplitude decay, and die out at a distance away from the object.

Figure 2.3 represents the behaviour of the free surface and the object, frozen in time.

Far-field

Near-field >7 Far-field

Body free to move in its
6 DoF

T

| |
1 1
| |
| |
| -~ |
| y A |
' ,/ ; :
| Y h |
| |
1 1

| |
Radiated and diffracted wavesi Incident wave field modified | Radiated and diffracted waves

die out and the flow fieldis ! by the presence of the ! die out and the flow field is
defined by the incident wave : diffracted and radiated waves " defined by the incident wave
field |  field

Figure 2.3: Wave-Body Interaction
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2. Background Theory

The hydrodynamic pressure originates due to the flow of the fluid, and hence we
progress to discussions on fluid flows.

2.4 Fluid flows

The subject matter discussed in this section may be found in any basic fluid mechanics
book, e.g., [3].
The two methods of describing fluid motion are |3, Ch. 5]|:
Lagrangian Method A single fluid particle is followed as it traverses the flow domain,
and its velocity, acceleration, pressure, density, etc. are described.
Eulerian Method The properties of a fluid are described at a point in the flow domain.

The Eulerian method is commonly used in fluid mechanics problems.

2.4.1 Types of flows
Fluid flows may be classified as [3, Ch. 5]:

Steady flow Fluid characteristics like velocity w, pressure p, density p, etc., at any point
T = xi+yj + zk, do not change with time, i.e.,

ou

— =0, =0
ot ’

z
Unsteady flow The fluid characteristics at any £ change with time, i.e.,

ou
ot

Op

dp

- - -
x T

Uniform flow The instantaneous fluid velocity do not change in magnitude or direction
when evaluated at any point in the fluid domain, i.e.,

ou

2 =0
o7

t=t1

Non-uniform flow The instantaneous fluid velocity changes either in magnitude or
direction when evaluated at any point in the fluid domain, i.e.,

ou

o7 70

t=t1

Rotational flow The fluid particles rotate about their centres of mass as they traverse
the domain.

16



2.4. Fluid flows

Irrotational flow The fluid particles do not rotate about their centre of mass as they
traverse the domain.

The zyz rotation components wy, wy, w;, for a flow with velocity @ = ui—i—vj—i—wl%,
is given as

IR A N C T Vs S N R A
Wr Ty dy Oz W= 9\9: " 9 )" T 2\ o oy '

The flow is irrotational if w,; = w, = w, = 0.

Laminar flow Fluid particles move in parallel paths in layers, such that the path of
individual particles do not cross.

Turbulent flow Fluid particles move in a random manner and cross each other’s paths
resulting in rapid and continuous mixing of the fluid, leading to momentum transfer
between the particles.

2.4.2 Forces on fluids and the equation of motion

The forces acting on a fluid in motion are |3, Ch. 6]

e Gravity force (Fy) due to the weight of the fluid

Pressure force (F},) due to the pressure gradient within the fluid domain

e Viscous force (F),) due to viscosity

Turbulent force (F}) due to turbulence
e Surface tension force (Fy) due to surface tension

e Compressibility force (F,) due to the elastic property of the fluid

Considering mass M of fluid in motion moving with an acceleration a, the equation
of motion can be formulated based on Newton’s second law as

Ma = Fy+ F,+ F, + F; + Fs + F..

When the effects due to some of the above forces are negligible, we get:

Reynolds’ EoM When the effects of surface tension and compressibility are negligible;
Ma=F,+ F,+ F, + F;.

Navier—Stokes EoM When the effect of turbulence is also negligible; Ma = F, + F,, +
F,.

Euler’s EoM When the effect of viscosity is also negligible; Ma = F, + F},.

17



2. Background Theory

2.5 The assumptions in ocean wave mechanics and the
existence of the velocity potential

Ocean waves generated by homogeneous wind fields are described by plane waves, in
which surfaces of constant phase are planes. Hence, the waves are assumed to be propagat-
ing in one direction, say the x direction, and no-flow conditions are assumed appropriate
for velocities in the y direction |6, p. 51|. Hence, the incident waves are considered to be
plane waves.

Influence from surface tension is only relevant for wave lengths much smaller than
those considered in the sense of ocean waves [24, p. 43|, and hence surface tension effects
can be neglected in the case of ocean waves.

Compressibility of water is a negligible 4.6 x 1071% Pa~!, and hence compressibility
effects can be neglected in the case of surface gravity waves on water |1, p. 35].

The Reynolds number R, = Y£, where U [m/s] is velocity of flow, L [m] is the wave
length, and v [m?/s] is the kinematic viscosity, is the ratio of inertial to viscous forces. The
kinematic viscosity of water at typical ocean temperature is 176 m? /s, while the velocities
encountered are the order of 10 m/s, with flow structures on the scale of meters or more.
Hence, the Reynolds number is very large and viscous forces may be neglected. This
means that & is zero, and hence the flow may be assumed to be irrotational |1, p. 37].

The impact of these assumptions is that the motion of the fluid is now governed
by the Euler’s equation of motion, with the assumption of irrotationality implying the
existence of the scalar velocity potential [13, p. 40] ® such that

i = V. (2.3)

Here, the vector differential operator V = ia% + ja% + l;:%

2.6 The diffraction-radiation problem

Picking up on our discussions on the wave-body interaction problem in Sec. 2.3, if we
assume that the displacements of the floating body with respect to the seakeeping co-
ordinate system is small, and that the wave loads are linearized, then the whole effect
of the wave interacting with the floating object can be expressed as the sum of the
diffraction effects and the radiation effects |9, p. 39|, as shown pictorially in Figure 2.4.

Each wave, viz. the incident wave, the scattered wave, and the six radiation waves,
causes respective variation of fluid pressures on the submerged surface of the body. The
loads exerted by each wave can be determined by integrating the respective hydrodynamic
pressure along the wetted surface of the body. Thus, we define:

Froude—Kriloff Loads The hydrodynamic loads associated with the undisturbed in-
cident wave on the body which is held fixed at its equillibrium position, assuming
that the presence of the body does not change the incident wave field.
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2.7. The boundary value problem for the velocity potential

Fully restrained body

Uni-directional incident waves Uni-directional incident waves
—> —>
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The Diffraction Problem
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Forced oscillation of body along its 6 DoFs

Unrestrained body in Each mode of oscillation produces

incident waves a unique radiated wave
-~ —>
The Wave-Body Interaction
Problem

The Radiation Problem

Figure 2.4: The Diffraction-Radiation Problem. Adapted from [9, Fig. 3.1]

The Diffraction Loads The hydrodynamic loads associated with the scattered wave
on the body held fixed at its equillibrim position.

Added-mass Loads The part of the hydrodynamic loads associated with the radiation
waves that is proportional to the acceleration of the body.

The Damping Loads The part of the hydrodynamic loads associated with the radi-
ation waves that is proportional to the velocity of the body.

The Froude-Kriloff and Diffraction loads together constitute the wave excitation loads
Fy(w, ), while the added-mass and damping loads give the A(w) and B(w) matrices.
These terms may then be plugged into the equation of motion (2.1), to determine the
body response.

The hydrodynamic pressures associated with the incident, scattered, and radiated
waves, can be determined from the respective velocity potentials by the use of the
Bernoulli equation (2.11), which relates the fluid pressures and velocity potentials.

2.7 The boundary value problem for the velocity potential

The velocity potential associated with the incident, scattered, and radiated waves can
be determined by solving the governing equation subject to the associated boundary
conditions.

2.7.1 The governing equation

The two starting principles for the derivation of the equations of fluid mechanics are the
conservation of mass and the conservation of momentum.
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2. Background Theory

Balancing the mass influx of an incompressible fluid, through the bounding surfaces
of a fixed control volume, with the internal change of mass associated with the volume,
and taking the infinitesimal limits of this control volume, leads to the equation for con-
servation of mass for an incompressible fluid [6, pp. 7-10],

V-7=0inQ, (2.4)

where, 2 is the fluid domain.
If we consider the definition of the velocity potential given by (2.3) in the above
equation, we get

V2® =0 in Q, (2.5)

which is the well known Laplace Equation.
The principle of superposition is valid for solutions of the Laplace Equation [16, p. 60],
and hence the total potential ®(Z,t) may be expressed as [10, Eq. (11)]

6
(I)Z(I>o+q)7+zq)j, (2.6)
j=1

where @ is the incident wave potential, ®7 is the scattered wave potential, and ®;,j €
{1,2...6} are the radiation potentials.

The task at hand, therefore, is to select solutions for the velocity potential & that
satisfy certain conditions at the domain boundaries, as depicted in Figure 2.5.

Body free to move in its

6 DoF about its mean

< Far-field > Near-field > Far-field
I I
I I
I I
| Free surface |
I
I

.. position
I boundary condition
| e SO
TN N N T — /\/\/\

]
I I
I l I
I Bod !

Far field y Far field

boundary condition\j Governing equation boundary condition |L\/b0undary condition

I

| V'o=0
I I
! Bottom boundary condition !

| |
ST 7777777777777 7777777 TS TS T

Figure 2.5: The BVP for the total velocity-potential

The formulation the boundary conditions follow.

2.7.2 The boundary conditions

The principle of conservation of momentum implies that, in a control volume moving
with the fluid flow, the change in momentum equals the total force acting on the control
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2.7. The boundary value problem for the velocity potential

volume. Since we ignore forces due to surface tension, compressibility, and viscosity, from
Euler’s equation of motion given in Sec. 2.4.2, we get, for an infinitesimal volume,
D(pi)
Dt

—

: (2.7)

iS]

0
where % =5 + @ - V denotes the material derivative with respect to fluid velocity.

Since the fluid is incompressible, (2.7) gives

e
2.
Py = —(Vp) + pg. (2.8)

Here § = [0,0, —g]7, is the gravitational acceleration vector. For details, see |6, Sec. 2.2.3].
Considering (2.3) in (2.8) gives
OAVA

5 T (VO.V)Ve + VP g=0, (2.9)

which can be simplified to

0P 9 D B
\% <8t+ =|Vo|* + s +gz> = 0. (2.10)

Integrating (2.10) gives the Bernoulli equation

‘;f+|vq>\2+i+gz=f(t>, (2.11)
from which the integration constant f(¢) can be eliminated by redefining ®. For details,
see [6, Sec. 2.5].

Free surface flow is usually considered as a limiting case of two-phase flow in which
the dynamics of one phase are greatly simplified or ignored. In the case of ocean waves,
the velocity field of air is considered zero and a constant atmospheric pressure is assumed
at the air-water interface [24, Sec. 2.1.2]|, referred to as the free surface.

For the maintaining the equillibrium of the free surface, there should be continuity of
normal stresses over the water-air interface, i.e., the pressure at the free surface equals
the atmospheric pressure. Hence, at the free surface defined by z = n(x,t), (2.11) gives

8<I>

1 patm
Vo2 + + gn = f(1), 2.12
o T | "+ p (t) (2.12)

which is called as the dynamic free-surface boundary-condition (DFSC) |6, p. 48]. Here
Patm denotes the atmospheric pressure.

At any physical boundary, either fixed or dynamic, there should not be any flow
across the boundary. This means that the fluid particle at the boundary moves with the
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2. Background Theory

boundary, or in other words, the component of the fluid velocity along the normal to
the surface at any point on the boundary should be equal to the normal velocity of the
boundary at that point.

At the free surface defined by

F(Z,t) =z —n(z,y,t) =0, (2.13)

the unit vector normal to the surface is n = VF/|VF|.

If the surface varies with time, then the total derivative of the surface with respect
to time would be zero on the surface. In other words, if we move with the surface, then
the surface does not change [6, p. 45].

DF oF
=) = — 4+F-VF=0. 2.14
Dt ot 1 (2:14)
where ¢ is the velocity vector associated with a point on the surface.
Since the fluid particle at a point on the boundary stays there at all times, & = ¢ on

the surface. Now, (2.14) gives

or

u-VE =0. 2.1
o +u-V 0 (2.15)

If we consider the free-surface given by (2.13), the above equation gives

on 0% oy 0% oy 00

. il — 2.1
ot "oz ox "oy oy 02 (2.16)

z=n

(2.16) is called the kinematic free-surface boundary-condition (KFSC) [6, pp. 47-48|.
If we consider the fixed bottom boundary defined by F(z,y) = z + h(z,y), (2.14)
gives

o oh 0® Oh 0P

TR = 0. 2.1
or 8x+8y 8y+82 0 (2.17)

z=—h

(2.17) is called the bottom boundary condition (BBC).
At any point on the body surface, the velocity of the fluid equals the velocity of the
body surface, and hence
od 90
— =1 2.18
an ot " (2.18)
where & is the position vector of the point on the body surface and 7 is the unit normal

vector at the body surface, pointing into the fluid domain. (2.18) is called the body surface
boundary condtion (BSC). For details, see [6, Sec. 3.2.2].
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2.8. The incident wave velocity potential

For waves that are periodic in space and time, the following periodicity conditions
apply [6, p. 52]

O(z,t) = P(x,t+T). (2:20)

Here L is the wave length and T is the wave period.

(2.19) and (2.20) are not mathematically rigorous. The understanding is that the
velocity potential at two points separated by a distance equal to the wave length, along
the direction of propagation of the wave, are the same. Also, the velocity potentials at
any point in the flow domain evaluated at time instants separated by a wave period are
also the same.

The velocity potential of the scattered and radiated waves should, in addition to the
above conditions, satisfy the far-field boundary conditions

®7 =0, as r — oo, (2.21)
®;, =0, as r — 0o, where i € {1,2...6}. (2.22)

Here, r is the distance of the field point from the body surface, or in other words, the
norm of . The scattered and radiated waves should also be outgoing, and satisfy proper
amplitude behaviour. Details can be found in [15] and [23].

Thus, the BVP to be solved is the governing equation (2.5) subject to the DFSC
given by (2.12), the KFSC given by (2.16), the BBC given by (2.17), the BSC given by
(2.18), and the LPBCs given by (2.19) and (2.20), and the far-field conditions given by
(2.21) and (2.22).

Unfortunately, seeking a solution to the above BVP is not an easy task due to the
following factors:

i. The DFSC, KFSC, BBC, and BSC contain nonlinear terms, and the presence of
nonlinear terms greatly reduces the chances of finding closed analytical solutions.

ii. The DFSC and KFSC are to be applied at the free surface, whose position is a part
of the solution, and thus unknown.

For these reasons, a number of additional assumptions are introduced, mainly to
obtain a linear system of equations with surface boundary conditions imposed at a fixed
mean position.

2.8 The incident wave velocity potential

The assumption of linearity implies the validity of the superposition principle, and hence,
the irregular sea-surface elevation may be represented as the sum of elevations due to
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2. Background Theory

N constituent regular waves with different frequencies, headings, amplitudes, and with
random phases. In the case of long-crested waves [9, p. 23 |

N
n(x,t) = Z Coi cos(kix — wit — €;), (2.23)
i=1

where 7 is the sea surface elevation at a point = along the wave propagation direction
at time ¢, w; is the wave frequency, k; is the wave number, and ¢; is the phase of the
i component wave. This extends to all other properties of the wave, viz. the velocity
potential, the wave-induced water particle kinematics, and dynamic pressures.

For a regular wave with amplitude a, with wave length L, in water depth h, it is
shown that the essential assumptions for the linearization are |7, p. 41|

a<h, a<L, (2.24)

Further, the assumption of a horizontal bottom simplifies the solution.
Thus, the BVP for plane, linear, progressive surface gravity waves propagating over
a flat sea bed is simplified to seeking the solution for

V2® =0, in 0
subject to
i. the linearized DFSC given by
oe atm
aito+pt +gn=0, at z =n(z,t)

ii. the linearized KFSC given by

877_8@0 _
E_ Oz ’ atz—r](ac,t)

iii. the linearized BBC given by

iv. and the LPBCs given by

The solution for the above, along with the procedure for computer simulation of
regular and irregular waves is discussed in detail in Sec. 4.2.
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2.9. The scattering and radiation potentials

2.9 The scattering and radiation potentials

We make use of the Green’s second identity to arrive at the boundary integral equations
(BIE) for the scattering and radiation potentials, as detailed below.

2.9.1 Sources, Sinks, and Dipoles

With reference to (2.3), the velocity potential of a uniform flow with velocity @ = ui +
vj+ wk [m/s], is ¢ = uzx + vy + wz.

This flow field will be disturbed if a body is introduced into the flow domain, or if the
boundary of the fluid domain changes configuration. From a mathematical view point,
such a change in the flow field can be effected by the consideration of a point which
generates or annihilates fluid mass. Since such points generate or annihilate mass, they
violate the continuity condition, and hence the Laplace Equation, at the points where
they are located, and they are referred to as singularities. Therefore, their presence is
permissible only within the body, or at most on the boundary surfaces, and is not allowed
within the interior of the fluid [19, pp.116-120].

The singularities that generate fluid are called sources, and those that annihilate fluid
are called sinks.

The velocity potential at point P(z,y, z) due to a source of strength m [m?/s|, located

at (§,m,¢) is

b= T2 wheer = (- + -+ GO ()

If m is negative, the flux direction is negative, and the singularity is called a sink.

We note that, in the earlier section, we had used 7 to represent the sea surface
elevation. We use it here again to represent the co-ordinate of the source point to maintain
uniformity with reference texts.

If we introduce a source and a sink of equal strength in a uniform flow U [m/s| along
the positive x direction, with the sink placed downstream, then we observe that the flow
field behaves as if it is flowing past an ovoid, called the Rankine ovoid, as shown in Figure
2.6.

The pressure distribution on the body represented by the Rankine ovoid may now be
determined using the Bernoulli equation, and the hydrodynamic pressure force calculated.

A combination of two equal and opposite sources of strengths +m, placed at a distance
2a apart, where in the limit, 2a is taken to be infinitely small, and m infinitely great,
such that the product 2ma is finite and equal to pu, is called a dipole of strength u. The
lines segment considered as drawn in the direction from —m to +m is called its axis.
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Figure 2.6: Streaming flow past a Rankine ovoid. Sourced from [19, Figure 4.2]

The velocity potential at point P(z,y, z) due to a dipole of strength x [m?/s], located
at (£,7,(), and having axis along n’ with direction cosines (I,m,n) may be expressed as

o= (1) L wherer = [(z — €2+ (y—mP + (=~ OV (2:26)

When the dipole is placed in a uniform flow, the flow field behaves as if the flow was
deflected by a sphere of radius r = (u/27U)'/3 [19, p. 120].

This gives us the intuition that the effects of the presence of bodies of arbitrary shape,
in a fluid domain, may be approximated by a proper distribution of singularities.

2.9.2 Green’s second identity

In vector calculus, Green’s identities relate the bulk with the boundary of a region on
which the differential operators act. The derivation of Green’s second identity from the
divergence theorem follows.

2.9.2.1 The Divergence theorem

Let V be a region in R3 and let S be the surface of V, oriented with inwards pointing
normal 7 . Gauss Divergence theorem states that for a C! vector field F,

ﬁé(ﬁ-ﬁ) ds = —///V(v . F)av. (2.27)

If F is the flow velocity vector, then this equation states that the fluid flux through
the closed boundary of the control surface is equal to the rate of convergence of fluid
inside the control volume.
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2.9. The scattering and radiation potentials

2.9.2.2 Green’s Identity

If we assign F = (VY — YV ¢) in (2.27), where ¢ and 1) are two single valued scalar
functions of position, then we get

dhove - vve) - ds - - // (6V%) — $V2) dV, (2.28)
S A%

which is known as Green’s second identity.

2.9.3 Boundary integral method for the velocity potential

The theory presented in this section is based on the subject matter in [18, Ch 3|, [19,
Ch. 4], and [8].

Consider a 3D fluid domain bounded by surface Sg, represented in 2D by Figure 2.7.
Let P1(71) be a point in the fluid domain, with position vector i = (z1,y1,21). Let
P¢(r}), with position vector 7} = (xy,yy, zf), be any arbitrary field point within the
domain. Let 1) and ¢ be two single-valued functions such that V¢ = 0, and V2¢ = 0.
Let ¥(r},7r1) = 1/r, where r = |7, for ¥ = r} — r]. Let ¢ represent the velocity potential
at any arbitrary field point.

Since ¥ becomes singular as » — 0, we need to exclude P; from the fluid domain, in
order to apply Green’s identity. Hence, we consider a spherical surface S, enclosing Py,
thereby excluding it from the fluid domain.

Figure 2.7: Boundary integral representation of field point velocity potential

Now, applying (2.28) gives

//sﬁs [ on %] ds =0 (2.29)
/ ¢>—ds+//¢ ds = /Sow—ds+// w—dS (2.30)
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2. Background Theory

For the spherical surface S, the elemental area dS=r2cosfdfdfS as evident from
Figure. 2.8.

dS=r? cos0d0dp

Figure 2.8: Expression of the elemental area dS of a sphere

Here, as r — 0, the spherical surface S, converges to P1(77), and the velocity poten-
tial may now be considered to be constant inside the small region bounded by S.. The

constant potential ¢(r7) may now be taken out of the integral sign. Also, the normal to

the surface S, points in the direction of 7, and hence ai =2 Also, ffSe dS = 4mr2.

— or-
Considering the second term of the L.H.S.,

lim // ¢— as = 6(7i) lim // (—) dS = —drg (). (2.31)

Similarly, considering the second term of the R.H.S.,

2r /2
lim// w— dS = lim / ( ) ( ) r“cosf df dp = 0. (2.32)
r—0 r—0 /2

Therefore, from (2.30), we get

() = ;—;//SO [w% - g—ﬂ das. (2.33)

Thus, (2.33) represents the velocity potential at point Pi(r7) as the sum effect of
a distribution of sources with density d¢/0n and a distribution of dipoles with dipole
density —¢. The distributions are over Sy, and the dipoles are oriented along the normal
to SQ.
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2.9. The scattering and radiation potentials

Figure 2.9: Body in infinite fluid

2.9.3.1 Body in infinite fluid domain

Let Pi(71), be a point in the fluid domain, with position vector ¥i = (z1,y1,21). Let
P¢(r}), with position vector 7} = (xy,yy, z), be any arbitrary field point within the
domain, as shown in Figure 2.9.

Let 4(r},71) = 1/r, where r = ||, for ¥ =r} —r7.

Let Sp represent the body surface and Sy, represent the imaginary surface bounding
the fluid domain at a large distance R from Py (77).

Let ¢, represent the velocity potential in the region interior to S,, and exterior to
Sp. Let ¢; represent the velocity potential inside Sg.

Our aim is to find the potential at a point Pj(77) in the flow domain exterior to the
body bounded by the surface Sg, and interior to the flow domain bounded by the surface
Soo-

For fluid flow in the region exterior to Sg and interior to S, we need to consider the
potential ¢.. Also, in this flow domain, ¥ becomes singular at x; = x1,yy = y1, 25 = 21.
Hence, to apply Green’s second identity and arrive at the boundary integral represent-
ation for the field point velocity potential at xy = x1,y; = y1, 2y = 21, we employ the
limiting procedure described in the earlier section, and arrive at
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7 S 234

Since Sy lies at a large distance from Py (1), the contribution of the source and dipole
distributions on Sy, to the velocity potential at P1(r7) may be neglected, and hence,

. oY Oe
Pe(r1) = yp //SB [qbean - an] ds. (2.35)

Since Py(71) lies outside the region of flow with velocity potential ¢;, 1 is never
singular inside Sg, and hence, direct application of the Green’s second identity inside Sg

gives
// [@ - waﬂ (2.36)

Here, we note that the normal to Sg points outside the domain bounded by Sg.
Adding (2.35) and (2.36) gives

outii) = 3= [ 1o —o05e - (G- 5] as. 2.37)

0 Qse ad)z )

Setting (¢e — ¢;) = —p, and ( o " On

(1) = ;//SB o ds+4177//SB ,ug% ds (2.38)

Source distribution Dipole distribution

= —o0 in the above yields

Thus, the velocity potential at any point in an infinite domain may be expressed as
the effect of source distributions of strength o and dipole distributions of strength p over
the body surface.

Determination of the strength of the source and dipole distributions enable the cal-
culation of the velocity potential at any point in the flow domain. Since (2.38) does not
specify a unique combination of sources and dipoles for a particular problem, depending
on the physics of the problem, we may require:

e ¢ = ¢; on Sg, whereby the dipole term vanishes, and the flow is then caused by
the presence of a source distribution on the body surface. The tangential velocities
on the two sides of the boundary are then continuous, while the normal velocities
are discontinuous.

96 ¢,
an  On
the presence of a dipole distribution on the body surface. The normal velocity across
the boundary is then continuous, while the tangential velocities are discontinuous.

on Sp, whereby the source term vanishes, and the flow is then caused by
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2.9. The scattering and radiation potentials

The Green function

In formulating (2.38), we had specified the function 1) = %, which is defined at all points
except at the point when r = 0. Such functions are referred to as Green functions, and
also as source potentials since the velocity potential at a point due to a point source
located at a distance r, is proportional to 1/r.

In problems where the body moves in a domain bounded by other boundaries, such
as the fluid free surface, the sea bottom, or canal walls, additional boundary conditions
are imposed on the problem, and there is often a computational advantage if the associ-
ated Green function is modified to satisfy the same boundary conditions as the velocity
potential ¢. Unfortunately such Green functions are not readily known, except for some
simple body geometries.

However, once such a Green function is known, an explicit solution for the velocity
potential in terms of the prescribed normal velocity on the boundaries may be formulated
[19, pp. 137-138|, as will be detailed in the following discussions.

2.9.4 The Hess and Smith panel method

From Sec. 2.9.1, we get the intuition that the effect of the presence of a body, in a fluid
domain, may be approximated mathematically by a proper distribution of singularities
on the body surface [19, p. 133].

From our discussions on (2.38), we notice that requiring ¢. = ¢; enables the specific-
ation of the field point velocity potential, in the case of a body placed in infinite fluid,
to be prescribed by simple sources distributed on the body. Thus

o, 2) = //S o (6,1 G la.y, 2 6,1,C) dS, where G = — = (2.39)

dmr’

Here, (z,y, z) are the co-ordinates of the field point where the potential is to be determ-
ined, while (&, 7, () are the co-ordinates of the source point on the body surface defined
by SB(fa m, C) =0.

Determination of the source strength o (&, 7, {) at all points on the body surface would
enable the evaluation of the required velocity potential.

Considering the problem of a submerged body in infinite fluid, with a uniform incident
flow for simplicity, we may express the fluid velocity at any point in the flow domain as
the gradient of a resultant velocity potential ¢ = ¢q + poo, Where ¢ is the undisturbed
velocity potential defining the incident flow, while ¢4 is the disturbance potential caused
due the presence of the body in the flow domain. This disturbance potential is induced
by the source distribution on the body surface.

The resultant velocity potential should satisfy:

i. The Laplace equation V2¢ = 0 at all points in the fluid domain
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— 7.V
S

=0
s

0
ii. The impenetrability condition on the body surface a—d)
n

iii. The far field condition ¢ = ¢y = ¢g — 0 as r — oo

The impenetrability condition states that, at the rigid surface boundary, the nor-
mal component of the fluid velocity should be zero. To effect this mathematically, it
is required that the normal component of the velocity specified by the disturbance
potential should oppose the normal component of the incident velocity potential, i.e.,
O0¢q/0n = —0¢oo/On, at all points on the body surface.

Thus, in applying the impenetrability condition at the body surface, one is required to
determine the normal component of the induced velocity at a point on the body surface,
due to source distributions on the body surface.

The normal component of the disturbance potential ¢4 at p, expressed as O¢p4(p)/On(p),
due to sources of strength o(q) at ¢ on the body surface, is expressed as

oy = oy LU, 7000 0] 0

Here, G(p, q) is the Green function defined in (2.39). At p = ¢, r = 0, and G(p, q¢) becomes
singular. Hence, the contribution of the local source density to the local normal velocity
is to be determined in the Cauchy principal-value sense, while the contribution of the
remainder of the surface to the local normal velocity is given by equations of the form of
(2.40) [14, p. 19].

It is seen that the self-induced normal velocity on the positive side of the body surface
at pis o(p)/2.

Application of the impenetrability condition gives

@ +//SB O {o(@G(pa)} dS = —a(p) - Vou (2.41)

on(p)

Once this equation is solved for o, for all points on the body surface, the velocity
components at any point of the flow are obtained by differentiating equations of the form
(2.39) in the co-ordinate directions and adding the components of the incident flow.

Hess and Smith [14] presents a method for the numerical solution of (2.41), where the
body surface is approximated by flat quadrilateral panels, over each of which the source
density is assumed constant, thereby replacing the integral equation by a set of linear
algebraic equations.

They also present analytical expressions for the velocity potential and component
velocities induced by a plane source quadrilateral in terms of the panel co-ordinates and
their distance from the point where the potential is to be evaluated.

The normal velocity at the centroid of the it" quadrilateral due to a unit source
density distribution on the j* quadrilateral can be expressed as

Aij = i - Vij, (2.42)
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where ‘_/;j is the induced velocity at the centroid of the i*® quadrilateral due to a unit
source density distribution on the j* quadrilateral.

The normal velocity at the centroid of the it quadrilateral due to source density
distributions over the entire body surface approximated by N quadrilaterals is thus

N
ZAijUj' (243)
j=1

The algebraic equivalent of the integral equation (2.41) is thus
N
> Ajjoj =i Véso, i=12...N (2.44)
j=1

Once the values of the source densities are obtained, the resultant velocity potential
and fluid velocities at the null point may be determined, from which the hydrodynamic
pressures exerted at the panel null point may be obtained by using the Bernoulli equation.
Once the hydrodynamic pressures associated with each panel are known, the loads are
calculated by simple multiplication with the respective panel area.

The Hess and Smith method may be extended to determine the wave excitation and
radiation loads by the use of the appropriate boundary conditions and Green function.

Ch. 6 deals comprehensively with the subject matter.

2.10 Simplifications for a non-diffracting object

The relative dimension D of the object, with respect to the wave length A and the wave
height H, determines the significance of forces to be considered in a wave-body interaction
problem. See Figure 2.10.

When the structure is relatively small compared to the wave length (L > 5D), the
diffraction forces are negligible [9, p. 61]. The wave loads in such cases can be determined
based on the significance of the inertia and drag forces [4, p. 169].

2.10.1 The Froude—Kryloff force

When the drag force is small, and the inertia force predominates, the wave loads can be
approximated based on the Froude-Krylov theory [4, p. 169]|. The force acting on the
object, in this case, can be expressed as |9, p. 61]

F,=— // pn;dS + A;1a1 + Asas + Ajzas,i € {1, 2, 3}. (2.45)
Son
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Figure 2.10: Force Regimes [excerpt from DNV-RP-C205]

Here, p is the pressure in the undisturbed wave field, n = (ni,n2,n3) is the unit
normal vector to the body surface, defined to be positive into the fluid. The integration
is over the average wetted surface of the body Spp, and ai, a2, as are the acceleration
components along the x,y, 2z axes of the undisturbed wave field evaluated at the geo-
metrical mass centre of the body. A;1, Ajo, and A;z are the added masses along the 7"
direction due to fluid flow along the three co-ordinate axes.

The first term in the R.H.S. of (2.10.1) is the Froude-Kryloff force.

2.10.2 The Morison equation

When the drag forces are not negligible, then the wave loads can be approximated using
the Morison equation. The Morison equation assumes the force to be composed of inertia
and drag forces linearly added together. For unit length of a vertical cylinder extending
from the sea-bed to the still water level (SWL), the Morison loads may be expressed as
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[4, pp. 170-171]

1
f= OM,%D?m CpypDulul. (2.46)

Inertia term Drag term

The components involve an inertia coefficient Cjs and a drag coefficient Cp, which
must be determined experimentally. p [kg/m?] is the water density, D [m] is the diameter
of the cylinder, and u [m/s| is the horizontal water particle velocity evaluated at the
centre-line of the cylinder.

The Morison equation may be extended to the case of inclined and/or oscillating
cylinders in the presence of waves and current [4, p. 189].

The articles presented in Ch. 4 are based on the application of Froude-Kryloff and
Morison loading to develop Modelica component models.

2.11 Mooring systems

Mooring systems are required to limit excursions of the floating platform from its station
due to environmental and operational loads. A mooring system is made up of a number
of cables, attached to the floating structure at different points, with the lower end of the
cables attached to the sea bed. The configuration of this arrangement, and the materials
used in the fabrication of the mooring cable, is dictated by several factors like the type
of floater, system concept, water-depth, offshore site, environmental conditions, etc. For
details, see [5, Ch. §].

Irrespective of the mooring system viz. spread, taut, single point, turret etc, the line
itself may be either slack or taut, as shown in Figure 2.11. In carrying out dynamic
analysis of a mooring line, it is usual to establish a static configuration, and then de-
velop nonlinear time domain solutions about this initial shape |5, Sec. 8.5.3]. The initial
configuration, in case of a slack mooring, is based on catenary theory, while for a taut
mooring, it may be established based on the anchor and floater positions.

2.11.1 Catenary theory

When one end of a chain or rope lying on a horizontal surface is raised to a height, the
curve of the line follows a half catenary. The derivation of the intrinsic equation of the
catenary, the catenary equation in rectangular co-ordinates, and other simple relations
are given in [21], while [9, Ch. 8] describes solutions of the inelastic cable line (catenary)
equations.
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Taut Mooring Catenary Mooring

Figure 2.11: Taut and catenary mooring spread

2.11.2 Lumped-mass method

Mooring simulations predominantly use the lumped-mass, finite-element or finite-difference
schemes to model small segments of each line whose shape is altered from the static caten-
ary profile by the water resistance.

The basic concept of the lumped-mass method is that a cable may be represented as
a series of segments joined at points called nodes. In one variation of this method, all
forces and masses along each segment are assumed to be shared equally by the two nodes
associated with the segment. Inextensible cable segments are considered to be straight
lines without mass, and sections of extensible cable are considered to be straight springs
without mass. In another type of the method, the segments are imagined to be straight
rigid cylinders with massless universal joints at the junctions.

Equations governing the motion of the elements can now be determined directly
from Newton’s laws of motion, or indirectly from Langrange’s equations or Hamilton’s
principle.

Articles presented in Ch. 4 are based on the quasi-static catenary theory, while the
article presented in Ch. 5 is based on the lumped-mass approach.

2.12 Risers and riser tensioner systems

A riser is a unique common element to many offshore structures and is basically a conduit
that connects the platform to the subsea infrastructure component, which in most cases
is a well head. Drilling risers are used to contain fluids for well control, while production
risers are used to convey hydrocarbons from the seabed to the platform. While production
risers remain connected much of the time, drilling risers undergo repeated deployment
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and retrieval operations during their lives. Details can be found in [2, Part IV] and [5,
Ch. 9.

With reference to Figure 2.12, we understand that it is required to isolate the riser
from the motions of the platform in order to prevent buckling of the riser pipe. In the case
of drilling risers, it is also required to prevent excessive deformation of the riser due to
current loads, which hinders the drilling operation. Further, it is also required to ensure
a clean lift-off of the LMRP from the BOP, in case the riser needs to be disconnected.

Top drive

Drill string

Diverter
Upper flex joint

Heave compensated
top drive on derrick

DAT cylinder

Riser tensioner system

—_— .
> Drill string

Slip joint

———>» Riser
Slser outer barrel

l

> Lower
flex

joint

75

LMRP

Well head

B

Figure 2.12: MODU with drilling riser attached to well head

The above requirements are met by the provision of a means to keep the riser pipe al-
ways in tension. For a production riser, this may be achieved by the provision of buoyancy
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tanks, while for drilling risers, as shown in Figure 2.12, it is usually a hydro-pneumatic
arrangement, commonly referred to as the riser tensioner, that provides this tension.
The two widely used arrangements for the riser tensioner system are the wire-line
tensioner (WRT), and the direct-acting tensioner (DAT). The principle of operation is
the same for both systems, with the difference lying in the way in which the tensioner
cylinder force is applied to the top end of the riser, as illustrated in Figure 2.13.

High pressure vessels High pressure vessels
(Dry air/Nitrogen) (Dry air/Nitrogen) High pr. gas

— D
— D
S D
Sheave on _Q D
tensioner piston _Q D

High pr. gas

Accumulator
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(]:D hyd. oil  Sheave on Low pr. vessel
Low pr. vessel tensioner cydl. (Dry air/N,)
(Dry air/N,) Upper flex joint

YTy

High pr.
" hyd.oil

Intermediate

sheave ;
Turn-down y

sheave §
Wire rope

Anti recoil valve Anti recoil valve

Slip joint
outer barrel

Wireline tensioner Direct acting tensioner

Figure 2.13: Riser-tensioner types

The volume of the high-pressure vessels being much larger than the stroke of the
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tensioner cylinder, the force on the high pressure side of the hydro-pneumatic cylinder
remains fairly constant as the tensioner cylinders extend and contract to compensate for
the heave motion of the platform, thus ensuring that the riser is kept in a near constant
tension at all times.

The articles presented in Ch. 7 deal with multiphysical simulations of a drilling riser.

2.13 Contemporary practices in simulation of offshore
systems

The prevailing practice when it comes to simulation of offshore systems may be summar-
ized briefly as below:

1. Determine the force regime depending on the relative size of the object.

2. For non-diffracting objects, time domain simulation software like OrcaFler can de-
termine the wave loads directly. For diffracting objects, a frequency domain hydro-
dynamic analysis has to be carried out using software like WAMIT or Ansys-Aquwa,
which use the panel method, to determine the frequency dependent hydrodynamic
parameters. These hydro-dynamic parameters are then passed on to time-domain
software like OrcaFlex for subsequent use in time domain simulation.

3. Slender structures like moorings, risers etc. can be modelled directly in software
like OrcaFlez, and attached to the floating platform, for coupled simulations.

4. Application programming interfaces allow for specification of thruster loads, winch
wire tensions, winch wire pay-out rates etc.

As an example, we list the steps for simulating the response of a subsea load suspended
from a crane mounted on an offshore support vessel.

1. Since the vessel is a diffracting object, we need to determine the hydrodynamic
coeflicients. The steps for carrying out a frequency domain hydrodynamic analysis
using Ansys-Aqwa are listed below:

a) Develop the surface model of the vessel hull, and split it at the waterline
using Spaceclaim, the built-in surface modeler in Ansys-Aqwa, as illustrated
in Figure 2.14a.

b) Mesh the surface, and specify the wave directions and frequencies for which the
hydrodynamic parameters are to be determined, as illustrated in Figure 2.14b.

¢) Run the frequency domain analysis to determine the hydrodynamic paramet-
ers, as illustrated in Figure 2.14c.

2. Import the hydrodynamic parameters into time domain software OrcaFlez, attach
slender non-diffracting objects like mooring lines, winch wires, loads etc, specify the
environmental parameters like wave heights, wave periods, current profiles etc., and
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run the time domain analysis to determine the required dynamics, as illustrated in
Figure 2.14d.

In the above example, one may use the application programming interface capabilities of
OrcaFlex to control the pay-out rate of the crane winch, based on a controller coded in
Python, as described in the demonstration example from Orcina |20].

However, to simulate the dynamic response of the actual electro-hydraulic crane, one
needs to either:

1. Devise novel methods to link the electro-hydraulic model of the crane, modelled
in a multiphysics software, to the load component in the ocean engineering soft-
ware, where the hydrodynamics are simulated, and then run both software in a
co-stmulation approach.

(OR)

2. Develop component models to simulate the hydrodynamic response of diffracting
as well as non-diffracting objects in the multiphysics software where the electro-
hydraulic crane is modelled, and simulate the response in an integrated simulation
approach.

Multiphysical simulations are usually carried out using software based on the Modelica

modelling language, as discussed in the following section.

The articles presented in Ch. 7 deals with the co-simulation approach, while those

presented in Ch. 4-6 are geared towards development of component models for carrying
out integrated simulations.

2.14 Dynamic simulation using Modelica

Modelica is a non-proprietary, object oriented, declarative, multi-domain modelling lan-
guage for dynamic simulation. It follows the acausal modelling philosophy, and is used
extensively in the automotive and aerospace sectors. Hilding Elmqvist is the key archi-
tect of Modelica, but many others have contributed to its development. The non-profit
Modelica Association manages the continually developing Modelica language and the free
Modelica Standard Library. At present, the standard library has over 1600 component-
models and 1350 functions from the electric, electronic, mechanical, fluid, and control
engineering domains. However, lack of hydrodynamics, mooring, and other relevant com-
ponent models currently limit the use of Modelica in the simulation of ocean engineering
systems.

Modelica has many commercial implementations like Dymola, SimulationX, MapleSim,
and JModelica, to name a few. OpenModelica is currently the only open-source imple-
mentation of Modelica, and OMFEdit is its graphical user interface.

For more technical details, see [12].
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1 L]

it

(a) Develop the surface model, split at the waterline

(b) Mesh the surface and specify wave directions and frequencies

(¢) Run the frequency domain analysis to get the hydrodynamic para-
meters

(d) Import the hydrodynamic parameters from the frequency domain
analysis, attach non-diffracting objects like moorings, subsea loads, etc.,
and carry out time domain analysis

Figure 2.14: Steps in contemporary simulation of offshore operations
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Chapter 3

The current research

3.1 The project description

The detailed project description is given in Appendix B. For a quick reference, we list
out the main objectives, followed by a description of the correlation between the articles
presented in the following chapters and the project objectives.

3.2 Objectives

The main objectives of the research, as stated in the project description, are:

1. Develop component models to constitute a Standard Library for ocean-engineering
in the open-source OpenModelica environment, through the performance of three
sub-tasks:

a) Modelling of a simple wave energy conversion system involving the imple-
mentation of Modelica components to simulate regular and irregular waves,
heave and surge responses of a cylindrical floating object, and the response of
a catenary mooring system.

b) Simulate the response of a simple geometry semi-submersible by the imple-
mentation of a Modelica component that solves the diffraction-radiation prob-
lem, to determine the frequency dependent hydrodynamic parameters.

¢) Simulate the response of a flexible slender structure, like the marine riser, in
the Modelica environment.

2. Develop a multiphysics model using industry accepted commercial software (Ansys-
Aqwa, SimulationX and OrcaFlex), to simulate the fully coupled response of a
drilling riser in recoil, effectively capturing the influences from the platform, the
riser hydrodynamics, and the response of the hydro-mechanical riser-tensioner sys-
tem to:
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a) Formulate a method to improve fatigue performance of the riser by controlling

the response of the anti-recoil valve of the riser tensioner system.

ners.

3.3 The articles

The research to be conducted under the project was planned in a away so as to be
presented as articles in peer-reviewed conferences and journals. The article-based ap-
proach adopted in this thesis is a natural extension of such a research pattern. Each
article presented is correlated to the objectives of the project as detailed in the intro-
duction section of the chapter in which the article is included. A brief overview is shown

below for easy reference:

b) Compare the performance of the multiphysics model with real world opera-
tional data (not necessarily recoil only), sourced through the industrial part-

S.No Article Name Article Type  Objective Status
Correlation

1. Towards the Development of an  Conference 1(a) Published
Ocean Engineering Library for paper
OpenModelica

2. Modelica Component Models Conference 1(a) Published
for Oceanic Surface-Waves and paper
Depth-Varying Current

3. Modelica Component Models for =~ Conference 1(a) Published
Non-Diffracting Floating Ob- paper
jects and Quasi-Static Catenary
Moorings

5. Dynamic Simulation of a Moor- Conference 1(c) Published
ing Catenary Based on the paper
Lumped-Mass Approach: Open-
Modelica and Python Imple-
mentations

4. Simulating the Dynamics of a Conference 1(c) Published
Chain Suspended Sub-Sea Load paper
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3.3. The articles

S.No Article Name Article Type Objective Status
Correlation
6. An  Open-Source  Python- Journal 1(b) Submitted
Based Boundary-Element paper
Method Code for the Three-
Dimensional, Zero-Froude,

Infinite-Depth, Water-Wayve,
Diffraction-Radiation Problem

7. Co-Simulation of the Hydro- Journal 2(b) Submitted
Pneumatic Riser-Tensioner Sys- paper
tem I — Methodology Synthesis

8. Co-Simulation of the Hydro- Journal 2(b) Submitted
Pneumatic Riser-Tensioner Sys- paper
tem II — Field Verification and
Advanced Simulations

Table 3.1: The articles presented in this work, and their correlation to the objectives of
the research project.

Thus, we see that articles produced in the course of the research demonstrate at-
tainment of the two broader objectives of the project. Though specific project objectives
1(b), 1(c) and 2(b) of the project have not been met in full, from the articles in the
following chapters, one can observe that a strong foundation for research towards the
attainment of the above objectives have been laid.

The articles listed in Table 3.1 are grouped together, inside chapters, based on their
theoretical basis and their relevance to the project objectives. An overview is given in
the table below:

Chapter Article Number(s)
Chapter 4 Articles 1, 2, and 3
Chapter 5 Articles 4 and 5
Chapter 6 Articles 6

Chapter 7 Articles 7 and 8

Table 3.2: The grouping of articles into chapters.
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Chapter 4

An ocean engineering library for
OpenModelica

In Sec. 2.8, we discuss the formulation of the BVP for the incident wave velocity potential.
In Sec. 2.10, we describe how the Froude-Kriloff and Morison equation can be used
to determine wave and current loads on relatively small structures. In Sec. 2.11.1, we
introduce the catenary theory.

In the articles presented in this chapter, we build upon the theoretical basis, and
develop component models to simulate regular and irregular waves, depth-varying cur-
rent, hydrodynamic response of non-diffracting floating objects, and response of moorings
based on the quasi-static catenary approach. The component models so developed are
grouped together to constitute the preliminary OceanEngineering library for OpenMod-
elica, and the associated files are made available for public access at locations specified
inside the articles.

In the first article, presented in Sec. 4.1, we introduce the concept of the Modelica
Ocean Engineering Library, through the example of trying to model a catenary moored
wave-energy converter.

In the second article, presented in Sec. 4.2, we go into the details of the general
requirements to be kept in mind while developing a Modelica library for ocean engineering
applications. We also describe in detail the development of component models to simulate
regular as well as irregular waves, and depth varying current.

In the third article, presented in Sec. 4.3, we go into the details of the development
of component models to simulate the hydrodynamic response of non-diffracting floating
objects, and catenary moorings based on the quasi-static catenary theory.

Thus, the articles presented here have direct correlation with general project objective
1, and specific project objective 1(a), as given in Sec. 3.2.
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4.1 Towards the development of an ocean engineering
library for OpenModelica

The citation of the published article is given below:

S. Viswanathan and C. Holden. Towards the Development of an Ocean Engineering
Library for OpenModelica. Proceedings of the ASME 2019 38th International Conference
on Ocean, Offshore and Arctic Engineering. Volume 7B: Ocean Engineering. Glasgow,
Scotland, UK. June 9-14, 2019. VO7TBT06A025. ASME. https://doi.org/10.1115/0M
AE2019-95054

The postprint version of the paper follows.
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TOWARDS THE DEVELOPMENT OF AN OCEAN ENGINEERING LIBRARY FOR
OPENMODELICA

Savin Viswanathan*

Department of Mechanical and Industrial Engineering

Norwegian University of Science and Technology
NTNU
NO-7491, Trondheim, Norway.
Email: savin.viswanathan@ntnu.no

ABSTRACT

The development of component models to populate a pro-
posed OpenModelica standard library for the ocean engineering
domain is described through the process of modelling the re-
sponse of catenary-moored wave-energy converters in the ‘free-
to-use’ OpenModelica simulation environment and its associated
OMEdit graphical user interface. A wave energy conversion con-
cept is presented, followed by the implementation of Modelica
component models and functions to simulate wave, current, and
mooring loads on a cylindrical floating object. The irregular sea
surface is specified using the Pierson-Moskowitz spectrum and
the heave force on the buoy is determined based on the Froude-
Krylov formulation. Mooring load formulation is based on the
catenary theory. Combined wave and current loads on the buoy
and on the mooring chain are arrived at using the Morison equa-
tion. The results are verified with the commercial software Or-
caflex, and the preliminary OceanEngineering library is made
available for download. The integrated simulation of the mul-
tiphysical wave energy buoy system is then carried out to de-
termine the energy harvest potential, and results discussed. An
alternative design is then suggested and simulated to demonstrate
the advantages of using the component-based approach.

Keywords: Modelica ocean engineering library, Multiphys-
ical simulation of offshore systems, Modelica component models
for ocean waves, non-diffracting objects, and catenary mooring.

*Corresponding author.

Christian Holden

Department of Mechanical and Industrial Engineering

Norwegian University of Science and Technology
NTNU
NO-7491, Trondheim, Norway.
Email: christian.holden@ntnu.no

INTRODUCTION

Modelica is a non-proprietary, object-oriented, equation-
based programming language to mathematically model complex
multiphysical systems for the purpose of dynamic simulation.
Since it is based on equations instead of assignment statements,
the causality is unspecified and becomes fixed only when the
corresponding equation systems are solved (acausal modelling).
The main advantage with acausal modelling is that the solution
direction of the equations will adapt to the data flow context in
which the solution is computed, and this makes Modelica compo-
nent models more reusable than traditional classes containing as-
signment statements where the input-output causality is fixed [1].

The Modelica Standard Library contains about 1600 model
components and 1350 functions from the electric, electronic, me-
chanical, fluid, and control engineering domains. Commercial
as well as free-of-charge Modelica simulation environments are
available, and have been used by industry, especially in the auto-
motive sector, to simulate and analyze product performance [2].

In spite of the many advantages that Modelica has to offer,
its utilization in the offshore domain, which, even in its simplest
engineering applications, is highly multiphysical and interdisci-
plinary, has been minimal. One of the reasons behind this could
be the lack of Modelica component models relating to offshore
engineering, especially those dealing with simulation of irregular
ocean surface waves, hydrodynamics, mooring, etc.

The present work is directed towards the development of a
Modelica standard library for the ocean engineering domain pop-
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ulated with domain-specific component models and functions.
The work is carried out in the free-to-use OpenModelica simu-
lation environment and its OMEdit graphical user interface. An
online search for literature revealed that very little has been pub-
lished on the subject, the most relevant being Brommundt e al.
on the experiences of modeling a floating support structure for
offshore wind turbines [3].

As a first step, the modelling and simulation of a simple
wave energy converter buoy is described, involving the devel-
opment of Modelica component models for the ocean engineer-
ing domain. The widely used commercial software, Orcaflex is
used to verify the satisfactory performance of the hydrodynamics
and mooring characteristics. The components and functions are
then packaged to constitute the OceanEngineering library, which
is available for public download at https://github.com/
Savin-Viswanathan/OELib_OMAE2019. The integrated
model of the multiphysical system is then built up using these
components and simulated. Following the discussion of the sim-
ulation results, an alternative design is proposed and simulated
to showcase the benefits of component-based modelling.

Keeping in line with the intent of this work, which is only
to showcase the advantages of developing an Ocean Engineer-
ing library for Modelica, and not the detailed modelling of wave
energy conversion devices, modelling is described only to the
extent required to simulate the motion of the permanent-magnet
core inside the coil of the linear electric generator, as a measure
of electrical energy output potential, in both cases.

THE WAVE BUOY CONCEPT

A free-floating point-absorber wave buoy with an internal
spring-suspended permanent-magnet core which is free to oscil-
late inside an induction coil will produce some electrical power
when subjected to wave action [4].

Let us consider, for the purpose of developing a Modelica
model, that we would like to simulate the performance of a sys-
tem working on the concept of the DC3 buoy described in [4],
but, with some design changes, and the inclusion of a mooring
catenary to constrain buoy drift. The present system concept is
shown in Fig. 1, and the internal detail of the buoy is depicted in
Fig.2. The power output will be a function of the wave load,
the hydrodynamic response of the buoy in the heave direction,
and the mooring force. The mooring system response is in turn a
function of the hydrodynamic response of the buoy in the surge
direction, which is dependent on the wave as well as the current
force on both the buoy and on the mooring line itself.

The objective at this stage is to develop an integrated Model-
ica component model to simulate the multiphysics of the whole
system so as to determine the motion response of the suspended
core, as a measure of power output potential in various sea states.

FIGURE 1. CONCEPT OF THE WAVE ENERGY CONVERTER
BUOY.

FIGURE 2. INTERNAL ARRANGEMENT OF THE WAVE EN-
ERGY CONVERTER BUOY.

SIMULATING THE OCEAN SURFACE

Considering the Fourier series representation of the irregular
sea surface, and the concept of the wave spectrum [5, pp. 87-90,
and p. 101], one may represent the sea surface elevation, 1(r)
[m] at a required horizontal coordinate x [m] at time 7 [s] as [5, p.
123, 124]:

N
n(1) = Y noicos(kix — ayt — &), (1

=
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Here, N is the total number of wave components (frequency
bands), np [m] is the component wave amplitude, @ [rad/s] is
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the wave angular frequency, and € [rad] is the phase. Subscript
i refers to the number of the component wave under considera-
tion. The wave number k [rad/m] is to be determined from the
dispersion relation > = gktanhkd by iteration. g [m/s?] is the
acceleration of gravity and d [m] is the water depth. Sy, (@;) [m?s]
is the energy spectral density and Aw [rad/s] is the width of the
frequency bands dividing the total wave spectrum.

If the component frequencies are evenly distributed, n(r)
will be periodic, which is undesirable. Selecting frequency com-
ponents randomly (uniformly distributed) within each frequency
band will avoid this problem and give a quasiperiodic signal [6, p.
209].

The generation of wave records in this work is based on the
Pierson-Moskowitz spectrum which may be expressed in terms
of its significant wave height Hs [m], as [5, pp. 105-107]:

SntH?2 —20m*
Sp(w;) = 5 exp <—(u> . 3)

Here, T, [s] is the peak period of the spectrum, and is related
to H through the relations 7, = 2. and o = 0012 Here, @,
[rad/s] is the peak angular frequency.

A Modelica component IRW_PM_RDFCWI which calls
functions spectrumGenerator PM, randomNumberGenera-
tor, frequencySelector, and waveNumberlIterator was imple-
mented to perform the above calculations for specified H;.

Figure 3 shows the generated sea surface elevation based on
a Pierson-Moskowitz spectrum with H; = 1 m, and d = 50 m.
Sinusoidal ramping of the wave amplitude was implemented to
prevent impulse loads at the start of simulation.

SSE [m]

0 100 200 300 400 500 600

Simulation time [s]

FIGURE 3. SEA SURFACE ELEVATION

To facilitate regular-wave analysis, a Modelica compo-
nent RegularAiryWave, which computes the wave elevation
n(t) = nocos(kx — wt), was implemented. Here, 1o [m] is the
specified wave amplitude and @ = 27 /T, where T [s] is the spec-
ified wave period.

THE CURRENT PROFILE

The current profile is specified as an array of depths z¢; and
current velocities U, at a specified number of points, enabling
the interpolation of the current velocity at any depth. A Modelica
component CurrentProfile_4pt was coded to perform this task.

SIMULATING THE HYDRODYNAMICS OF A NON-
DIFFRACTING FLOATING OBJECT

Of the 6 degrees of freedom of the cylindrical buoy, it is
heave that has the most significant effect on the power gener-
ated, and surge that has the most significant effect on the moor-
ing forces. Hence, the present work considers only the uncoupled
heave and surge response of the cylindrical floating object. Fur-
ther, it may be safely assumed in this case that heave and pitch
are uncoupled.

Considering the heave motion of a floating object in still wa-
ters, the single degree of freedom equation of motion for damped
oscillations,

Mi+Ci+Kz=F(t), “4)

is applicable. Here, M = m(1+Cpa), C = {C., Cc =2M®,,

, = \/g, and K = Ayppg.

In the above, m [kg] is the mass of the body, Cina [-] is the
added mass coefficient, C [Ns/m] is the damping coefficient, K
[N/m] is the stiffness, z [m] is the body displacement (from its
mean position), F(r) [N] is the time dependent external force
acting on the body, ¢ [-] is the damping coefficient, C, [Ns/m]
is the critical damping, @, [rad/s] is the natural frequency, A,,,
[m?] is the water-plane area, p [kg/m?] is the density of water,
and g [m/s?] is the acceleration of gravity. For small structures,
Cia and C are obtained from experimental data [S, pp. 331-338].
These may also be determined from a frequency domain analysis
using software like WAMIT or ANSYS AQWA. In this example,
we are assuming Cpy, = 1 and § = 0.5 for heave. Motion in surge
direction is considered un-damped and the added mass is taken
to be equal to the instantaneous displacement mass.

The external forces constituted by wave, current, and moor-
ing loads are to be specified on the RHS of Eqn. (4) to simulate
the forced damped oscillations of a floating object. The wave
loading in the heave direction is determined using the Froude-
Krylov force formulation which may be applied in cases of small
(with respect to wave length) structures if the flow is assumed
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irrotational and the diffraction effect small [5, p. 233], as is the
case here. The Froude-Krylov force is given by F/X ~ p gAwpT.
[7]. The horizontal wave and current loads are determined using
the equation for the Morison force on a cylindrical object free to
move in presence of waves and current, given as [5, p. 189]

M =Cyip ED%i— Cap ED*%
r g
1 )
+CoypD U U~ | (ukU — ).

Here, Mg [N] is the Morison force (per unit length, in this case),
Cu [-] is the inertia coefficient, p [kg/m?] is water density, D
[m] is the body diameter, i [m/s?] is the wave induced water
particle acceleration along x, Ca [-] is the added mass coefficient
, ¥ [m/s?] is the body acceleration along x, Cp [-] is the drag
coefficient, u [m/s] is the wave induced water particle velocity
along x, U [m/s] is the current velocity along x, and x [m/s] is the
body velocity along x. Cy and Cp are available from numerous
field and laboratory tests, which allows the designer to choose
appropriate values [5, p. 172]. Also, Cm = 1+Ca [5, p. 178].
The wave kinematics are given by [5, pp. 48-52]:

. 7H cosh k(z+d)

T smhkd cos(kx— ot), (6)
2m%H cosh k(z+d) .
= T ammkd sin(kx — ot). @)

Here, H [m] is the wave height, T [s] is the wave period, k
[rad/m] is the wave number, z [m] is the vertical coordinate of
the point at which the wave kinematics are to be calculated, d
[m] is the water depth, x [m] is the horizontal coordinate of the
point at which the wave kinematics are to be calculated, and ®
[rad/s] is the angular frequency of the wave.

A Modelica model CylindricalBuoy which utilizes the
above equations to determine the heave and surge forces was im-
plemented to determine the hydrodynamic response. The Mod-
elica function morisonForceCydIBuoy calculates the Morison
loading on the buoy. The velocity and acceleration profiles for
the wave and current are moved with the instantaneous sea sur-
face [8, sec. B1.4.5.5]. Fig. 4 shows the comparison of the heave
response between Modelica and Orcaflex (modelled as a spar
buoy of same the dimensions) models, and Fig. 5, the surge re-
sponse in various situations of waves and current. The buoy is of
diameter 1.2 m, height 2 m, and mass 850 kg, while the wave has
a height of 1 m and a period of 7 s. The slight phase difference
between the model responses is due to the different wave start
times between Orcaflex and Modelica. The minor variation in
heave response could be due to the simplified approach adopted
in this work as compared to the method used by Orcaflex, and is
to be investigated. All other responses are found to be a close fit.
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FIGURE 5. FLOATING CYLINDER IN WAVES AND CURRENT.

Since the buoy drifts in the presence of waves
and current, it has to be moored. To transfer the
mooring loads, a Fairlead connector of type Model-

ica.Mechanics.Translational.Interfaces.Flange_a, available
in the Modelica standard library for mechanical interfaces, is
specified at the centre of the bottom surface of the buoy. The
Fairlead connector is composed of two flanges, one each for
transfer of horizontal and vertical components of the mooring
load. In addition, another flange connector named Tophook was
defined at the centre of the top surface of the buoy to suspend the
spring-mass system representing the core of the linear electric
generator.
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SIMULATION OF CATENARY FORCES

When a chain is laid on the ground, and one of its ends is
raised to a height, it assumes a half-catenary shape between the
ground and the point of suspension. At the point of suspension,
the suspended chain weight has a horizontal and a vertical com-
ponent, the magnitudes of which depend on angle v, as indi-
cated in Fig. 6. If the chain is attached to a floating object, this
horizontal force component acts to restrain the drifting of the ob-
ject from its equillibrium, and this constitutes the principle of the
catenary mooring system. The equation of a catenary in cartesian

FIGURE 6. THE MOORING HALF-CATENARY.

co-ordinates is given by z = acosh(3) [9]. Here x [m] and z [m]
are the catenary coordinates and @ [m] is the catenary parameter.

Considering the relations a = —T‘E, z=asec(y) =a+h and
7% =12 + %, one may arrive at the following relations [10]:

xw
y=——"7—-, (8)
cosh™! (1+¥—:)
ls=h (1+2ﬁ>. 9
wh

Here, Ty [N] is the horizontal tension, w [N/m] is the submerged
specific weight of the catenary, y [rad] is the angle of the cate-
nary w.r.t. x-axis at the point of suspension, /4 [m] is the vertical
distance of the point of suspension of the catenary from the sea
floor, and / is the length of the catenary from the point of sus-
pension on the buoy to the touchdown point on the sea floor.
Now, considering that while X varies from X, = (. —d) to
Xmax = \/I2 —d?, x varies from xpin = 0 0 Xmax = Xmax, Where
I [m] is the total length of the mooring chain and d [m] is the
water depth (ref. Fig 6), Eqn. (8) can be iterated to get values for
Ty for x = {0,0.1,0.2..., xmax }. [s may then be calculated using

Eqn. (9) and X can be calculated using the relation
X=l—Ils+x. (10)

We can thus arrive at a table of values of Ty for specified X. The
mooring load at any time step can then be linearly interpolated
for the required x coordinate of the body’s centre of gravity.

A Modelica model CatenaryMooring, calling on functions
catXIterator and catThlterator, was implemented to simulate
the mooring loads.

The mooring is attached to the fairlead fixed at the centre of
the bottom surface of the buoy, the connection being effected
through a Shackle connector complementary to the Fairlead
connector.

The mooring catenary will also be acted upon by waves and
currents, and this force will be transferred to the buoy through the
mooring chain. The assumption made in calculating the Morison
loading of the mooring catenary is that the instantaneous cate-
nary shape remains unaltered due to Morison loads on the chain,
and that the net effect of the Morison loads is a modification
of the vertical and horizontal components of the mooring load.
The chain length is discretized into a number of segments, and
combined wave and current kinematics calculated at the segment
centres are used to determine the Morison loads on the chain
based on the hydraulic diameter and drag coefficients. The wa-
ter particle kinematics are determined using Eqns. (6), (7) and

[5, pp. 48-52]:

W 7H sinh k(z+d)

T sinh kd sin(kx — or), (11)
_ —2m%H sinh k(z+d)
W= 7 smh kd cos(kx— t). (12)

Here, w [m/s] is the wave-induced water-particle velocity and w
[m/s?] is the wave-induced water-particle acceleration in the z
direction.

Figure 7 and Fig. 8 shows the effect of the mooring line on
the excursion of a buoy of the same dimensions as earlier, but
with a mass of 1100 kg, moored with chain of specific mass 16
kg/m, when subjected to a uniform current of 1 m/s acting over a
depth of 10 m and tapering to 0 m/s at a depth of 25 m, in a water
depth of 50 m. Fig. 9 shows the corresponding catenary shape
of the mooring chain at various simulation time steps. Orcaflex
approximates the chain as a series of rigid interconnected mass-
spring-dampers, while the Modelica component uses a catenary
approximation approach for the mooring line model, and this re-
sults in a minor variation in the mooring load as shown in Fig. 10.
The buoys float at the same initial draught of 1.535 m in both
models, and this implies that the x coordinate of the mooring line
top end should have been positioned at (50+ 1.535) m. However
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it is observed that Orcaflex places it at 51.95 m. The exact reason
for this shift is yet to be ascertained.
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RENT.

Figure 11 compares the surge response of the same buoy in
the presence of a regular wave of height 1 m, period 7 s, and a
current of 0.5 m/s (profile as discussed earlier), with and without
considering mooring chain Morison forces, while Fig. 12 com-
pares the heave response for the same cases by plotting the buoy
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FIGURE 9. EVOLUTION OF THE MOORING CATENARY.
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FIGURE 10. COMPARISON OF Tj.

keel position. Note the negligible effect of mooring chain Mori-
son loads on the heave response. The higher surge response of
the Orcaflex model seen in Figure 11 is due to the lower mooring
Ty, as can be inferred from Fig. 10.

The following mooring components have been defined:

CatenaryMooring_Mf0 which does not consider current or
wave loads on the mooring line.

CatenaryMooring_ MfC which considers only current and
wave velocity loads on the mooring line.

CatenaryMooring_ MfCW which considers both current and
wave velocity as well as acceleration loads on the mooring
line.
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OUT MORISON LOADING OF MOORING.

It has been noticed that the model becomes sluggish when
using the CatenaryMooring_.MfCW component. However,
noting the negligible impact of the mooring-line wave Morison
loading on the buoy’s response, we henceforth consider only cur-
rent loads on the mooring line.

SIMULATING THE SPRING-MASS SYSTEM
The spring-mass system is modelled using standard compo-
nents already available in the Modelica Mechanics library. A

SpringDamper component and a Mass component are coupled
to represent the spring-suspended core of the linear electric gen-
erator, as shown in Fig. 15, under the System Integration section.

Figure 13 shows the effect of the oscillations of the spring-
suspended mass of 50 kg on a floating buoy of mass 350 kg, in
still water. The mass is released from different initial positions
and the vertical motions of the mass’ centre of gravity and buoy
keel are plotted. Note the coupling between the mass and buoy
response. Thus, the dynamics of the buoy and the spring-suspend
mass are coupled through the TopHook connector.
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FIGURE 13. COUPLING OF SPRING MASS AND BUOY HEAVE
RESPONSE.

THE MODELICA OCEAN ENGINEERING LIBRARY

Having verified the satisfactory simulation of hydrodynamic
and mooring loads, we now proceed to build up a preliminary
library for the ocean engineering domain.

All the components discussed earlier are packaged to con-
stitute the OceanEngineeringLibrary as shown in Fig. 14. The
custom-developed models for waves, current profile, floaters,
and moorings are grouped together as Components, while
the modified SpringDamper and Mass models from the al-
ready available mechanics library are grouped under Miscel-
laneousComponents. All the custom-developed functions are
grouped as Functions, while the custom-developed connectors
are grouped as Connectors. All the simulations discussed in
this paper are grouped under SampleSimulations, and are ready
for simulation. The library is available for free public down-
load at https://github.com/Savin-Viswanathan/
OELib_OMAE2019. To use the library, one must download the
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files to a computer in which the free-to-use OMEdit is installed
and double click OceanEngineering.mo.

The Orcaflex simulation files are also accessible through the
download link.
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FIGURE 14. SCREENSHOT OF THE OCEAN ENGINEERING LI-
BRARY.

SYSTEM INTEGRATION

Having thus set up the library, it is very easy to build in-
tegrated system models. The drag-and-drop feature of OMEdit
allows one to easily assemble the components in the diagram
view.

The integrated multiphysical system model for a wave en-
ergy conversion buoy in irregular waves and current is shown in
Fig. 15. Here,

1. Modelica model RegularWave/ Irregular Wave determines
the wave parameters, viz. @;, T;, ki, €. 1oi-

2. Modelica connector WaveDataConnector links this infor-
mation to the Modelica expandable connector Environ-
mentBus.

3. Modelica model CurrentProfile generates the specified cur-
rent profile as a vectors of zcg and U values.

4. Modelica connector CurrentDataConnector links this in-
formation to the Modelica expandable connector Environ-
mentBus.

5. Modelica connector EnvironmentMooringDataConnec-
tor links the required information from the Environ-
mentBus to the Modelica Model CatenaryMooring
while Modelica connector EnvironmentBuoyDataCon-
nector links the required information to the Modelica model
CylindricalBuoy.

6. Modelica flange connector Shackle of CatenaryMooring is
connected to flange connector Fairlead of CylindricalBuoy
while the flange connector TopHook of CylindricalBuoy is
connected to the top flange of the DampedSpring, and the
bottom flange of the DampedSpring is connected to the top
flange of the Mass component.

ImegularWave  Vertcats

3

environmentBus1

currentProfile_4pt1

{dMass1

suspendd

FIGURE 15. SCREENSHOT OF THE INTEGRATED COMPO-
NENT MODEL OF THE WAVE ENERGY CONVERTER BUOY.

RESULTS

Keeping in mind the intent of the work, which is only to
showcase the benefits of developing an OceanEngineering li-
brary for OpenModelica, the results are to be viewed from such
an angle, excluding the tendency to delve into details of wave-
energy conversion. Space limitations prevent the listing of all
simulation parameters here and these maybe found within the re-
spective simulation files under the SampleSimulations of the li-
brary. The Orcaflex simulations are also accessible via the down-
load link.

Figure 18 shows the surge response of a wave energy con-
verter buoy of diameter 1.2 m and mass 850 kg, moored with a
chain of specific mass 16 kg/m, in irregular waves of significant
wave height 1 m, in the presence of the earlier specified current
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profile with velocity 1 m/s, and in a water depth of 50 m. Wave
and current Morison loading is applied to the buoy, while only
current Morison loads are considered on the mooring line.

Figure 19 shows the variation in the z-displacement of the
permanent-magnet core’s centre-of-gravity, about an origin fixed
to the body of the buoy. This variation in displacement is an
indication of the power output, and we observe that, in this case,
the variation is very small for any feasible power take-off from
the linear electric generator.

The component-based modeling approach followed makes it
easier to analyze other design options. For example, in the Wave
Energy Platform, as shown in Fig. 16, the linear electric gener-
ator coil is mounted on a support structure fixed to the pontoon,
and the permanent magnetic core is formed onto the top portion
of the cylindrical buoy. A guide allows the buoy to heave freely
while restraining motion in other directions. Figure 17 shows
the new Modelica component model which utilizes most of the
previous components. The CylindricalBobbingBuoy and Box-
Platform are modified versions of the earlier CylindricalBuoy.
Morison loads are applied on the mooring, pontoon as well as on
the cylindrical buoy and are interconnected using flange connec-
tors. The boxplatform has alength of 5 m, breadth and depth of 2
m, weighs 15,250 kg and is moored with a chain of specific mass
16 kg/m. The bobbingbuoy has a mass of 350 kg and diameter of
1.2 m.

Figure 18 shows the surge response of the wave energy plat-
form under the same environmental conditions as that applied to
the wave energy converter buoy earlier, while Fig. 19 shows the
variation in the relative z-displacement between the deck of the
pontoon and the top surface of the cylindrical buoy. We observe
that in this case, the variation is large enough to possibly take
off feasible amount of power from the linear electric generator.
However, it is to be noted that diffraction effects and hence the
hydrodynamic coupling of the multibody system is not consid-
ered in this case. The example is cited with the sole intent of
showcasing the ease with which Modelica components maybe
modified to build up similar systems governed by same physical
principles.

CONCLUSION

Integrated simulation of simple multiphysical systems in
the domain of offshore engineering has been carried out using
the free-to-use OpenModelica software and its OMEdit graphi-
cal user interface. The effectiveness of developed components
and the ease of integration with already available components
from the Mechanics library of Modelica has been demonstrated
through the simulation of the wave energy converter buoy sys-
tem, while the advantages of following a standard component-
based approach has been demonstrated in the simulation of the
wave energy conversion platform system.

Preliminary comparison with results from Orcaflex shows

Cylindrical
buo;

FIGURE 16. CONCEPT OF THE WAVE ENERGY PLATFORM.

IregularWave ofindncalBobbingBuoyl

3

environmentBus1

currentProfile_dpt1 catenar

ing_MIC1

FIGURE 17. SCREENSHOT OF THE INTEGRATED COMPO-
NENT MODEL OF THE WAVE ENERGY PLATFORM SYSTEM.

that the modelica simulation is satisfactory. Minor variations are
seen in heave motion and in the mooring response. While the
reasons for the variation in the mooring response has been rec-
onciled, the variation in heave, though minor, is to be investi-
gated. Also, in the present work, values have been assumed for
the frequency dependent added mass and damping. To generate
these values, and also to simulate the hydrodynamics of diffract-
ing objects within Modelica, future work is planned towards im-
plementing the Boundary-Integral Method for frequency domain
analysis of regular geometries.

Public access to the preliminary OceanEngineering library
has been provided and interested readers may delve into de-
tails of the code used to develop these components and im-
prove/modify the same on their own. All the simulations includ-
ing Orcaflex files are made available to the interested reader for
constructive criticism.

Thus, it maybe concluded that the open-source OpenMod-
elica software holds great potential in the domain of offshore
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simulations, and the development of a standard library for ocean
engineering components would be benificial to academia and in-
dustry, especially when finances are constrained. Standard com-
ponents from other domains can then be easily incorporated into
the offshore systems to simulate for e.g., control system perfor-
mance and other required analyses, thus enabling fully-integrated
multiphysical system simulations.
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4.2.  Component-models for waves and currents

4.2 Modelica component models for oceanic surface waves
and depth varying current

The citation of the published article is given below:

S. Viswanathan and C. Holden. Modelica Component Models for Oceanic Surface
Waves and Depth Varying Current. Proceedings of the American Modelica Conference
2020, Boulder, Colorado, USA, March 23-25, 2020. https://doi.org/10.3384/ecp201
69

The postprint version of the paper follows.
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Modelica Component Models for Oceanic Surface Waves and
Depth Varying Current

Savin Viswanathan'

Christian Holden!

'Dept. of Mechanical and Industrial Engineering, Norwegian University of Science and Technology (NTNU),
NO-7491 Trondheim, Norway. {savin.viswanathan,christian.holden}@ntnu.no

Abstract

In this paper, the theory of progressive ocean-surface
gravity-waves is discussed, followed by the concept of the
representation of the irregular sea-state by a sea-spectrum.
Fourier series decomposition of the irregular sea-surface
into its constituent regular waves and the method of re-
alizing unique time-records of the sea-surface-elevation
from commonly used sea-spectra is described. A detailed
description of the development of Modelica component-
models to generate regular as well as irregular waves, and
depth-varying current, with an eye on the requirements
imposed by probable integrated simulation scenarios, is
then presented and the results discussed.

Keywords: regular wave, irregular wave, sea-spectrum,
Modelica ocean-engineering library.

1 Introduction

The advantages of developing an OpenModelica ocean
engineering library populated with domain-specific
component-models and functions to carry out the inte-
grated simulation of multi-pyhsical ocean engineering
systems was demonstrated by the authors (Viswanathan
and Holden, 2019). This earlier work:

1. Gives a brief description of the simulation of systems
based on the hydrodynamic response of catenary-
moored non-diffracting floating objects in the pres-
ence of waves and current,

2. Demonstrates the satisfactory agreement of the Mod-
elica simulation results with those obtained using
a popular ocean-engineering commercial software
(Orcaflex), and

3. Brings out the advantages of using a component-
model based simulation approach.

The voluminous nature of the earlier work precluded
the possibility of delving into the theoretical and imple-
mentational details of the various Modelica component-
models of the ocean-engineering library proposed by the
authors, the preliminary version of which is available for
download at github.com/Savin-Viswanathan/
OELib_OMAE20109.

The present work which deals with the development of
Modelica component-models for simulating the kinemat-
ics and dynamics of regular and irregular waves, and depth
varying current, is the first among a series of two papers
which will fill in such gaps in theory and implementation.

2 Theory

The theory presented here upto Section 2.4.2 is a brief
summary of that given in (Dean and Dalrymple, 2001) .

2.1 The Fundamentals

The application of the conservation of mass to a reference
fluid volume yields the continuity equation:

(e))

Here, p [kg/m3] is the fluid density, 7 [s] is time, and u, v,w
[m/s] are the fluid velocities in the x,y,z directions.

Disregarding the effects of surface tension and elastic-
ity, the application of the translational equation of motion
to a fluid particle yields the Navier-Stoke’s equations:
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Here, % is the material derivative, p [N/m?] is the fluid

pressure, T [N/m?] is the shear stress where the first sub-
script refers to the surface perpendicular and the second
subscript refers to the direction of the stress, and X,Y.Z
[N] are body forces along the x, y, and z directions.

2.2 Assumptions and the Governing Equation

The following assumptions are made:
e Incompressible fluid (p =constant).

e Inviscid fluid (7 = 0).

—9dv dw _ Ju

dv _ d
Su=gFamdE=%

e Irrotational flow (%‘T‘ % ).
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e Low wave steepness, i.e., (H < L).

e Long crested waves (2D flow, in x and z directions
only).

e Horizontal and time-invariant bottom boundary.

Assuming incompressible fluid and long crested waves,

Eqn. (1) — Q_‘_B_w =0.
dx

7z (&)

Assumption of inviscid fluid gives the Euler equations:

Du  1dp

Eqn. (2)—)5——55, (6)
Dw  1dp

Eqn. (4) — o= _E_Bz -8 (7)

The assumption of irrotational flow makes it possible
to define a scalar velocity potential ¢ (x,y,z,7) [m?/s] such
that its directional derivative gives the fluid velocity in that
direction. i.e.,

29

sz,

99
== 8
Y=z @

Thus, for an incompressible, irrotational flow in the x
and z directions, the integrated form of the Euler equation
yields the Bernoulli equation for unsteady potential flow,

2 1[0\ (0N . p .
W—FE{(X) +<3_Z> }+E+gZ—C(’)v (€]

where C(r) is the Bernoulli term and is a constant for
steady flows.

With u = [u, w]T, (5) may be expressed in vector form
as V.u = 0. From (8), u= V¢, so we have

29 2
vvo=vi=20+20-0 a0

Equation (10) is the well-known Laplace equation, and
consitutes the governing differential equation which is
valid throughout the fluid domain. Our interest is in deter-
mining the velocity potential which satisifies the Laplace
equation, which then makes it possible to determine the
fluid velocities at any point in the fluid domain.

The Bernoulli equation relates the fluid velocities to the
the fluid pressure, and the integration of the fluid pressure
along the surface of any submerged/floating object gives
the force that the fluid exerts on the object, which is, in
most cases, the element of interest in wave-body interac-
tion problems.

2.3 The Boundary Conditions

In seeking a solution for the velocity potential in (10), we
make use of the following physical conditions which must
be satisfied by the fluid velocity and pressure, at the do-
main boundaries:

1. The Kinematic Free-Surface Boundary-Condition
(KFSBC) stemming from the fact that there cannot
be any fluid flow across the interface between the lig-
uid domain and the atmosphere at the free surface of
the fluid.

2. The Bottom Boundary-Condition (BBC) stemming
from the fact that there cannot be any fluid flow
across the sea floor.

3. The Dynamic Free-Surface Boundary-Condition
(DFSBC) stemming from the fact that ‘free’ surfaces
such as the air-water interface cannot support pres-
sure variations across it, and hence must be capa-
ble of responding in order to maintain the pressure
continuity across the liquid and gaseous domains.
This displacement of the free surface means that the
position of the upper boundary is not known a pri-
ori in the water-wave problem. For small-amplitude
waves, this condition is given by the requirement that
the pressure on the free surface is uniform along the
wave form.

4. The Spatial and Temporal Periodicity Condition at
the Lateral Surfaces (LPBC) stemming from the fact
that the solution we seek is the velocity potential as-
sociated with a wave which is periodic in both space
and time.

Mathematical expressions for the kinematic boundary
conditions may be derived from the equation of the form
F(x,y,z,t) = 0, describing the boundary surface. For a
temporally varying surface, the total time-derivative of the
surface is zero, on the surface. Hence, for a 2D wave
surface-profile,

JF  OF
tus-+w

dx 9z

DF _9F

- = — F 3 Z, 1) = VU,
YRRT, 0onF(x,z,t) =0

an

Or, rearranging and using vector notation,

JF

- = u.VF = u.n|VF|. (12)

Here, n= ‘g—; is the unit normal to the surface, and

2 2
VEl =1/ (%) + (%)

The kinematic boundary condition is thus expressed as

IF/ot

u.n:—W

on F(x,y,z,1) =0. (13)
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At the free surface, F(x,z,7) = z — n(x,t) = 0, where
N(x,t) is the displacement of the free surface about the
horizontal plane. Equation (13) gives

an/or

un= > onz—n(xt)=0.  (14)
(g2) +1
Taking
s
SCUTERN
n=9¥4'j, (15)
(%’}) +1
(14) gives the KFSBC as
_on_dn
W_WJ”‘E on z=1n(x,1). (16)

Assuming a horizontal, time-invariant bottom at z =
—h, F(z) = z+h = 0. Equation (13) gives u.n = 0 at
z= —h. Here, n =k, and hence the BBC can be expressed
as

w=0onz= —h. an

By specifying a uniform pressure (p; =constant) along
the wave form in the Bernoulli equation at the free surface,
the DFSBC may be expressed mathematically as

90 1 [/30\> [3¢\?
Wf{(z) “(5) }

+%1 +gz=C(t) onz =n(x,1).
(18)
The LPBCs may be expressed as
d(x,1) =9(x+L,t), (19)
O(x,t) =0(x,t+T). (20)

Here, L [m] is the wave length and 7 [s] is the wave period.
2.4 Solution of the Boundary Value Problem

The BVP to be solved is thus the Laplace equation (10)
subject to: 1. the KFSBC in (16), 2. the DFSBC in (18),
3. the BBC in (17), and the LPBC in (19) and (20). The
diagrammatic representation of the problem is shown in
Figure 1.

2.4.1 Manipulation of the Free Surface Boundary
Conditions

On carrying out a non-dimensional analysis of the terms in
the KFSBC and the DFSBC, under the assumption of low
wave steepness, i.e., H/L < 1, we notice that u%_’\l < %'tl,
Wil < % ana ()" (%) < 2.

Further, the KFSBC and DFSBC are to be evaluated at
z="(x,t), which is a priori unknown. However, on taking

k L J
z
. “cc$“((act 1 ¥
I mean free surface )
} . 2 i } ) JKFSBC
| R | \DFSBC
hol V(x, z, 1)=0 |
k |
| ‘LPBC | £~ LPBC
} —BBC I

Figure 1. Boundary value problem for the velocity potential.
Adapted from (Dean and Dalrymple, 2001).

a Taylor series expansion of the BCs about the mean free
surface at z = 0, we notice that the second-order and sub-
sequent higher-order terms can be neglected; hence, we
can safely assume the validity of the BCs at the mean free
surface instead of the actual free surface. Details about
linearization and shifting can be found in (Techet, 2005).
Taking the pressure at the free surface as the constant
atmospheric pressure, we can eliminate the Bernoulli con-
stant and the pressure term in (9) as demonstrated in (An-
dersen and Frigaard, 2011). Thus, the modified BCs are:

. 99 _on .
KFSBC: (9_Z = W on = 0, (2])
29
DFSBC:  S-+gn=0 on z=0. (22)

Differentiating (22) w.r.t. ¢ and using (21), we can
combine both the BCs to give the Combined Free-Surface
Boundary-Condition (CESBC) as:

. 9% 99 _

on z=0. (23)

2.4.2 Complex Exponential Form of the Velocity Po-
tential

It is often mathematically advantageous to use the com-
plex form of the velocity potential; see p. 4 of
(Chakrabarti, 1987). Since the solution we seek is related
to a progressive sinusoidal wave, we may express the ve-
locity potential as

¢ = @(z)e' e, 24)

The LPBCs were utilized in the formulation of the above
equation, the real part of which represents the velocity po-
tential of a sinusoidal wave progressing in the positive x-
direction; see pp. 2, 12 of (Krogstad and Arntsen, 2000).
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The BVP is now given by:
2
Laplace eqn: B_(p - kz(p =0. (25)
97?
2 ¢
CFSBC: - (p+ga—Z=00nz:O. (26)
BBC: B_(p =0onz=—h. 27)
9z
Assuming a solution of the form
¢(z) =Cre 4+ Crek, (28)
Eqn. (27) = Crke ¥ — Cake" = 0, (29)
Eqn. 26) = (gk— 0*)Ci — (gk+ ®*)C2 =0. (30)

The above homogenous equation system has non-trivial
solutions only when the determinant is zero. This gives
the dispersion relation

®? = gktanh(kh). @31
Now, setting C; = %Bek” and C; = %Be”"’,
Eqn. (28) =  ¢(z) = Bcosh[k(z+h)], (32)

Eqn. 24) —  ¢(x,z,1) = Bcosh[k(z + )]/,
(33)
~19¢

Eqn. (22 = .
n @ n=—5r

(34)

Considering that that highest value of 1) is the wave am-
plitude A = H/2 [m], from (33) and (34), we have

_ —igA 1
B= ® cosh(kh)

(35)

The complex exponential form of the velocity potential
may now be expressed as

igh cohk(z ) 4e-an
®  cosh(kh) '

o(x,z,1) = (36)

2.5 Kinematics and Dynamics of Regular
Waves

Considering the real part of the velocity potential in (36),
_ gH coshk(z+h)

= 20 cosh(dh) sin(kx — ot), 37)

n =H/2cos(kx — ot), (33)
u= % 7‘:0551}:1]1{1((12_)]1) cos(kx — ot), (39)
_ ?% sin(ke— or), (40)
0= 27;_2211%(&2_)]1)5in(kx—wr), (41)
W= 2’;22” % cos(kv—wr),  (42)
S = _%%sin(h—wﬂ, (43)
. = g%cos(h—m), (44)
p= pgg%m)h)cos(kx—wt). (45)

Here, u and w [m/sz] are the water particle accelerations,
d, and &, [m] are water particle displacements from their
mean position, and p [N/m?] is the dynamic pressure.
(Chakrabarti, 1987).

2.6 Kinematics and Dynamics of Irregular
Waves

The process of linearization carried out in Section 2.4.1
implies the validity of the superpostion principle with re-
gards to the quantities expressed in Section 2.5. This,
in turn, justifies the representation of the irregular wave
parameters as the summation of the parameters of con-
stituent regular waves; or, in other words, as a Fourier se-
ries, as represented in Figure 2.

The way of describing the sea-state is linked to the en-
ergy content in waves. Linear theory gives the wave en-
ergy per unit area of the sea surface due to a regular wave
as

1
E=5pgG (46)

Here, §o; [m] is the amplitude of the regular wave under
consideration; see p. 97 of (Dean and Dalrymple, 2001).
The spectrum for the irregular wave process is defined
such that the area of the wave spectrum Sy (@) within the
frequency interval A represents the wave energy for the
same frequency interval. Hence, from a known spectrum
function, we can find the amplitude y; [m] of the har-
monic wave component which represents the wave energy
for a given frequency resolution using (47); see p. 23 of
(Faltinsen, 1999), and p. 122 of (Chakrabarti, 1987):

Goi = /28y (w)Aw.

(47)
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Figure 2. Concept of Fourier series representation of irregular
waves and the wave spectrum. Adapted from (Faltinsen, 1999).

Once the amplitudes corresponding to each of the com-
ponent regular waves is known, randomness may be in-
troduced by the inclusion of an arbitrary phase difference
& [rad]. The property of the irregular wave may now be
expressed as the summation of the property of the com-
ponent waves of specified frequencies with random phase.
For e.g., the sea surface elevation (SSE) at a given x co-

ordinate is expressed by equation (48); see p. 123 of
(Chakrabarti, 1987):
N
n(x,t) = Z C(),‘ cos(k,-x — Wit — S,'). (48)

i=1

Here, N is the total number of wave components (fre-
quency bands), §y [m] is the component wave amplitude,
 [rad/s] is the wave angular frequency, and € [rad] is the
phase. Subscript i refers to the number of the component
wave under consideration. The wave number k [rad/m]
is to be determined from the dispersion relation given in
3. g [m/s?] is the acceleration of gravity and d [m] is
the water depth. Sy (;) [m?s] is the energy spectral den-
sity and Aw [rad/s] is the width of the frequency bands
dividing the total wave spectrum.

The even distribution of component frequencies will
cause the resultant wave to be periodic with a period of
of 27T/ @yin [s], and thus not truly irregular. Hence, the
component frequency within each frequency interval is se-
lected based on a unifrom random distribution, as advised
in p. 209 of (Fossen, 2011).

3 Modelica Implementation

3.1 General Considerations

Most simulation problems envisaged would require, in one
way or the other, the determination of wave/current forces
acting on structures with varying degrees of restraint as
illustrated in Figure 3. Since the wave forces vary both

temporally and spatially, and since the location informa-
tion is contained in the component-model for the body
in a wave-body interaction problem, it was decided that
a wave component-model that generates all the required
parameters that allows for the determination of the vari-
ous quantities given in the equations under Section 2.5, at
any location (x, y, z) within the problem domain, at any
specified simulation time ¢, would be the best approach.

Free-floating Ship:
Wave forces at various
horizontal and vertical

positions along the body
to be determined

Moored Buoy:
Wave forces on the buoy
as well as on the mooring
to be determined

B

o

Fixed Monopile:
Wave forces at various
depths along the pile
to be determined.

Figure 3. Expected simulation scenarios.

Once the wave parameters such as component fre-
quencies, corresponding amplitudes and phases are deter-
mined, they would have to be made available to the body
component-model for determination of wave properties at
the desired location. Towards this end, an information bus
holding the required data is to be specified from which the
body component-model may then access this data.

Considering the above general requirements, the system
model for integrated simulation may be represented by the
block diagram in Figure 4. While the wave, current, and
data bus are common components for any ocean engineer-
ing simulation, the other components may vary depending
upon the scope of the simulation. The rest of this paper is
dedicated to the implementation of the component-models
for waves and current.

WAVES : » FORCES
r 1 L : [ ‘ BUOY » DATA
. D | =
|
A 1
T ! _{ MOORING
Al
B —‘ MONOPILE
CURRENT y [ -

?7 _ DS

FIXED COMPONENTS

w

VARIABLE COMPONENTS

Figure 4. General block diagram for integrated simulation of an
ocean engineering system.

Flow-charts provided in the following sub-sections
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have been prepared with ocean engineers, most likely to
be unfamiliar with Modelica, in mind, and some elements
might appear superfluous to the Modelica savvy reader.

3.2 Regular-Wave Component-Model

The height of the regular wave H, [m], time period 7, [s],
water depth d [m], water density p,, [kg/m3], ramp time
Trmp [s], delay time Ty, [s] and the number of frequency
components ,@; = 1 are specified as parameters in the
Regular_Airy_Wave component model. Ty, [s] is the
required duration of simulation.

Tymp is used to ramp the wave height in order to prevent
impulse wave loads at the start of the simulation, while
Taer maybe used to start the waves at a specified time into
the integrated simulation.

The wave angular frequency @ = 27/T [rad] and d
are passed on as parameters to the function waveNum-
berlterator, which iterates for the wave number based on
the dispersion relation given in (31), and returns the final
value to Regular_Airy_Wave.

A data connector WaveDataConnector transmits d,
Pw, @, T, k, € &oi, and SSEx( to the data bus which
is an expandable connector named the EnvironmentBus.
Here, € [rad], the phase difference is redundundant for the
case of a regular wave and is set to zero, while SSEx is
the sea surface elevation calculated at x = 0 using (38).

The algorithm for generation of regular wave parame-
ters is depicted in the flow chart given in Figure 5, and the
flow chart for the function waveNumberlIterator is given
in figure 6. The first value for the wave number iteration is
taken to be kg = 2£, where Ly = % [m] is the deep-water
wave length as given on p. 66 of (Dean and Dalrymple,
2001).

Equations (37)—(45) can then be used to calculate the
wave properties at the required position coordinates, con-
tained in the body component-model, at any required sim-
ulation time ¢ [s].

3.3 Irregular-Wave Component-Model

The generation of component wave parameters based on
the Pierson-Moskowitz spectrum is considered for de-
tailed description. The algorithm for the irregular-wave
component-model IRW_PM_RDFCWI is shown in Fig-
ure 7.

The water depth d [m], significant wave height H [m],
the ramp time 7, [s], the lower cut-off frequency @,
[rad/s], the upper cut-off frequency @y, [rad/s], and the
number of frequency components to be considered ,®;,
are specified as parameter inputs.

The frequency resolution A® = (Wnax — Omin)/n @i
[rad/s] is determined. The component frequency within
each frequency interval Aw is then selected based on a
uniform random distribution by the function frequencyS-
elector.

To generate a vector of random numbers, a function
randomNumberGenerator based on the Model-
ica.Math.Random.Generators.Xorshift64star random

d py, H,, T,, T,
T4 and ;=1

o]0,

k[, ;]=waveNumberlterator(d, w[,»;])
>]
Y

| ¢[1]=0, T[1]=T, |

Col11=H,/2
| Col 1 1=sin(@/2* (=T ) Ty *H/2 | >

Y

| SSEx~Gal11*cos(-[1]*) |

Y

d, p,. T[],
k[, elo], Colawi), SSExy
to the WaveDataConnector

time increment

Figure 5. Flow chart for regular-wave component-model.

number generator, with a for loop included, to return a
vector of random numbers of specified size, correspond-
ing to the number of frequency components , @, is called.
The frequencySelector function is a simple function
that shifts the component frequencies randomly within
the associated frequency interval based on the generated
random numbers rnd_shft[, ®;].

Once the component frequencies are identified, the cor-
responding spectral values are determined by calling the
function spectrumGenerator_PM which calculates the
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/ passed values d, o[,»;] /

Exit function

Tli]=2n/w[i)
Lo[i]=gTliY’/2n

Y

LFL[1]
L,=0

Ki1=2/L[i]
i=i+1

\

Li-L<0.001

Li=L,
L[i]=gTli}*/2n*tanh(2n/(L, *d))
L~L[

Figure 6. Flow chart for iteration of the wave number.

spectral density values based on the empirical formula

STiH? ( —207* )

= e
4.5 TP
T} o; T}

STI ((D,‘) (49)

Here, T}, [s] is the peak period of the spectrum, and is re-
lated to H; through the relations 7,, = (20—’;, and a)g = %.
@) [rad/s] is the peak angular frequency; see pp. 105-107
of (Chakrabarti, 1987).

In the future, generation of wave records based on other
commonly used sea-spectra may be incorporated by defin-
ing the correspoding spectrum generating functions.

The amplitudes of the component waves {; are then de-
termined using (47), and corresponding wave numbers k;
are determined using the function waveNumberlterator
described in Section 3.2. The randomly distributed phases
are determined by a second call to the function random-
NumberGenerator. This function call returns a vector
€[, ;] of uniformly distributed random numbers in (0,1]
and hence, the associated phase difference is expressed as
2rme [rad] .

Having determined all the required parameters, the sea
surface elevation at x = 0, SSEx( [m], is then calculated
using the formula given in (48). The values are then linked

d, py, Hy, ©piy, Opar, j0;, localSeed,
globalSeed, localSeedl, globalSeedl, T,,, , Ty,

]
rnd_shft[,»;]=randomNumberGenerator(
localSeed, globalSeed, ;)
e[, w;]=randomNumberGenerator(
localSeedl, globalSeedl,,w;)
[, w;]=frequencySelector(®,,,, ®

rnd_shfif, o))
S[,w;]=spectrumGenerator_PM(H,, w[,w;])
Goluoil= \/(2 *SLio]*Opin)

T{nwi]=27r'/w[nwi]
k[, @;]=waveNumberlIterator(d, o[,,])
|

>

SSExthum(Cm_mp[nwi]
*eos(@[,o,]1-2n%[,,]))

Coirmpli1=Coili]

(Oi_rmp[i]=Sin(n/2 *(t' Tdﬂl)/Trmp)*C()i[i] }_>

,

pass d' Pw>s nnwi]’
ko], el
Coi_rmpln®@i], SSExgto the
‘WaveDataConnector

Figure 7. Flow chart for the irregular-wave component-model.

to the expandable connector EnvironmentBus using the
WaveDataConnector as described in Section 3.2.

3.4 Component-Model of Depth-Varying Cur-
rent
The component-model for current is a simple block which

produces as its output two vectors zcg[n] and Ucg[n]. zcg
contains the co-ordinate information and Ucg contains the
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corresponding current velocities. The parameters spec-
ified are the zcg[n] which is a vector containing the n
depth positions where current velocities are defined, Uf[n]
which is a vector containing the fully developed current
values, and the ramp time Tymp [s]. Ucg[n] holds the in-
stantaneous value of the ramped current. A sinusoidal
ramping function is used for smooth ramping. A Cur-
rentDataConnector links the zcg and Ucg values to the
expandable connector EnvironmentBus. The current ve-
locity at any location may now be computed by the differ-
ent body component-models by interpolation.

4 Results

All results presented below are based on outputs
of the above component models.  Simulation files
are available for download at github.com/
Savin-Viswanathan/Modelica2020-a.

4.1 Regular Wave

The simulation model Check_RegularWave under the
sample simulations in the above link calculates the wave
properties based on the parameters generated by the Reg-
ular_Airy_Wave component-model.

Figure 8a shows a sample sea surface elevation at x =0
[m] with Ty =5 [s], Trmp =10[s], H =1 [m], d =10
[m] and 7, = 3 [s], for a simulation interval of 0-30 [s],
while Figure 8b shows the progressive wave profile for the
same wave in the spatial interval 0-30 [m] for different
simulation times.

0.5
E 0.25
= 0
v —0.25
-0.5
0 5 10 15 20 25
Simulation time [s]
(a) Sea surface elevation at x = 0 for r = [0,30] s.
t=159s t=17.1s
E o0s)
m 0 m
2 05
t=15s 1=165s
0 5 10 15 20 25

x co-ordinate [m]

(b) Wave profile at different simulation time steps for x = [0.30] m.

Figure 8. Sea surface elevation and the progressive wave profile.

Figure 9a shows the wave profiles at 7 = 0 [s] for differ-
ent 7, and Figure 9b shows the trajectory traced by water
particles with different mean positions during a complete
wave cycle, at different depths, for the different wave pe-
riods, in a water depth d = 10 [m]. We observe that,

o For 7, =3 [s], k = 0.447414 [m~'], and kd > 7. The
wave is in deep water and the trajectories are circular.
The displacements in the vertical and horizontal di-
rections decay exponentially with depth and the par-
ticles near the bottom boundary have no horizonatal
or vertical displacements.

e For 7, =6[s],k=0.129834 [m™'],and J5 < kd < 7.
The wave is in intermediate water and the trajecto-
ries are elliptical. The displacements in the vertical
and horizontal directions decay with depth and the
particles near the bottom boundary have only hori-
zontal displacements.

e For T, = 22 [s], k = 0.029246 [m~'], and kd < 15
The wave is in shallow water and the trajectories are
elliptical. The displacements in the vertical direction
decay linearly with depth, while the horizontal dis-
placement is near constant at all depths.

|—7}=3s;—7}=6s; T,=225|
E o [MALAPYVSTVD ALY
- A\ AV
—100 -50 0 50 100
(a) Profiles of waves with different periods.
0 8
-2 HOR
B HON
§ —4 IR
5 S
@ —6 R<>N
3 _ .
o ———
-8 e —
~10 —
—4 -2 0 2 4

x co-ordinate [m]

(b) Water particle trajectories of waves with different wave periods.

Figure 9. Wave profiles and water particle trajectories.

Figure 10a shows the intstantaneous wave profile for a
regular progressive wave with 7, = 6 [s], H, = 1 [m], in
a water depth d = 10 [m], when there is a crest at x =0
[m]. Figure 10b—10f shows the quiver plots for the instan-
taneous velocities of water-particles with different mean z
co-ordinates, under different x co-ordinates.

An important consideration to keep in mind is that the
linearization of the boundary conditions in the derviation
of the velocity potential has the effect that the water par-
ticle kinematics derived from such a potential does not
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(a) Wave profile and x co-ordinates where the velocities are measured
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Figure 10. Wave profile (a), water-particle velocities (b)—(f).

account for the change of position of the particle within
the fluid, and hence the theory cannot give a proper de-
scription for flow velocity and acceleration in the region
between the still water level and the wave crest and in the
void to the wave trough. Extrapolation of the values is, in
general, not recommended since the wave forces will be
overestimated. A better way is to apply Wheeler stretch-
ing or move the profile for velocity and acceleration to the
instantaneous sea surface; see p. 221 of (SINTEF, 2014).

Figure 11 shows the pressure distribution at various x
co-ordinates for the same wave as above. The dynamic
pressure above z = 0 [m] has been calculated using a trun-
cated Taylor series for small positive distances, as given
on p. 84 of (Dean and Dalrymple, 2001).

4.2 Irregular Wave

Figure 12a depicts a Pierson-Moskowitz spectrum of Hy =
1 [m] generated by the spectrumGenerator_PM func-
tion, while Figure 12b depicts the sea surface elevation for
an irregular wave record with 100 frequency components,
generated from the spectrum by the IRW_PM_RDFCWI
irregular-wave component-model with 7,,,, = 10 [s],
Tyet = 0 [s], A® = O = 0.03141 [rad/s], and Wy =
3.141 [rad/s]. Figure 12c¢ shows an expanded view of the
same wave record in a shorter time interval, for clarity.

4.3 Depth-varying Current

Figure 13 depicts the instantaneous profile for a depth
varying current which is based on the output of the Cur-
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Figure 12. Irregular waves.

rentProfile_4pt component-model. The current is ramped
up to full value using the parameter 7;,,,, = 5 [s].



4.2. Component-models for waves and currents

0
_ 20
E
g
=
S —60
(=}

o

e
-80
~100

0 0.5 1 1.5 2

Current velocity [m/s]

Figure 13. Current profile

5 Conclusion

General considerations to be kept in mind while formu-
lating a framework for carrying out integrated simulation
of ocean-engineering systems is presented and the algo-
rithms for development of Modelica component-models
for the generation of regular and irregular waves are de-
scribed. The implementation of a simple component-
model for generation of depth varying current is also pre-
sented.

Graphical representation of the wave kinematics and
dynamics based on the output of the component-models
for regular waves are then presented to show satisfactory
agreement with general results discussed in (Dean and
Dalrymple, 2001). A sample sea-surface-elevation based
on the output of the component-model for irregular waves
is presented. Since, within the assumption of linearity,
the properties of the irregular wave are a linear combina-
tion of the properties of the consitutent regular waves, it is
deemed that the output of the irregular wave component-
model is satisfactory. Graphical representation of the out-
put of the component-model for depth varying current is
then presented.

For a better understanding of how these component
models perform within an integrated simulation scenario,
readers may refer to (Viswanathan and Holden, 2019).
The present paper fills in for the lack of theoretical
and implementational details for the wave and current
component-models in the above work.

Theory and implementation of component-models
for non-diffracting floating objects and for mooring
forces based on the quasi-static catenary approach, used
in (Viswanathan and Holden, 2019), is discussed in
(Viswanathan and Holden, 2020), along with compari-
son of results for the same system modelled in the com-
monly used ocean-engineering software Orcaflex. Satis-
factory agreement of surge/heave responses, and of Mori-
son forces under various combinations of wave and cur-
rent loading is demonstrated in (Viswanathan and Holden,
2020), and these maybe taken as proof for the correct rep-
resentation of wave-current kinematics by the component

models discussed in this work.
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Modelica Component Models for Non-diffracting Floating Objects
and Quasi-static Catenary Moorings
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Dept. of Mechanical and Industrial Engineering, Norwegian University of Science and Technology (NTNU),
NO-7491 Trondheim, Norway. {savin.viswanathan,christian.holden}@ntnu.no

Abstract

In this paper, the theory behind determining the hydro-
dynamic response of a floating object in the presence of
waves is discussed, followed by a simplification for the
case of wave-transparent objects. The Morison equation
is introduced as a means to estimate lateral wave and cur-
rent loads on slender bodies. The quasi-static catenary
approach to determine mooring forces is then discussed.
Development of Modelica component-models to simulate
the hydrodynamic response of free-floating and catenary-
moored non-diffracting objects, in the presence of waves
and depth varying current, is then dealt with in detail, and
the results dicussed.

Keywords: hydrodynamics of non-diffracting floating ob-
Jjects, quasi-static catenary mooring, Modelica ocean-
engineering library.

1 Introduction

The advantages of developing an OpenModelica ocean-
engineering library populated with domain-specific
component-models and functions to carry out the integ-
rated simulation of multi-pyhsical ocean engineering sys-
tems was demonstrated by the authors (Viswanathan and
Holden, 2019). This earlier work:

1. Gives a brief description of the simulation of systems
based on the hydrodynamic response of catenary-
moored non-diffracting floating objects in the pres-
ence of waves and current,

2. Demonstrates the satisfactory agreement of the Mod-
elica simulation results with those obtained using
a popular ocean-engineering commercial software
(Orcaflex), and

3. Brings out the advantages of using a component-
model based simulation approach.

The voluminous nature of the earlier work precluded
the possibility of delving into the theoretical and imple-
mentational details of the various Modelica component-
models of the ocean-engineering library proposed by the
authors, the preliminary version of which is available for
download at github.com/Savin-Viswanathan/
OELib_OMAE2019.

(Viswanathan and Holden, 2020) gives a detailed de-
scription of the development of Modelica component-
models to simulate regular as well as irregular waves
and depth-varying current. This present work elabor-
ates on the theoretical and implementational details of the
component-models for non-diffracting floating objects,
and catenary mooring based on the quasi-static approach.

2  Theory
2.1 Hydrodynamics

Considering the steady-state interaction of a floating ob-
ject with a regular wave, the loads acting on the body may
be considered to be comprised of:

o The fluid pressure loads due to the incident wave act-
ing on the body, which is assumed fixed at its mean
position.

e The fluid pressure loads due to the scattered/diffrac-
ted wave from the body, which is assumed fixed at
its mean position.

e The fluid pressure loads due to the radiated wave
system set up by the body as it oscillates in its six
Degrees-of-Freedom (DoF) in calm water.

An illustration of the Diffraction-Radiation problem is
given in Figure 1.

The loads due to the incident wave are referred to as
Froude-Krylov loads, and those due to the scattered wave
are referred to as diffraction loads in p. 39 of (Faltinsen,
1999), and this is the convention followed in this work.
Another widely used convention is to refer to the com-
bined incident and scattered wave-problem as the diffrac-
tion problem as in p. 288 of (Newman, 1989).

The Froude-Krylov and diffraction loads taken together
constitute the wave excitation loads and may be determ-
ined by integrating the incident and diffracted wave dy-
namic pressures over the mean wetted hull surface. The
integration of the dynamic component of the radiation
wave pressures give the associated hydrodynamic loads
commonly referred to as added-mass and damping, while
the integration of the hydrostatic component gives the
restoring loads. The added-mass loads are in phase with
the body acceleration and the damping loads are in phase
with the body velocity.

71



An ocean engineering library for OpenModelica

72

scatters the incident
waves and the result-
ant forces calculated |
from the scattering
potential ¢,

[FREE-BODY IN | I [ DIFFRACTION PROBLEM |
I I
WAVELROBLEM ! Froude-Krylov Force|
' NoBopY !
! - —~calculated from the :
! f: undisturbed incident |
T “T ave potential
Free-body in waves : | :wave potential ¢, E
i |
I |
i | FIXED BODY Presence of the body |
| |
|
I
I
I
|

Waves in the vicin:>

of the body modified
by the scattered and
radiatied waves, and
the total potential
O=0gt G791 Hs..... g
—
T ¢ Radiated

Sacttered
Incident

Oscillation of the
body along the DoFs
1 ause outgoing

: radiation waves and
: resultant forces are
: calculated from the
|

|

|

|

|

radiation potentials

¢, 10 O,

Figure 1. The diffraction-radiation problem. Adapted from
(Faltinsen, 1999)

The assumption of inviscid, incompressible fluid and
irrotational flow implies the existance of a velocity poten-
tial which may be determined by solving the associated
linearized boundary value problem (BVP). The solution
to the BVP for determining the incident wave potential is
discussed in (Viswanathan and Holden, 2020). Each of
the wave systems above may thus be described by its re-
spective velocity potential, and within the assumption of
linearity, the total potential ¢ [m?/s] in the vicinity of the
body is given by

6
¢=90+¢1+ Y, 19 (1)

j=1

Here, ¢y and ¢; [m?/s] are the incident and diffracted wave
velocity potentials, respectively, and the summation term
represents the radiation wave potential, where 17j; [m/s] is
the body velocity along the respective DoF, and ¢; [m]
is the spatial component of the complex velocity-potential
due to the body oscillation with unit velocity in the corres-
ponding DoF; see (Faltinsen and Michelsen, 1974).

Numerical solutions to the diffraction-radiation prob-
lem may be sought through the Boundary Element Method
or through the Harmonic Polynomial Cell method, to de-
termine the hydrodynamic coefficients. See (Newman and
Lee, 2002) and (Shao and Flatinsen, 2014).

2.1.1 Simplifications in the case of a small-volume
structure

When the size of the structure is large, the diffraction
forces are significant, and hence, one must solve the

diffraction-radiation problem to determine the wave loads.
However, when the structure is relatively small compared
to the incident wave-length, depending on the relative sig-
nificance of the inertia and drag forces, one may utilize the
Froude-Krylov theory or the Morison equation to determ-
ine the wave loads. The Froude-Krylov theory is applic-
able for a relatively small structure when drag forces are
small compared to the inertia forces. When the drag forces
are significant, one has to use the Morison equation; see
p. 168 of (Chakrabarti, 1987).

Considering the case of a vertical cylindrical buoy, drag
forces are not signifcant for motions in the vertical plane,
and hence the Froude-Krylov theory can be used to cal-
culate the vertical wave-loads. However, for motion in

| the horziontal plane, drag forces become significant and

hence, the Morison equation should be used to determine
the horizontal wave-loads.

2.1.1.1 The Froude-Krylov Force For small-volume
upright cylindrical structures, the long wave approxima-
tion is applicable for L > 5D, where L [m] is the wave-
length and D [m] is the diameter of the cylinder. Consid-
ering the translational DoFs, i.e., i = 1,2,3, the force on
the relatively small body may then be expressed as:

F=iF +jR+kF; 2)

where F; = —// pnids+Aja; +Apar +Ainaz. (3)
Sor

Here, p [N/mz] is the undisturbed incident wave pressure,
and n = (ny, na, n3) is the unit normal vector to the body
surface, defined to be positive into the fluid. The integ-
ral is over the average wetted surface of the body. Fur-
thermore, ay, az, and a3 [m/sz] are the acceleration com-
ponents along the x, y, z directions of the undisturbed
wave field, and are to be evaluated at the geometrical mass
centre of the body. A;, Ain, Aiz [kg] are added-mass terms.
i, j, k are unit vectors along x, y, z. We also note that the
wave generation capability of the body is very small when
the long-wave approximation holds true, and hence, the
potential damping terms may be neglected; see pp. 60-61
of (Faltinsen, 1999).

The first term of (3) is the Froude-Krylov force, the ver-
tical component of which is approximated as

FF:K ~ PgApr]- )

Here, p [kg/m?] is the water density, g [m/s?] is the accel-
eration due to gravity, A, [m?] is the water-plane area,
and 7 [m] is the sea surface elevation (SSE) about the
mean sea level. See (Techet, 2005).

The sea surface elevation 7, at any x co-ordinate, may
be expressed as:

N
n(x,1) = Z Coicos(kix — wit — &). )

i=1

Here, N is the total number of wave components (fre-
quency bands), {y; [m] is the component wave amplitude,



4.3. Component-models for small floaters and quasi-static catenary moorings

; [rad/s] is the wave angular frequency, and g; [rad] is the
phase. Subscript i refers to the number of the component-
wave under consideration. The wave number k; [rad/m] is
to be determined from the dispersion relation. For details,
see (Viswanathan and Holden, 2020).

The SSE for a regular wave can be expressed by taking
N =1in(5).

2.1.1.2 The Morison Equation Though initially for-
mulated to calculate the horizontal wave-forces on fixed,
surface-piercing vertical piles, where D < L, and the drag
forces significant, the Morison equation has since been ad-
apted to determine wave loads on oscillating slender struc-
tures. A thorough treatment of the subject can be found in
Chapter 6 of (Chakrabarti, 1987).

The horizontal wave and current loads per unit length,
on a cylindrical object free to move in presence of waves
and current, may be determined from

M =Cyyp s D~ Cip T D
(6)
N

+C2)§pD luxU—x| (utU—x).

Here, My [N] is the Morison force, Cj, [-] is the inertia
coefficient, p [kg/m?] is water density, D [m] is the body
diameter, & [m/s?] is the wave-induced water-particle ac-
celeration along x, C} [-] is the added-mass coefficient , ¥
[m/s?] is the body acceleration along x, Cy, [-] is the drag
coefficient, u [m/s] is the wave-induced water-particle ve-
locity along x, U [m/s] is the current velocity along x,
and x [m/s] is the body velocity along x. Cj; and Cj, are
available from numerous field and laboratory tests, e.g.,
(Yeung, 1981), which allows the designer to choose ap-
propriate values; see p. 172 of (Chakrabarti, 1987). Also,
Cy; = 14+ Cy; see p. 178 of (Chakrabarti, 1987). The
wave kinematics are given by (7) and (8); see pp. 48-52
of (Chakrabarti, 1987).

. nH cosh [k(z+d)]

kx — 7
T simhka ko) M
_ 27*H cosh [k(z+d)] .

u= T2 W sm(kx— (Df). (8)

Here, H [m] is the wave height, T [s] is the wave period, k
[rad/m] is the wave number, z [m] is the vertical coordin-
ate of the point at which the wave kinematics are to be cal-
culated, d [m] is the water depth, x [m] is the horizontal
coordinate of the point at which the wave kinematics are
to be calculated, and @ [rad/s] is the angular frequency of
the wave.

2.2 Catenary Mooring

When a floating object is moored by a slack mooring line,
the line assumes the shape of a half catenary; see p. 9 of
(Chakrabarti, 1987).

For simplicity, we consider a mooring line that acts in
the x-z plane. At the point of suspension, the chain tension
has a horizontal and vertical component, the magnitudes

of which depend on y [rad], the angle made by the tangent
to the caternary with the horizontal, at the point of suspen-
sion. The horizontal component of this force prevents the
drifting of the floater in the direction away from the an-
chor position. In the absence of other external forces, the
floater drifts to a position such that the suspended length
of the mooring line is vertical. X [m] is the distance from
the anchor point to the fairlead on the buoy, and x [m] is
the distance from the touch- down-point (TDP) to the fair-
lead. As the buoy drifts away from the anchor, the TDP
moves towards the anchor, and vice-versa, as shown in
Figure 2. The total chain length is represented by /. [m]
and the suspended length of the chain is represented by /g
[m]. The length of the chain lying on the seafloor is thus
lp=1I.—1.

k X,

max~

]
'x"lu,\' |

Figure 2. The mooring half-catenary.
From (Tatum, 2004) we have the following relations:

_TH

a=— )
z =acosh (2) (10)
I, = asinh (2) (11)
z=asec(y)=a+h (12)
2=0P+d. (13)

Here, a [m] is the catenary parameter, x, z [m] are catenary
co-ordinates, Ty [N] is the horizontal tension, and w [N/m]
is the submerged specific weight of the catenary.

From (MIT, 2011), we have:

Ty = —— (14)
cosh™! (1+%)
ly=h <1+2ﬁ>. (15)
wh

Considering that we are dealing with the response
to linear waves of small-volume structures with small
draughts and even smaller variations in draughts, and
that the water depth is very large when compared to the
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draught, we note that when X = X, =~ (I. —d), x = 0,
and when X = X0 & /12 — d%, X = Xpay.

Equation (14) can be iterated to get values of 7y for
x€{0,0.1,0.2........ Xmax - We may then use the relation

X=Il—Il;+x (16)

to generate a look-up table of horizontal tension values
for different horizontal positions of the floater w.r.t. the
anchor position. The horizontal tensions for intermediate
positions may then be determined by interpolation.

Once the instantaneous horizontal tension values are
determined, we may use (10) and (12) to calculate the in-
stantaneous suspended length of the chain, the submerged
weight of which is the vertical tension at the fair lead.

The mooring line is also subject to Morison forces,
both in the horizontal and vertical directions. To determ-
ine these forces, the chain is discretized into a number of
segments, and the horizontal and vertical Morison loads
are calculated at the mid-points of such segments, and
summed up to get the loading on the entire chain. It is
assumed that the catenary shape is not affected by such
loads, and the sole effect of the fluid loading is a modi-
fication in the horizontal and vertical tension values for a
given configuration.

The Morison loads per unit length in the normal and
tangential directions to a segment, at its mid point, is cal-
culated using equations (17) and (18). This method allows
for the separate specification of Cp and Cy, values, exper-
imental values of which are scarce when the structures are
inclined; see p. 205 of (Chakrabarti, 1987). This method
is widely used, and is referred to as the cross-flow prin-
ciple in p. 166 of (Orcina, 2010).

n " n n " n n
M} =Cyp 7 D*a,—Cip 7 D’d]
4 4
1 (17)
+Ch3pD V£ U" —v | (" =),
M}, =Cyyp T D*d, ~ Cip T D]
4 4 a8

1
+ChpD |V £ U~} | (U V).

Here, superscripts n and ¢ denote the normal and tangen-
tial directions, and subscripts w and / denote the water-
particle and the mooring-segment. Further, a [m/s?] is the
acceleration, v is the velocity, U [m/s] is the magnitude
of the current velocity, and the equivalent-line diameter is
D =1.8d,,, [m], where d_,, [m] is the diameter of the chain
wire. See p. 303 of (Orcina, 2010).

The determination of the position of the link mid-points
would require the approximation of the quasi-static caten-
ary shape from the horizontal tension at each time step.
This is effected by discretizing the mooring length /. into a
number of segments, and determining the position of each
node connecting the segments using (10)—(12). Once the
mid-point positions at each time step are located, the link
velocity and accelerations can be expressed as time deriv-
atives of the displacement.

The wave-induced water-particle kinematics at the link
mid-point maybe calculated from (7), (8), (19), and (20);
see pp. 48-52 of (Chakrabarti, 1987):

e 7tH sinh(k(z+d)]

—TWS“’](I{X—(DT) (19)
_ 2aH sinh[k(z+d))
w=— T2 W COS(kX — O)f). (20)

The current velocities at the required positions can be
interpolated from the specified current profile. The wave-
induced kinematics and the current profile are moved with
the SSE. See p. 221 of (SINTEEF, 2014).

Once M} and M,'r are determined for each link, they
are resolved into their horizontal and vertical compon-
ents, and summed up, to get the total horizontal and ver-
tical forces acting on the mooring chain at each time step.
These are then summed up with the vertical and horizontal
mooring tension values to get the modified values with
fluid loading as Fjj and Fy; [N].

2.3 The Equations of Motion

Having determined the loads acting on the cylindrical
buoy, we may express the equations of motion (EoM) in
the horizontal and vertical directions as:

M5+ C'x+ K'x = My + Fy;
M+ C2+ Kz = Fig +mpey + Fi

21
(22)

Here M [kg] is mass, C [Ns/m] is the damping, K [N/m]
is the restoring force, M is the Morison load on the buoy,
Fy [N] is the mooring load, m, [kg] is the added-mass,
and v, [m/s?] is the vertical wave induced water particle
acceleration evaluated at the vertical centre of buoyancy
of the buoy. Superscripts x and z denote the horizontal
and vertical directions. In (21), the added mass load is
included in the Morison force term given by (6).

3 Modelica Implementation

Flow-charts in the sub-sections that follow have been pre-
pared with ocean engineers, most likely to be unfamiliar
with Modelica, in mind, and some elements might appear
superfluous to the Modelica savvy reader.

The general considerations in the implementation of
Modelica component-models for integrated simulation
of ocean engineering systems, the implementation of
component-models to simulate waves and depth-varying
current, and the method of linking the generated outputs to
a universal data bus have been discussed in (Viswanathan
and Holden, 2020).

The following data are thus available at the Environ-
mentBus:

e [, ®;], vector of component wave frequencies.
o T[,m;], vector of component wave Time periods.

e k[,w;], vector of component wave numbers.
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e g[, ], vector of component wave phases.
e (oi[,o;], vector of component wave amplitudes.

e zcg[n], vector of z co-ordinates where current velo-
cities are provided.

e Ucg[n], vector of current velocities at above z co-
ordinates.

3.1 Non-diffracting

Component-model

Floating Cylinder

The water depth d [m], water density p,, [kg/m?], density
of the mooring line material p, [kg/m’], specific mass of
the mooring line in air m, [kg/m], cylinder radius r [m],
height 4 [m], structural mass m [kg], ballast mass my, [kg],
vertical centre of gravity position w.r.t. the keel zxs [m],
added-mass coefficients C,,,, Cr,, [-], drag coefficients Cj),
C}, and damping C*, C* [kg/s] are specified as parameters.
mgjg is a parameter to specify if the buoy is free-floating
or moored. It is set to 0 in case of a free-floating buoy, and
to 1 if moored.

A composite connector Fairlead[2],
having two flanges of type Model-
ica.Mechanics.Translational. Interfaces.Flange_a, is

specified at the centre of the bottom surface of the buoy,
to transfer the horizontal and vertical mooring loads.

A data connector ebdc is specified to link the wave
and current data from the EnvironmentBus to the buoy
component-model.

Figure 3 shows the flow-chart for the component-
model. Here, K [N/m] is the stiffness, M [kg] is the dry
mass of the buoy, A, [m?] is the water-plane area of the
buoy, z; [m] is the static draught, z,, [m] is the draught
considering the mooring line length, z., [m] is the z co-
ordinate of the centre of buoyancy, zs, [m] is the calm-
water z co-ordinate of the body CG. zj, 22, z3 [m] are the
instantaneous z co-ordinates of the body CG, top surface
and bottom surface, respectively. z [m] is the instantan-
eous vertical displacement from zs;, and x [m] is the dis-
placement in the horizontal direction of the body CG, both
of which are to be determined from the equations of mo-
tion. v* and v* [m/s] are the body velocities in the x and z
directions, while a* and a* [m/s?] are corresponding accel-
erations. SSE, [m] is the instantaneous sea surface eleva-
tion at the x co-ordinate of the body CG, a,, [m/s?] is the
vertical component of the wave-induced water-particle ac-
celeration, calculated at the instantaneous (x,z.) position,
and My [N] is the instantaneous wave-current Morison
loading on the buoy. Fairlead[1].f and Fairlead[2].f [N]
are the horizontal and vertical components of the mooring
load, at the the fairlead. #, Ty;,, [s] are the current and total
simulation times, respectively.

SSEx is calculated using (5). The function
wave_awCalculator returns the value of a,, calculated us-
ing (8), with consideration of the moved kinematic profile.
The function morisonForceCydlBuoy returns the value

d' Pw> & 1 h' mg, My, ZxG, p:’ Cmax’ Cma:r
Cp', C, CCmy,

K'=0 2352y
K=p,*g*n*r’ vEs | 7°
M=m+m, t=0 der(z)=0
A p=;[*’2 0 ; if free
z,=M/(p,*4,,) NO x=¢ebde.X;;
20 =ZkGZs if moored
’h»‘-=ma-ma *./pe der(x)=0
zm=zx+mﬂg*mw

*(d-z) *g/K
Zep=Zn/2

ol

A
CU[,,CU;], T[nwi]r k[nw[]v E[nwi]r /
Coilww;], zeg[n), Ucg[n] from ebde

SSEy=sum(Cy[,,]*cos(k[,0,*x-w[ ] *t
-2*n*e[,w,]))
a,~wave_awCalculator(, d, w[,»,], T[,»], k[,®/],
el,), Clawil, X, zep, SSEy)
M*a+C*v*(SSE-z3)+K-*z=p, *g*n*1**SSE
+C,,. *M*a,+Fairlead[2]./
z=zptz
z,=z3th
z3=-z;+z
M=morisonForceCydIBuoy(t, d, o[,w;], T1,®;],
kLwi, x, V', &', e[, Gilaoi), pun SSEx 1, h, Cp,
Cma“' Z3 P:' zrg["]' Uz-g["]
v'=der(x)
a‘=der(v")
M*a*+C™*v™*(SSE y-z;)+K**x=Fairlead[1]./+ M

time increment

Figure 3. Flow-chart for the floating cylinder component-
model.

of My.. The EoMs along the x and z directions are then
solved with the specified initial conditions to determine
the body response.

3.2 Quasi-static Catenary
Component-Model

Mooring

Considering space limitations, the flow chart for the
component-model Catenary_Mooring_Mf0, which does
not take into consideration the wave and current loads on
the mooring line itself, is given in Figure 4.
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Figure 4. Flow-chart for the quasi-static catenary component-model.

x[i]=0
x,,[i]=Shackle[1].s
ke z,[i]=0
zplil=z,[i-11-;
i=it]
x[]]=0 X [11=0
X/p[i]=xlp[i'l]“l(llz'(d+zlp[i‘1])z) xplil=xli-11-
2 [i]=0 z, [1]=0
z[i=-d z,[i]=-d
i=i+l i=i+1
| | G
A composite connector Shackle[2],
having two flanges of type Model-
ica.Mechanics.Translational Interfaces.Flange_b, is

specified at the top end of the catenary to transfer the
horizontal and vertical mooring loads. The parameters
defined are the water depth d [m], water density p,,
[kg/m?], the number of segments into which the mooring
is discretized n;, the length of each segment /; [m], the
density of the mooring material p, [kg/m3], and the dry
specific mass of the chain m, [kg/m]. Since the Shackle
is connected to the Fairlead, the corresponding positional
data are also available.

Xmaxs X0, Xmax [m] are calculated along with the sub-
merged specific mass of the mooring m; [kg/m]. The vec-

tor containing the x positions, where the horizontal moor-
ing load is to be iterated, is defined as x[n]. A function
CatThlterator returns the vector 7y[n], containing the
corresponding horizontal tension values, calculated based
on (14). Another function CatXlIterator, returns the vec-
tor X[n] containing the X position corresponding to the x
position, as defined in Figure 2.

A data connector emdc is specified to link the wave and
current data from the EnvironmentBus to the mooring.
In addition, the initial x co-ordinate of the top end of the
mooring line X; [m], is transmitted to the universal data
bus for utilization by the buoy component-model to spe-
cify its initial condition.

fa0 [N] is the horizontal mooring load, for the given x
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co-ordinate of the top end of the mooring line, a is the
catenary parameter, z. [m] is the z co-ordinate of the top
end of the catenary, in the local co-ordinate system of the
catenary, the origin of which lies at a distance of a [m]
below the bottom-most point of the catenary, as described
in (Tatum, 2004). . [rad] is the slope of the top-most
catenary segment, x. [m] is the x co-ordinate of the top-
most point of the catenary, and /; [m] is the suspended
length of the catenary.

xj. and z;. are vectors holding the x and z co-ordinates
of the end points of the segments, in the local co-ordinate
system of the catenary. x;, and z;,, are the vectors holding
the x and z co-ordinates of the end points of the segments,
in the global coordinate system. x;,, is the plot correction
parameter to account for the minor difference between the
actual catenary shape with its top end z coordinate cor-
responding to the instantaneous position of the buoy keel,
and the catenary shape which is back-calculated based on
the horizontal tension value from the look-up table, which
is in turn based on the z co-ordinate of the top end of the
catenary lying at the sea-surface.

If the x co-ordinate of the shackle is less than X,,;, [m],
then a small force in the positive x direction is applied to
restore the buoy to a region where the mooring model is
valid. The vertical mooring load is then the weight of the
vertically suspended length of the mooring. For the rare
cases when shackle[1].s < X, the plot of the mooring
shows a vertically suspended-length instead of the actual
shape.

When the x co-ordinate of the shackle is between X,,;,
and X, the horizontal mooring load is the corresponding
value interpolated from the lookup-table using a function
linearInterpolatorSV, and the vertical load is based on
the suspended length back-calculated from the horizontal
load. The plot of the mooring line shows the catenary
shape, back-calculated from the horizontal load, and cor-
rected using x;p,.

If the loads on the buoy exceed the capacity of the
mooring line, then the x co-ordinate of the shackle ex-
ceeds Xjuay, the catenary is assumed to be detached from
the buoy, and would lie extended on the sea-floor.

3.2.1 Current and Wave Loads on the Mooring Line

Simulation of current and wave Morision loads on the
mooring line is based on the theory given in Section 2.2.
The methodology is similar to the one represented by Fig-
ure 4, with additional loops for determining fluid and
structure velocities and accelerations, and is easily dis-
cernible from the code. Catenary_Mooring_MfC con-
siders the Morison loads due to current and mooring ve-
locities, while Catenary_Mooring MfCW considers the
loads due to current, wave, and mooring line velocities and
accelerations.

4 Results

The simulation files for all results discussed below are
available at github.com/Savin-Viswanathan/

Modelica2020~-b. Comparison results using Orcaflex
are also presented here.

Figure 5a shows the heave response of a cylindrical
buoy of r = 0.6 [m], 7 =2 [m], my = 350 [kg], m; = 500
[kg], in a water depth of d = 50 [m], when subjected to a
regular wave with H, = 1 [m] and 7, = 7 [s], with T;;,; =0
[s], and T,,,, = 20 [s]. We have assumed C;,, = C;,, = 1,
C* =0 [kg/s], and C* = 3100 [kg/s].

Figure (4) in (Viswanathan and Holden, 2019) had
shown the same results for heave, and we had noticed a
slight discrepancy between the Modelica and Orcaflex res-
ults. The cause was identified to be an error in the treat-
ment of the added mass term in (4) of (Viswanathan and
Holden, 2019), and has been corrected based on the the-
ory described here in Section 2.1.1.1. Figure 5b shows the
surge response.
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Figure 5. Unmoored cylindrical buoy in waves.

Figure 6a shows the surge response of the above buoy,
in the presence of a uniform current of 1 [m/s] in the x
direction, while Figure 6b shows the same in presence of
both the above wave and current.

Figure 7a shows the horizontal Morison loads on a fixed
buoy with same properties as the earlier one, but with a
draught of 1 [m], when subjected to a uniform current of
1 [m/s]. Figure 7b shows the surge Morison loads when
only a regular wave, with the same parameters as above,
acts on the fixed buoy, and Figure 7c shows the Morison
loads when both the current and the wave acts on the buoy.

From Figure 7, we observe that the Morison loads are
a close match, and hence, the difference between Mod-
elica and Orcaflex values in Figures 5b, 6a, and 6b, can
be attributed to the difference in the way in which the
loads are ramped up during the start of simulation, as evid-
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Figure 6. Surge response of an unmoored cylindrical buoy.
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Figure 7. Morison loads on a fixed cylinder.

be the cause of the minute difference in peak values of the
Morison loads in Figures 7b and 7c.

Orcaflex uses a lumped-mass and spring-damper model
for the mooring lines, while mooring forces in the present
work are based on the quasi-static catenary theory. Fig-
ure 8 shows the horizontal tension values given by Or-
caflex and Modelica models for different X positions, for
moorings of different specific masses. The horizontal ten-
sions are a close fit, with Modelica giving slightly higher
values than Orcaflex. e.g., for a chain with specific mass
of 16 [kg/m], at X = 70 [m], Ty in Modelica is 2,336 [N]
and 2,299 [N] in Orcaflex. The mooring horizontal ten-
sions from Orcaflex were determined by placing the top
end of the line at different X positions along the free sur-
face manually and a small error in the values had occured
in Figure 10 of (Viswanathan and Holden, 2019).
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Figure 8. Horizontal tensions for mooring chains with different
specific masses (m,).

Figure 9 shows the shape of a mooring line, with spe-
cific mass 10 [kg/m], in Modelica and Orcaflex when the
top end is placed at X=60 [m], and at 80 [m] with z=0 [m].
When a uniform current of 1 [m/s] is applied across the
full depth of the water-column, the Orcaflex line, based on
the lumped mass model, deflects under the influence of the
current. The deflection is not expected to be large enough
to cause considerable difference in the fluid loading ex-
perienced by the mooring line. However, it is evident that
the static catenary model would not capture the forces that
result as a consequence of the dynamics of the mooring
line itself.

Figure 10 shows the surge and heave response of the
above free-floating buoy, when moored with a mooring
line of specific mass 10 [kg/m], under different conditions
of wave and current. It was noticed that the model failed

ent from Figure 7a. Orcaflex uses vertical-stretching of to simulate when the acceleration forces due to the fluid

the water-particle kinematics, while the present Modelica
model employs moved kinematic-profiles, and this could

and the motion of the chain were considered, using the
CatenaryMooring_ MfCW component model. Hence the
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Figure 9. Shape of the mooring line.

results shown are with the CatenaryMooring_MfC com-
ponent model. The combined wave-current velocity and
accleration loads, and inertial loads due to the structural
response of the mooring chain, are inherent in the Orcaflex
model, while they are not accounted for by the present
Modelica model. The phase difference in the response
between the models may be because of this difference.

When the current velocity is reduced to 0.5 [m/s],
CatenaryMooring MfCW could be used for simula-
tion, and the results are shown in Figure 11. How-
ever, the model is sluggish with many warnings for non-
convergence. This could be due to the discontinuities in
the accelerations of the segment mid-points, calculated
based on the instantaneous static catenary shape. An ex-
ample of the vertical component of the acceleration of the
mid-point of the second segment from the top-end of the
mooring, is shown in Figure 11c.

5 Conclusion

Implementation of the theory to develop Modelica
component-models for a non-diffracting cylindrical ob-
ject, and for a quasi-static mooring catenary, is described
in detail. Simulations to determine the hydrodynamic re-
sponse of a free-floating cylinder are carried out, and the
results compared with a smilar model in Orcaflex. It is
observed that the heave responses in both cases are in sat-
isfactory agreement. Minor differences in the surge re-
sponses are reconciled based on the comparison of Mor-
ison forces on a fixed cylinder, under various loading scen-
arios, and it is concluded that these differences are a result
of the differences in the ramp-up functions used in this
Modelica model and in Orcaflex, and hence, do not con-
stitute errors in the simulation results.

The static mooring loads, based on the catenary the-
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Figure 10. Hydrodynamic response of a moored cylindrical
buoy.

ory in the present Modelica model, and those based on
the lumped-mass spring-damper system of the Orcaflex
model, are demostrated to have satisfactory agreement.
The comparison between mooring configurations under
different loading scenarios points out the probability that
differences in the fluid loading of the mooring line, as a
result of the deviation of the mooring line from the caten-
ary shape, might not be significant, compared with the
contributions from the dynamics of the mooring line it-
self, which the present Modelica model does not capture.

The simulations of a moored floating cylinder further
demostrate the satisfactory agreement between this Mod-
elica model and a similar Orcaflex model. The simulations
bring out the deficiencies caused by the assumptions of the
quasi-static catenary, which is not in agreement with the
actual physics of the system.
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Figure 11. Moored cylindrical buoy in waves and reduced cur-
rent.

To overcome the deficiency of not being able to account
for the mooring line dynamics, and to mitigate issues as
seen in Figure 11c, a Modelica mooring component-model
based on the lumped-mass spring-damper approach is be-
ing developed, along with a frequency-domain hyrdody-
namic analysis component-model, which would enable
the generation of hydrodynamic parameters for diffract-
ing objects. The initial results appear promising and will
be the topic of discussion in a future work.
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Chapter 5

Dynamic simulation of subsea cable
structures

We had introduced the lumped mass method in Sec. 2.11.2 of the background theory. The
consideration of the mooring line mass in the lumped-mass approach enables the capture
of the effects of line inertia on the mooring response and thus remedies the shortcomings
of the quasi-static catenary theory, discussed in Sec. 4.3. Also, in Sec. 2.10.2, we had
discussed how the Morison equation may be used to compute fluid drag and inertia
forces on slender marine structures.

In the articles presented in this chapter, we implement the lumped mass approach
and Morison loading to (i) simulate the dynamics of a mooring line, in Sec. 5.1, and (ii)
simulate the dynamics of a chain suspended subsea load , in Sec. 5.2.

In both cases, we compare the model performance to Orcafler simulation results
obtained for the same system, and observe satisfactory agreement.

Thus, the articles presented in this chapter have a direct cor-relation with the general
project objective 1, and specific project objectives 1(a) and 1(c), as given in Sec. 2.3.

5.1 Dynamic simulation of a mooring catenary based on
the lumped-mass approach— OpenModelica and
Python implementations

The citation of the published article is given below:

S. Viswanathan and C. Holden. Dynamic Simulation of a Mooring Catenary Based on
the Lumped-Mass Approach: OpenModelica and Python Implementations. Proceedings of
the ASME 2020 39th International Conference on Ocean, Offshore and Arctic Engineer-
ing. Volume 6B: Ocean Engineering. Virtual, Online. August 3-7, 2020. VO6BT06A042.
ASME. https://doi.org/10.1115/0MAE2020-18134.
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The postprint version follows.
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Dynamic simulation of a mooring catenary

DYNAMIC SIMULATION OF A MOORING CATENARY BASED ON THE
LUMPED-MASS APPROACH — OPENMODELICA AND PYTHON IMPLEMENTATIONS

Savin Viswanathan*

Department of Mechanical and Industrial Engineering
Norwegian University of Science and Technology
(NTNU)

NO-7491, Trondheim, Norway.

Email: savin.viswanathan@ntnu.no

ABSTRACT

In this paper, the theoretical background behind the formu-
lation and solution of a discretized lumped-mass mathematical-
model of the physically continuous and inelastic mooring cate-
nary is re-visited. The drag term of the Morison equation is used
to determine the fluid loads, and the sea-bed interaction is pre-
scribed as vertical spring loads on the interacting nodes. Numer-
ical solution to the equation of motion is sought through a finite-
difference method. The initial conditions are determined using
the catenary theory, the instantaneous boundary conditions are
prescribed, and the in-elasticity of the mooring segments is spec-
ified as the constraint equation. The solution procedure is then
implemented as both Python and Modelica code. Results of the
Modelica simulation are then compared with those generated us-
ing the popular ocean-engineering software, Orcaflex. Finally,
conclusions are drawn based on the analysis of simulation re-
sults. The codes and results are made available for download.

INTRODUCTION

The authors discuss the development of Modelica
component-models to simulate the hydrodynamic response
of a moored cylindrical buoy in [1]. The mooring forces in [1]
are based on the gquasi-static catenary and hence does not
account for the inertia and deflection effects of the mooring line.

*Corresponding author.

Christian Holden
Department of Mechanical and Industrial Engineering
Norwegian University of Science and Technology
(NTNU)
NO-7491, Trondheim, Norway.
Email: christian.holden@ntnu.no

The present paper is based on the work done towards imple-
menting the lumped-mass approach to simulate the dynamics of
the mooring line in order to mitigate the above deficiencies of
the quasi-static approach.

The earliest traceable work in this direction is by Walton
et al. [2], where a simple finite-difference based solution pro-
cedure for the system of non-linear partial differential equations
governing the transient motion of a cable immersed in a fluid is
discussed in detail, without considering the sea-bed interference
effects. Nakajima et al. [3] improves upon this method by im-
plementing the Houbolt finite-difference equations. The sea-bed
interaction in this case is prescribed by weight-corrections to the
lumped-mass nodes nearest to the sea-floor. Khan et al. [4] used
the Lagrange’s modified equation to arrive at the equation of mo-
tion for a mass-discretized mooring line where the Gauss—Jordon
method is used to solve for accelerations and Runge—Kutta calcu-
lation by Gill’s method is used to solve for positions and veloci-
ties, with sea-bed interactions disregarded. Ghadimi [5] presents
an algorithm for the dynamic analysis of flexible marine risers
where the equations of motions of a lumped-mass mathematical
model of the riser is solved in time domain using the tangent
stiffness incremental approach combined with the Wilson-theta
numerical integration algorithm. A simple model of the sea-bed
contact for catenary risers is also presented in the above work.
Thomas et al. [6] presents a lumped-mass model of a deep-water
mooring line that accounts for both friction and suction effects
together with the lifting and grounding of nodes.
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The primary aim of this study being the assessment of the
suitability of the lumped-mass approach for simulation in Mod-
elica and subsequent implementation as a component-model, we
restrict ourselves to the simplest model described in [2], coupled
with modifications to account for the sea-bed interaction follow-
ing the concept presented in [5].

The theory behind the finite difference solution of the non-
linear equations of motion of the mass-discretized mooring cate-
nary is discussed briefly, followed by the summary of the solu-
tion procedure as suggested in [2]. Modifications to include the
effects of upward forces on the nodes in the vicinity of the sea-
floor, in accordance to the outline given in [5], is incorporated
into the equations of motion to simulate the vertical sea-bed re-
action forces . This is followed by a description of the procedure
adopted to discretize the catenary into straight cylindrical seg-
ments of specified length based on the catenary theory. Such a
discretization is required to arrive at the nodal masses and ex-
ternal loads to be specified at such nodes. The initial spatial
configuration of the mooring line, which is required to initiate
the numerical solution, is also obtained from this step. An al-
gorithm for the complete solution procedure is then formulated
and implemented initially in Python, keeping in mind the ease of
use and ability to obtain interim results for error checking. After
successful implementation in Python, an OpenModelica code is
developed.

The outputs of the simulation are then presented in a step-
by-step manner to correlate with the algorithm and thus provide
the reader with a better understanding of the lumped-mass ap-
proach in general. The simulation results are benchmarked with
those obtained using the popular time-domain ocean-engineering
software Orcaflex, and conclusions drawn.

Both the Python as well as Modelica codes along with
Orcaflex simulation files are made available for download at
github.com/Savin-Viswanathan/OMAE2020.

THEORY
The problem and our assumptions

Walton et al. [2] states the problem abstractly as: “Given the
initial conditions (i.e., position and velocity at any time 7y) and
boundary conditions (positions of end points at all times) of a
cable immersed in fluid, determine its subsequent motions.”

For the sake of simplicity, we consider a homogeneous, two-
dimensional, fully submerged catenary mooring. The anchor
point is assumed fixed while motions of the top end may be pre-
scribed. The forces considered in this analysis are as illustrated
in Fig. la and comprises of: a) damping or drag due to rela-
tive motion between the mooring line and the fluid, b) inertial
reaction (added-mass) of the surrounding fluid, ¢) weight of the
mooring, d) buoyancy, e) upward force exerted on the grounded
portion of the mooring by the sea floor, and f) the tension in the
mooring line.

Spatial discretization simplifies the process of the formula-
tion of the equations of motion. Hence, the continuous shape
of the catenary is approximated by the use of straight segments,
and the mass of each segment is equally distributed to the end
nodes of that segment. The discretized mooring line is now rep-
resented by point masses m; [kg] connected by massless seg-
ments of length / a1 [m] as shown in Fig. 1b. In a similar line,
the external forces viz. added-mass loads, drag, buoyancy, and
reaction forces on grounded segments are also distributed to the
end nodes.

(a) Continuous catenary

(b) Discretized catenary

FIGURE 1. DISCRETIZATION OF THE CATENARY.

Knowing the masses and external loads, the equations of
motion for the system can be formulated, with the inextensibility
of the mooring segments constituting the constraint equation.The
initial nodal positions can be determined using catenary theory.
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The initial nodal velocities and accelerations are assumed to be
zero. The instantaneous boundary conditions are obtained from
the fixed condition of the anchor point and prescribed motions
of the top end. The motion of the top end may alternatively be
determined from the equation of motions of the floater to which
it is attached.

Formulation of the equations of motion
The following may be deduced from the discretized catenary
shown in Fig. 1b. For details, see [2].

u
mj:2[lj+,|‘+1 %] (1)
ej+%:pk1j+50' 2)
C0591+T (Xj+l_xj)/1j+,} (3)
sm0+| = (2j+1—2j )/]j+§ %)

Here m; [kg] is the mass of node j joining segments of length
ij"s and IH% [m], where the :F% represents the preceding and
succeeding segments of node j respectively. Thus, €yl [kg] is
the added mass of the succeeding segment and Gj L [rad] is the
angle made by the succeeding segment with the horizontal. u
[kg/m] is the dry specific mass of the mooring chain, p [kg/m’]
is the density of the surrounding fluid, & [-] is the added-mass
coefficient, and & [m?] is the cross-sectional area of the mooring.

The equations of motion for the j node can be expressed
as

IjX}—K,z,—T+|cos9 1= TJ._;COSBJ_;—{—XJ' (5)
—K,-x'j+J,~z,-—Tj+;sm6j+;’—E_;sin@]_;+2j (6)

Here, x; and z; [m] are the instantaneous x and z co-ordinates of
the node, T/ ) and ij 1 [N] are tensions in the segments suc-
ceeding and preceding node j respectively, and X jand Z; [N] are
the horizontal and vertical components of the resultant external
forces on node ;.

I, J, and K are defined as

1 . .
lj=m,—+§(ej+%sm29j+%+ej7%sm26j7£) (7)
1
Jj:mj+§(ej+%cos29j+%+ej_%c0529j_%) 8)
1 . .
K,-=E(eH%smGH%cosO“%+ej7%sm9j7§ %) )

Xj and Z; are expressed as

(10)

—W+F (1)

Here, D!Jr 1 and D [N] refers to the drag in the succeeding and
preceding segmeme of node j respectively, while W; [N] is the
buoyancy adjusted weight at the node, and Fj' [N] represents an
upward force to account for the sea-bed reaction on the grounded
nodes. These are expressed as:

Djy = f1+2qj+'|q1+s| a2
wheref/DH pCpljh (13)
1. . .

andgq;, | —_5[(.Xj+| —cj)+(x,-—cj)]sm6j+%
: (14)
1. .
+§[Zj+|+Zj]Cosej+%
1
also, Wj=mjg—§pg(1j+%+lj7%)o' (15)

Here, Dy [m] is the hydraulic diameter of the mooring, Cp [-] is
the drag coefficient, and c; [m/s] is the current velocity at node
J-

When a node grounds/lifts-off to/from the sea-floor, ne-
glecting friction effects, there is an instantaneous manifesta-
tion/disappearance of a vertical reaction force, equal and oppo-
site to the forces acting vertically downwards at the node. A
sudden application/removal of such upthrust forces may cause
numerical instabilities and hence a ramping function of the form

W.
Fl'= 71[1 —tanh(Bz;+n)] (16)

is used to gradually apply/remove the loads. Here, 8 and 1 are
found by imposing some conditions such as F;’ =W;atz;=
—d and F;‘ = 0.05W; at zj; = —mp,d, the depth at which nodal
upthurst becomes 5% of nodal weight. For details see [5].

The inclusion of F; which allows for the consideration of the
sea-bed reaction, is a modification introduced into the equations
given in [2].

The inextensibility condition of the mooring segments may
be represented mathematically as

(j=xj-1)*+ (2 =z =16,

amn
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The boundary conditions are given by

Xo(1) = xo(t0) 18)
20(1) = z0(t0) 19)
x4(t) = prescribed (20)
z5(t) = prescribed 20

And the initial conditions by

X (22)

(23)

x;(0)
z(0)

<o Jo

Z

Thus, in summary, the equations governing the motion of the
mooring line is given by Eqns. (5) and (6), with the constraint
equation given by Eqn. 17, subject to the boundary conditions
given by Eqns. (18)—(21), and with initial conditions given by
Eqns. (22) and (23).

Numerical solution to the equations of motion

A detailed description of the numerical solution can be
found in [2], where the following finite-difference equivalents
are used

(\.j&% _ )'J}+l —,\}; z.lf+§ _ Z"+I X" o4
J At ’ J At
+1 -1 +1 -1
#= X —(2xj)¥2+,\’} L ome 7 —(21’,)!2-%2’} 25
At ' At

Here n is the current time step. n+ % represents the middle
of the next time step.

A brief summary of the method of solution given in [2] fol-
lows.

1. Designate

L= (A)*L;/(IiJ; — K3) (26)
M; = (A1);/ (1)~ K}) 27
Nj = (A)*K;/(I;];— K7) (28)
Pj=Mjcos6,_ +stin9j_§ (29)
Q,—:NjCOSOj_%ﬂ—LjsinBj_% (30)
Rj:Mjcosej+,|i+N,-sin9j+% 31
Sj=Njc089j+%+Ljsin9j+% (32)

Uj=M;Xj+N;Y; (33)

Vi =N;X;+L;Y; (34

EY = (=X )P+ 05 =)0 Q) (35)
Fly = W=~ ) (P +R}y)

: 36)

+(y _y] ])(Q” n )

G';,l = (/""—ﬂ-n)Rq ()j—yj_l)s'} (37)
Hj | = (XI' )(U” " )

(38)

(}j _}’j—l)(vjl‘va—l)

with, E” ' :G.'L; =0 P =05 =Ry=S5=0; P! =0} =
R = S = 0; U = 0,U7 = (A5 Vg =0,V = (A2,
for all n.
. Determine the tentative tension in the first segment using
relation
(F" “Bn ’ _E" Iﬁ" S_V,“ l)
=n _ 5= 53 s—5's—3 s=3 (39)
]_% - Ff' o , _E" .a” R

Where, for n > 0,

WJ _En lTn l_Fn lTn I+Gn lTn 1
= =% =3 i+s

n—1 n
HHLy Ty @0

while forn =0,

n _gn
Vi =Hiy @
The recursion formulae of & and 3 being given as
n — n n - n n n
%y _<FJ'—%af—' E—%a/—é)/cf—é “2)
n — n n _ n n _ n n
By = (FLyBLy B By =¥, ) /0], @D
with the conditions
a;’ =1 a;’ 3= for all n (44)
~3 —3
ﬁ” = ﬁ;'_; =0 for all n (45)
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3. Determine the tentative values of tensions in the remaining with E"’I’*{ =G =0and P!, @}, R}, and S being the
-2 §=3

segments using the relation same as in Step 1.~

" = a’ T" +B" (46) The recursion formulae for k and A, being
itz 1- Jtz

1
z

4. Predict the tentative co-ordinates of the next time step based K‘,”+ 3 (F 1 K’L 1~ E}’,,l, KJ,", ;) / Gl’ (56)

on tentative tensions calculated above using:

1
J=32
n — n no__gn no__ n
AH%_(FHAF BB~V ) /G, 6T)
For the initial time step i.e., n =0,

with conditions

1 - -
041 _ 0 L[ poF0 070 0
A [ PJOTJ—% +RJT/+{; +U/] @7 K =1 L for all n (58)
-2 -2
1 ~ - z 2
I =9+ 3 [—Q‘,’T]"_é - S‘}TJ.‘L% + v}’] (48) A, =0 Ay = for all n (59)
for all other time steps i.e., n > 0, 7. Determine the tension corrections for the remaining seg-
ments as
Pl =yt — it -P/T! R'!Tf’ Uy 49
’ r sy PR O @) 8T | =K 8T | +A! | (60)
!+ e S BRVAS

‘:.J]l_-%-l =22{;—Z’} 1 QnTn . +S’;Tﬂ+l +V" (50)
8. The corrected tension values are then given as

5. Define a function to measure the discrepancy in the distance

between extrapolated positions of pairs of adjacent nodes T, L= T!"+ ) + 0T i +| (61)
and the original initial length of the segment between these -
nodes as

9. Using the updated tensions, recalculate A”“ and 27*! and
check whether Q"*} is within a specnﬁed lolerance limit,
n+1 1 o+l n+1 J—32 . o gs . .
@ = 3 (A’j -x ) else repeat steps 6 to 9 until the condition is satisfied, updat-
- ing the tension value for each loop traversal.
(-"+1 z"+1) —? |:| 51) 10. The values of tensions prevailing when the tolerance condi-
/= tion is satisfied gives T]”+, . The improved co-ordinates are
2
then calculated as:
6. Calculate the correction to be added to the previously calcu-

lated tentative tension value of the first segment as /\,,H _ ~,,+1 +5x"+1

(62)
n+l ZHI +52n+l (63)
(rrge gy
8T" | =— —— — = 52 -
. Fx":r;l’c:ﬁ;_E::rgl K (52) Where, for n =0,
,n+| 0570 0570
where. Sx [ P)ST| %+RJ-5TJ_+L] (64)
st = [ ojst). ) +898T7, )] (65)
En+l ()}14}»1 XIHI)PH ]+(~n+l Zntll) /LI (53)
Fn+| (,\”‘“ I\}H-:)(Pn_‘_Rl! b and, for n > 0,
-
(54)
+HE@ =B +5)) S = —PIST! | +RIST | 66)
Andl +1 +1 +1 =+l 2 2
Gy =@ —FIDR+ (& ~ZIS] %) 8 = — QST | +8)8T", ©7)
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Initial configuration of the catenary

The formulation of a look up table for 7y Vs. X, where Ty
[N] is the horizontal tension and X is the horizontal displacement
of the top end of the catenary from the anchor position, as shown
in Fig. 2, is described in [1]. Here fixed frame X — Z is the global
co-ordinate system with its origin at the mean water level, ver-
tically above the anchor point and translating frame x — z is the
catenary co-ordinate system with its origin a [m] below the low-
est point of of the catenary, i.e., the touch-down-point. Here a is
the catenary parameter.

A

L X; >
I Xidp e Xi -

/

L

- Tl
x,,=a‘sinh'l[(l,+l_g¢g)/a] ﬁ
i xp=a*sinh”! I5/a) b
I~Xidp-2lseg
=atcosh™ (/)

FIGURE 2. THE MOORING HALF-CATENARY.

From such a table, the horizontal tension 7y for a specified
initial position X; of the top end of the catenary can be inter-
polated. The initial configuration of the catenary may then be
determined as follows

1. The X co-ordinate of the touch-down point may be deter-
mined from the relation

Xiap = Xi —xi (68)

2. For the part of the mooring lying on the sea-floor, the X co-
ordinate of the nodes is incremented by the specified fixed
segment lengths, while the Z co-ordinate equals the water
depth. i.e., for the 0" node (anchor point), the co-ordinates
are (0 lyeq, —d), for the first node (1 %5, —d), for the sec-
ond node (2 * lgee, —d) and so on for all nodes that lie be-
tween the anchor point and the touch-down point.

3. For the segment lying with its left node on the ground and
the right node suspended, the length of the part of the seg-
ment on the floor /; [m] is the difference between the X co-
ordinate of the touch down point and the X co-ordinate of

its left node. The suspended length /s [m] of that segment
is then obtained by subtracting the length of the floored part
of the segment from the whole length of the segment. The
suspended length corresponding to the second node above
the sea-floor, is determined by adding the partial suspended
length of the previous segment to the length of the current
segment, and so on and so forth for all the remaining sus-
pended segments.

4. The X and Z co-ordinates of a point which corresponds to
a suspended length of /; [m] may be determined from the

relations

A
x =axsinh = (69)

a
a= Tn (70)

w

X = Xip+x n

— -1
z=axcosh (a) 72)
Z=—-d+z—a (73)

Here, w [N/m] is the known wet specific weight of the cate-
nary.

5. The X and Z coordinates of all nodes that lie at equal curvi-
linear lengths of /s, are thus determined. These nodes are
then joined with straight line segments to discretize the cate-
nary.

At regions of high curvature, the straight segments are shorter
than the curvilinear lengths as shown in Fig. 2. However,
this variation is infinitesimal for appropriately chosen segment
lengths.

PYTHON IMPLEMENTATION

The flexibility of Python makes it a suitable test platform
to build the code for implementing the numerical solution pro-
cedure described above. The code is accessible through the
download link provided earlier. The parameters are entered in
the main program Walton_Catenary_v0.py. The main program
calls function catcon_0 to determine the initial spatial configu-
ration of the catenary. This initial configuration is passed on as
arguments to the function ten_0 that returns the link tensions for
the initial configuration as well as parameters required for cal-
culations in the subsequent time steps. The output of ten_0 is
passed on to the function ten and the outputs of the ten function
is looped until the specified simulation time. The python im-
plementation closely follows the algorithm depicted in Fig. 3b.
The major difference being that both catThlterator and catX-
Iterator Modelica function capabilities are integrated into the
catcon_0 function in Python. Other details are easily discernible
from the python code available at the download link.
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OPENMODELICA IMPLEMENTATION

In the ideal case, the implementation in Modelica would
have been as a model enabling the interfacing of the mooring
model with component-models for waves, current, and floating
objects as described in [1]. However, it is currently not possible
to implement the solution procedure as a Modelica model and
hence it is implemented as a Modelica function to demonstrate
the lumped-mass method of solution of the mooring catenary and
obtain results for benchmarking.

Since only models or blocks can be simulated in Modelica, a
pseudo-model that calls the function mainWaltonCatenary is
coded. Here, pseudo refers to the fact that the model is not
an actual dynamic model, but is only a means of running the
code inside a function where time is specified as a variable. The
flowchart of the pseudo-model is shown in Fig. 3a.

The water depth d [m], water density p,, [kg/m3], fully de-
veloped uniform current velocity in the x-direction C}),, [m/s],
curvilinear lengths of the segments of the mooring used in dis-
cretization seg; [m], number of segments g, initial horizontal
position of the top end of the mooring line in the global X —Z
frame X; [m], initial vertical position of the top end of the moor-
ing from the sea-floor 4 [m], the diameter of the wire of the
mooring chain d,, [m], coefficient of drag of the mooring ¢4 [-],
density of the mooring material P, [kg/m3], specific dry linear
mass of the mooring spmg,, [kg/m], percentage of water depth
at which upthrust from the sea-floor becomes 5% of the weight
of the node mp, [-], the coefficient of added mass of the mooring
kj [-], the fixed time interval for calculating the numerical solu-
tion dt [s], the total simulation time 7;,, [s], the ramp time for
current velocity 7, the move time for to top end of the moor-
ing Ty0v, and the horizontal acceleration of the top end ay [m/s?],
are specified as simulation parameters inside the mainWalton-
Catenary function . x(}, z?, are vectors containing initial nodal
coordinates in the X — Z frame, and IJO. is the vector containing the
initial straight segment lengths of the discretized catenary. Ten?
and Ten® are vectors containing initial and final link tensions.

Flowchart of mainWaltonCatenary is depicted in Fig. 3b.
The functions catThlterator and catXIterator returns vectors
of horizontal tensions 7y, and top end positions X, as discussed
in [1]. The function initCatShape uses the catenary theory de-
scribed earlier to determine the initial spatial configuration of the
catenary. The function initialTensions makes use of the numer-
ical solution procedure discussed earlier to calculate the initial
tensions in the line segments along with values for co-ordinate
positions and velocities for the next time-step as well as accel-
erations of the current time step. It also returns E, F, G and H
values for the current time step which will be required in calcu-
lating the y values for the next time step by the tensions func-
tion. The values returned by the tensions function are looped
until the specified 7, is reached. Details of these functions are
discernible from the Modelica code available at the download
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(%, 2, 1%, xf, 2, Ten)=mainWaltonCatenary( )

e N\
( Stop )

(a) Pseudo-model

@ unction CaE

d, py, Cnaw €1 Nyegp Xy h, d\y ,Ca Prvan
[ SPMary, My ki, dt, T T Triors @

1.=5€8 N seq; SPMe=SPM 4y SPM /P *Prv - Xo=l~d;
Ko=) Xas= Ko 10; X[:J=0:0.1:X,0
Tylsize(x,1)]=catThlterator(l, x, h, spm,,,);
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(b) Main Walton Catenary Function
FIGURE 3. IMPLEMENTATION FLOW CHART
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link.

For easy cor-relation between the flow chart, the code, and
theory, m? [kg] is the discretized mass acting on node j. W})
[N] is the nodal weight, e‘}ml and e(}pl corresponds to €1 and

€1 the added mass of the preceding and succeeding segments

of node j respectively, as described in the theory section. ﬁﬂu
and ngu corresponds to 3 and 1 of the theory section. The super-
script ‘0’ indicating that such values are evaluated at the initial
time step and remain unchanged for the rest of the simulation.
E;fm], ij,'nl, G and Hj‘fml correspond to E}’_J’, F;’_;’ G’;_%,

and H;’ , of the theory section. Tenc corresponds to Tj”+I of
—5 2

c
Jjml>

the theory. ax’ and az’; correspond to ¥/ and 2} of the theory.
Superscript ¢ indicates that these values are for the current time

1 1
n+ nt+
step. X7, 2, v'f, and vZ} correspond to ,\J;“ and z'}“. Xt

of the theory respectively. The superscript n indicating that these
are predicted values for the next time step.

RESULTS

We discuss the results of a mooring chain of dry specific
mass 10 [kg/m] with wire diameter 22 [mm], in a water depth
of 50 [m]. Where possible, we compare the results to a similar
mooring line modelled in Orcaflex. Both Python and Modelica
codes are based on the same algorithm and hence the results are
similar. To avoid congestion, only Modelica and Orcaflex results
are presented.

The buoyancy calculation in this work is based on the spm,.;
calculation given in Fig. 3b. To get an approximately similar
buoyancy effect, the buoyancy diameter is specified as 50 [mm]
in Orcaflex. The drag diameters in both Modelica and Orcaflex
being Dy = 1.8d,, = 40 [mm].

Figure 4 shows the discretized shape based on different seg-
ment lengths, seg;. The configuration of a similar line modelled
in Orcaflex is also shown. It is evident that reducing seg; im-
proves the shape approximation of the catenary. In regions of
high curvature, the straight discretized length is smaller than the
curvilinear length, as observed inside the bounding circle. Proper
selection of seg; minimizes this discrepancy and the subsequent
impact on the nodal forces.

Response of the line to currents of uniform magnitude across
the depth of the water-column are shown in Fig. 5a. Time history
of the tensions on the top-most link is shown in Fig. 5b. T, =
10 [s] in all cases.

It is observed that the Modelica and Orcaflex results for the
nodal positions are in close agreement. However, the time his-
tory of the top-link tensions brings out the fluctuations in the ten-
sions in the Modelica model. At this point, it is believed that this
fluctuation is attributable to the simple finite difference scheme
employed in the present work. At higher current velocities, the
slight hump in the tension history, as observed inside the bound-
ing circle of Fig. 5b, is deduced to be the effect of the line inertia.

0o sear= 10 [m], Modelica
seg; = 1 [m], Modelica
—x— seg; = 10 [m], Orcaflex
-10
E -20
N
-30
—40
-50
0 10 20 30
X [m]
FIGURE 4. DISCRETIZATION OF THE MOORING LINE

This deduction is based on the fact that the hump occurs imme-
diately after r = 10 [s], at the end of the ramp time T;,5,),.

By specifying values for U; and V; in Eqns. (33) and (34), we
can specify horizontal and vertical displacements of the top end
of the mooring in the ModelicalPython model. By attaching the
mooring line to a vessel object and specifying prescribed motion
for the vessel, we can imitate the same in Orcaflex. Fig. 6 com-
pares the top link tensions as the mooring top end moves from
X =55 [m] to X = 78.9 [m] with a constant acceleration of 0.4
[m/s2] in both Modelica and Orcaflex.

As in the earlier case, the Modelica and Orcaflex nodal po-
sitions are in good agreement, while the Modelica link tensions,
though in general agreement with the Orcaflex results, exhibit
fluctuations.

A wave is considered a shallow-water wave when kd < l—’f),
where k [m~'] is the wave number and d [m] is the water depth.
Shallow water waves have a constant horizontal water particle
velocity across the depth of the water column. The maximum
horizontal water particle velocity of a linear wave is given as %
where H [m] is the wave height and 7 [s] is the wave period. For
details, see pp. 79-83 of [7]. Therefore, if we specify a wave
of height 7.96 [m] and period 25 [s], then the horizontal water
particle velocities can be approximated as a uniform current of
magnitude cos(0.251¢) where 7 [s] is the simulation time.

Figure 7b shows the time history of the top-link tension of a
mooring with X =70 [m], as shown in Fig. 7a, when subject to a
uniform current whose magnitude varies as cos(0.251¢) in Mod-
elica, while the Orcaflex tensions are for a mooring subjected to
the above described wave. We observe fluctuation in the line ten-
sions in Orcaflex also, albeit at a lower level than exhibited by
Modelica. This further strengthens our earlier belief that the ten-
sion fluctuations are an effect of the numerical approximations.
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Further, it is observed that the tension range is higher in the Or-
caflex model. This is thought to be the effect of the drag induced
by the vertical water particle velocities due the wave motion in
Orcaflex, which is absent in the Modelica model.

Fig. 7c and 7d compares the vertical motions of nodes j = 4
and j = 3 as indicated in Fig. 7a. We observe that node j =3
stays on the sea-floor in the Orcaflex model, while in the Model-
ica model, the specification of a gradually applied vertical load in
accordance to Eqn. (16) causes the node to oscillate in response
to the dynamic vertical loads.

CONCLUSION

The result comparison indicates satisfactory agreement of
nodal positions between the present algorithm and Orcaflex. The
tensions given by the present implementation, on the other hand,
are observed to fluctuate considerably. Positional fluctuations are
also observed to be higher in the grounded nodes of the present

0| | —e— Modelica,t =0s
—— Orcaflex,t =0s
—6e— Modelica,t =30 s
—=— Orcaflex,t =30 s
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(b) Top-link Tensions.
FIGURE 6. MOORING RESPONSE TO TOP-END MOTION

algorithm. Tension fluctuations were also observed in the Or-
caflex mooring when subjected to oscillatory flow. This leads us
to deduce that these tension fluctuations are the consequence of
the numerical approximations employed in solving the equations
of motion. There might also be possible influences from the mo-
tions of the node at the touch-down point which is higher in the
present algorithm compared to the Orcaflex model.

It may also be noted that the present algorithm considers
only the drag part of the Morison equation. If the inertia part
also were to be considered, it is to be noted that since the ac-
celerations of the next time-step cannot be approximated in the
present numerical scheme, such calculations would have to be
based on nodal accelerations of the previous time-step. How-
ever, if the Houbolt method is employed, the nodal accelerations
of the next time step can also be approximated [3], thus enabling
calculations based on nodal accelerations of the current time step.

Drag calculations in the present algorithm considers a com-
mon normal and tangential drag coefficient. It has been noted
that calculating the fluid loads in the local axis system of the seg-
ment using appropriate normal and tangential drag coefficients
and transforming it to the global co-ordinate system as discussed
in [3] and [6], and referred to as the cross-flow principle in [8],
gives better results.
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The main objective of this work being the assessment of the
possibilities of developing a Modelica component-model for the
mooring catenary based on the lumped mass approach, it is ob-
served that this is presently not possible. The reasons preventing
the implementation as a Modelica component-model, which re-
quire a considerable amount of space for demonstration, will be
dealt with in a future work and solutions sought.
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5.2 Simulating the dynamics of a chain suspended sub-sea

load using modified components from the Modelica
MultiBody library

The citation of the published article is given below:

S. Viswanathan and C. Holden. Simulating the Dynamics of a Chain Suspended Sub-
sea Load Using Modified Components from the Modelica MultiBody Library. Proceedings
of Asian Modelica Conference 2020, Tokyo, Japan, October 08-09, 2020. https://doi.
org/10.3384/ecp202017459.

The postprint version follows.
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Simulating the Dynamics of a Chain Suspended Sub-sea Load
Using Modified Components from the Modelica MultiBody Library

Savin Viswanathan!

Christian Holden'

'Dept. of Mechanical and Industrial Engineering, Norwegian University of Science and Technology (NTNU),
NO-7491 Trondheim, Norway. {savin.viswanathan,christian.holden}@ntnu.no

Abstract

In this paper, the philosophy of the lumped-mass approach
is adopted in specifying components so as to enable the
Modelica compiler to formulate equations governing the
motion of a chain-suspended sub-sea load, subjected to
waves and current. The discretized simulation model of
the chain-suspended load is built up using the compon-
ents available in the MultiBody library of OpenModel-
ica, after making necessary modifications. The combined
wave and current loads acting on the segments are determ-
ined using the Morison equation, and applied as discrete
external forces on the lumped segmental masses. The
component model is developed and implemented using
the OMEdit GUI, and the simulation results are then com-
pared with those for a similar system modelled in the pop-
ular commercial ocean-engineering time-domain simula-
tion software, Orcaflex, to demonstrate satisfactory agree-
ment. Conclusions are drawn, and the simulation files are
made available for public access.

Keywords: Modelica component-model for submerged
cables, dynamics of sub-sea loads, OceanEngineering lib-
rary

1 Introduction

The authors discussed the benefits of developing a Model-
ica standard library for ocean-engineering applications in
(Viswanathan and Holden, 2019). In the above work, the
quasi-static approach was adopted to specify the moor-
ing forces at any given simulation time-step. However, it
was noted that this led to the omission of the inertial and
deflection effects of the mooring line, as discussed in de-
tail by the authors in (Viswanathan and Holden, 2020a).
Hence, steps in the direction of developing component-
models capable of simulating the dynamic behaviour of
mooring chains, as accurately as possible, were adopted
by the authors. The present work, which is an offshoot
of such efforts, brings to the proposed library, basic com-
ponents to simulate the dynamics of a fully submerged,
suspended sub-sea load.

The earliest reference to the application of the lumped-
mass approach to sub-sea cables is traced to Walton et. al
(Walton and Polachek, 1960), who prescribes the lumping
of masses of straight segment lengths, and associated ex-
ternal forces, at nodal points which connect the adjoining

segments, and thus arrive at equations of motions for the
discretized mathematical model of the physically continu-
ous cable. They further suggest a fixed time-step numer-
ical scheme to obtain the cable dynamics. Other relevant
works include (Nakajima et al., 1982), and (Thomas and
Hearn, 1994).

We, however, notice that such time-step dependent
methods are inherently opposed to a fundamental philo-
sophy behind Modelica, which is expressed by Dr. Mi-
chael Tiller in his words, (Tiller, 2013):

“The key point is that equations describing physical be-
havior cannot refer to time steps. This is because there is
no timestep in nature or the laws of physics, and so the
response of a system cannot depend on it.”

The statement points to the fact that the Modelica user
needs to specify only the differential algebraic equations
governing the physics of the system, and solution method-
ology is best left to the Modelica compiler.

We, therefore, adopt the philosophy of Walton
in modelling the cable/chain segments in Modelica,
using components already available in the Model-
ica.Mechanics.MultiBody library, albeit with necessary
modifications. Connecting these components enable the
automatic generation of the coupled equations of motion
by the Modelica compiler, which is then solved for obtain-
ing the system dynamics.

The Morison equation is widely used in the ocean en-
gineering domain to calculate fluid loads on slender struc-
tures. Numerous publications deal with the subject, and is
described in detail, for e.g., in (Chakrabarti, 1987). In this
work, the Morison equation is implemented as a Block,
and the determined fluid drag and inertia loads are then ap-
plied as forces, along with buoyancy, at the lumped-mass
points.

We, therefore, proceed by presenting a brief theor-
etical introduction to the discretization of the continu-
ous cable/chain, along with the calculation of Mor-
ison loads. This is followed by a detailed description
of system representation in Modelica. Simulation res-
ults are benchmarked using Orcaflex, and conclusions
drawn. Both Modelica and Orcaflex simulation files are
made available for public access at github.com/Savin-
Viswanathan/Modelica2020Asia.
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2 Theory

Figure la shows the forces acting on a chain suspended
sub-sea load, and Figure 1b shows the discretized math-
ematical model for the same.

For simplicity, we consider:

e 2D motions in x and y directions only.

Top end of the chain is fixed.

e Inelastic chain.

o Fully submerged chain and load at all times.
o End load has negligible drag area, and can be approx-
imated as a point mass.
Note:
All loads are continuous. Weight acts vertically downwards. Buoyancy acts
Waves vertically upwards. Line of action of tensile and fluid loads depends on
local orientation of the structure.
Current
—_—
Chain or cable
—
—
—
Subseaload —/ %
>

(a) Continuous physical model.

Note:
All loads are discretized based on segment length.
Waves

Current
= Hinge between
two 5‘8‘“‘“‘{/—- Segment Equillibrium
> Lumped mass of segment -} Buoyancy
. Fluid loads
= Straight segment {
o Weight \
Tension loads

Subsea load specified as point mass. \/

(b) Discretized mathematical model.

Figure 1. Discretization of the chain suspended sub-sea load.

The coupled equations of motion of the chain/cable seg-
ments based on the segment equillibrium may then be
solved to determine the dynamic behaviour of the system.

Proper translation of the discretized model into a Mod-
elica system-model effects the automatic generation of the
coupled equations of motion governing the dynamic beha-
viour of the system. Details of modelling are described in
detail in the next section.

Considering the j segment,

Wi =1ug (1
P 2
= g liPw8: ?2)

Here, W; [N] is the weight of the segment, B; [N] is the
buoyancy force experienced by the segment, /; [m] is the
length of the segment, 1t [kg/m] is the specific linear mass
of the chain/cable, D;, [m] is the diameter based on which
buoyancy is calculated, p,, [kg/m?] is the density of sea-
water, and g [m/s?] is the acceleration due to gravity.

In evaluating the fluid loads, we make use of the Mor-
ison equation for combined wave and current loads on an
inclined oscillating cylinder. See p. 188 of (Chakrabarti,
1987).

Experimental values for drag coefficient Cp and iner-
tial coefficient Cys are scarce when structures are inclined.
Hence, in determining these loads, we evaluate the fluid
loads along the normal and tangential directions of the
chain segment and then sum up their horizontal and ver-
tical components. The advantage of this approach is that it
enables the specification of separate drag (Cp) and inertia
(Cum) coefficients for the normal and tangential directions.
See p. 205 of (Chakrabarti, 1987). The normal and tan-
gential components of the Morison force per unit length
of the segment are thus given as

M} =Ciyp D%, — Cip D%l
3)
FCh3pD |V £ U ] | (0" ).

T T
M} =Cip 5 D*d, — Cip7D*d}
4 4
1 ! 1 ! r 1 ! (4)
+C;)§pD|V“ﬂ:U —V,|(V“,ﬂ:U —V[).

Here, superscripts n and ¢ denote the normal and tangential
directions, and subscripts w and / denote the water-particle
and the mooring-segment respectively. Further, a [m/s?]
refers to acceleration, v refers to velocity, U [m/s] is the
magnitude of the current velocity, and D [m] is the line
drag diameter.

The current velocity, and wave induced water-particle
velocities and accelerations, at the segment lumped-mass
points, are to be considered in (3) and (4).

For a linear wave, the following are defined:

®? = gktanh(kd) 5)
N =H/2cos(kx — wt), ©6)
u= %%cos(h— ot) @)
w= ?%sin(m—wﬂ (8)
W= _Z;ZZH%cos(kx—wt). (10)
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Here, o [rad/s] is the wave frequency, i [m] is the sea
surface elevation, u and w [m/s] are the horizontal and
vertical components of the wave-induced water particle
velocities, the overdot denotes time derivative, H [m] is
the wave height, 7" [s] is the wave period, k [m~1] is the
wave number, x and z [m] are the horizontal and vertical
co-ordinates of the evaluation point, d [m] is the water
depth, and 7 [s] is the simulation time. See pp. 51-52 of
(Chakrabarti, 1987).

Figure 2 gives the expression for the normal and tangen-
tial components of the wave-induced water particle velo-
cities associated with a segment inclined at angle 6 to the
horizontal. Similar expressions may be obtained for the
relevant current, and segment kinematics.

< V'=u sin(6 )-w cos(6)

N

Figure 2. Normal and tangential components.

The horizontal and vertical components of the Morison
loads on the segment may thus be determined as:

M} = M- cos 0 + Mj:sin 6
My, = Mj:sin@ — Mj-cos 6.

an
(12)

The problem is implicit in the sense of the interdepend-
ency between line orientation, tension and fluid loading.

3 Building the Modelica Model

Representation of the discretized model in Modelica is
realized through the use of components already avail-
able in the Multi-Body-System (MBS) library of Model-
ica, with some modifications to meet the problem require-
ments.

The segmental lumped mass, and the suspended load,
are represented by PointMass components, the massless
lengths of segments lying on either side of its lumped-
mass are represented by FixedTranslation components,
the point of suspension of the top end is specified by a

Fixed component, and the hinge connection between the
segments are represented by Revolute joint components,
all of which are available in the MBS library.

In the determination of fluid loads, we require the ori-
entation of the segment at any given simulation time step,
and hence a modification is effected to the FixedTrans-
lation component by specifying a RealOutput interface to
transmit the coordinates of the flanges. Two variants of
the FixedTranslation components are specified, the icon
representations of which are shown in Figure 3.

%name %name
_a b a b
I —
r=%r r=%r
(a) UP_Seg. (b) LO_Seg.

Figure 3. Icon views of the modified FixedTranslation compon-
ents.

UP_Seg is modified such that its RealOutput interface
transmits the coordinates of its flange_a.

LO_Seg is modified such that its RealOutput interface
transmits the coordinates of its flange_b.

The diagram view of the simplest sample system show-
ing all used components is shown in Figure 4.

The segment model is built up by connecting the ap-
propriate flanges of upper segment UP_Seg, a Point-
Mass, and a lower segment LO_Seg. The interconnection
between two segments, and of a segment with the point of
suspension, can be effected through a Revolute joint. The
point of suspension of the top end is specified by a Fixed
component, and a PointMass component is used to spe-
cify the suspended load. Drag calculations are carried out
by DnB blocks.The computed drag and buoyancy values
are transformed to world forces by a WorldForce com-
ponent, and applied as loads to the flanges of the lumped-
masses. Gravity is included by the specification of the
World component.

The environment, and cable/chain parameters, are spe-
cified inside the DnB block. The parameters specified are:

General: water depth d, water density p, ramping

period for waves and current 7.

Regular Wave: wave height H, period T'.

Current: vector of depths at which the profile is
defined z., and fully developed mag-
nitudes of current at these depths Uy.

Cable: drag diameter D, buoyancy diameter Dy,

normal and tangential added mass coeffi-
cients Cj and C};. normal and tangential
drag coefficients C}, and Cj,.
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Point of suspension
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calculation’
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Figure 4. Modelica representation of a suspended subsea load
system.

The wave number is computed by function waveNum-
berlterator, by iteration of the dispersion relation (5),
as described in (Viswanathan and Holden, 2020b). The
segment lengths, and instantaneous location of lumped-
mass points are calculated based on the real outputs of the
UP_Seg, and LO_Seg, associated with each segment.

The sea surface elevation (SSE) at the x co-ordinate
of the lumped-mass point is calculated using (6), and the
wave and current kinematic profiles are moved with the
SSE as described in (SINTEF, 2014). The current velo-
city at the y coordinate of the lumped-mass point is then
interpolated for using the linearInterpolatorSV function,
and the wave-induced water-particle velocities and accel-
erations are calculated using (7)—(10).

The velocities and accelerations of the lumped-mass
points at the current time step being provided by Model-
ica, the instantaneous drag may be determined using equa-
tions (3), (4), (11), and (12).

Drag and buoyancy forces on the end load may also be
specified by using a similar DnB block, but has been omit-
ted here for simplicity.

4 Results

We discuss the simulation results of a system with para-
meters shown in Table 1:

Figure 5 shows the diagram view of the above system
in Modelica.

Figure 6a compares the line configurations in Modelica
and Orcaflex, at t = 100 [s], when subject to a uniform
current profile defined by z., = {—50,—-25,-10,0},Uy =
{1,1,1,1}. Figure 6b compares the same for a cur-
rent profile defined by z., = {—50,-25,—-10,0},Uy =
{0,0.5,1,2}. In both cases, the wave height H = 0 [m].

Parameter Value
Depth of suspension point below water 2.5 [m]
surface

Chain length 30 [m]
Chain specific mass 10 [kg/m]
Discretization segment length 5 [m]
Chain buoyancy diameter 0.04 [m]
Chain drag diameter 0.04 [m]
Chain drag coeff. (normal) 1[-]
Chain drag coeff. (tangential) 0.25[-]
Chain added mass coeff. (normal) 1[-]
Chain added mass coeff. (tangential) 0.5[-]
End load mass 100 [kg]
Ramp time for waves and current 10 [s]
Water depth 50 [m]
Water density 1025 [kg/m’]
Current profile variable
Regular wave parameters variable

Table 1. System parameters

Figure 5. Diagram view of a subsea suspended load system.

Figure 7 compares the top end tensions for both the
above cases.

Figures 8a and 8b compare the horizontal and ver-
tical response of the suspended load to regular waves
of H=15 [m] and T = 10 [s], in both Modelica and
Orcaflex, while Figure 8c compares the top end ten-
sions. Current loading is set to zero by specifying z., =
{-50,-25,-10,0},Us = {0,0,0,0}.
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Figure 6. Line configuration for different current profiles.
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Figure 7. Line top end tensions for different current profiles.

Figure 9a and Figure 9b compares the horizontal and
vertical response of the suspended load to regular waves
of H=>5[m] and 7 = 10 [s] in the presence of a current
with profile defined by z., = {—50,—-25,-10,0},U; =
{0,0.5,1,2}, in both Modelica and Orcaflex, while Fig-
ure 9c compares the top end tensions.

5 Result Discussion

From the above figures, we observe a general agreement
between Modelica and Orcaflex responses. To quantify the
degree of agreement, we present the percentage variation
between them in Table. 2.

In most cases, we observe good agreement with <5%
variation. On examining the values with higher % vari-
ation, we infer that the numerical significance is quite low,

—— Modelica; —— Orcaflex |

2
E
><
-2
0 10 20 40 60 80 100
(a) Horizontal position (bottom-end)
-324
E-3245
N
-325
0 10 20 40 60 80 100
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8 3,500
<
= 3250
0 10 20 40 60 80 100

t[s]

(c) Top end tension

Figure 8. Regular wave response.
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(¢) Top end tension

Figure 9. Combined wave—current response.
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as demonstrated below for the highest variation of 21.9%,
corresponding to the vertical displacement of the suspen-
ded load, as depicted in Fig. 8b.

Numerically, the Modelica and Orcaflex responses are
—32.4193 — (—32.4970) = 0.0777 [m], and —32.4324 —
(—32.4960) = 0.0636 [m], indicating a difference of
0.014 [m], which is quite insignificant when we consider
that this variation of 1.4 cm is for the motion of the tip
of a chain that is 30 [m] long. Similar inferences can be
arrived at for all other values.

These variations could be due to the fact that we use
moved kinematic profiles, while Orcaflex uses Wheeler
stretching of wave and current kinematics.

Larger variations observed during the ramp-up time
Trmp = 10 [s], in all cases, is attributed to the fact that
we use a sinusoidal ramping function while Orcaflex uses
an in-built ramping function with a different ramp curve.

The reason for the variation in initial top-end tension
and tension response to currents as observed in Figure 7,
though insignificant, has not yet been understood.

Variable Description %o variation
Horizontal position of end load in uniform -0.07
current (Fig. 6a)

Horizontal position of end load in profile 3.72
current (Fig. 6b)

Vertical position of end load in uniform 0.00
current (Fig. 6a)

Vertical position of end load in profile -0.03
current (Fig. 6b)

Top end tension in uniform current (Fig. 7a) 0.04
Top end tension in profile current (Fig. 7b) -0.05
Horizontal response in waves (Fig. 8a) 6.47
Vertical response in waves (Fig. 8b) 219
Top end tension response in waves (Fig. 8c) -2.34
Horizontal response in waves and current -3.62
(Fig. 9a)

Vertical response in waves and current (Fig. -7.31
9b)

Top end tension response in waves and -11.11

current (Fig. 9¢)

Table 2. Variation between Modelica and Orcaflex results.

6 Conclusion

The work presented in this paper introduces a novel
method for specifying fluid loads on a mass discretized
subsea cable using components already available in the
Modelica MultiBody library, with minor modifications.

Based on the agreement between Modelica and Or-
caflex simulation results, it is concluded that the model
exhibits satisfactory representation of structural and fluid
inertia effects, and accurate modelling of the drag loads on
a cable structure.

The only traceable reference to an attempt to use Mod-
elica in a similar scenario, by other researchers, is in the
modelling of the station keeping system of an offshore

wind turbine in (Leimeister and Thomas, 2017), where
limitations included the inability to account for:

e Relative accelerations in wave load calculation.
e Current loads on submerged structures.

These limitations have been successfully mitigated in the
present model.

It may also be noted that the authors are relatively new
to Modelica, and the results presented here are for a work
in progress. The code presented along with this work may
show instances of under-utilization of advantages offered
by Modelica, for e.g., the use of the array concept in im-
plementing the lumped mass philosophy. The main focus
of the present stage of the authors’ research is to build
a general framework for simulation of ocean engineering
systems in Modelica. Code refinement is planned for the
next stage of the project.

Extension of the modelling philosophy presented in this
work is expected to open the window towards the develop-
ment of Modelica component models for catenary as well
as taut moorings. Inclusion of linear and torsional spring
elements is expected to enable Modelica representation of
flexible structures with elasticity and bending stiffness viz.
risers, elastic moorings, and umbilicals, in the future.

The further development of this work, coupled with
the development of component models for waves and cur-
rents as described in (Viswanathan and Holden, 2020b),
and for non-diffracting floating objects as described in
(Viswanathan and Holden, 2020a), followed by the de-
velopment of component models for diffracting objects in
the future, would thus enable the integrated simulation of
multiphysical ocean-engineering systems, in their entirety,
using Modelica.

Presently, the authors are developing an open-source
code for determining the hydrodynamic coefficients which
appear in the equation-of-motion of diffracting floating-
objects. The initial results look promising, and the subject
will be dealt with in a future publication.
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Chapter 6

Hydrodynamics of diffracting
objects

We discussed the wave-body interaction problem in Sec 2.3. In Sec. 2.4, we discussed the
diffraction-radiation problem, and the frequency dependence of added-mass and radiation
damping. In Sec. 2.9.1, we discussed how the effect of the presence of objects within a
flow domain may be approximated by a judicious distribution of sources and dipoles.
Further in Sec 2.9.3, we discussed how we can use Green’s second identity to express the
velocity potential in a flow domain as the effects of distribution of singularities on the
domain boundary. We had further seen in Sec. 2.9.3.1 how the velocity potential due to
an object placed in an infinite flow domain could be expressed as the result of source
distributions on the body alone. In Sec. 2.9.4, we discussed the Hess and Smith panel
method of transforming the boundary integral equations into a set of linear algebraic
equations.

In the article presented in this chapter, we extend the panel method to the case of
an object in an infinite fluid domain with uniform incident flow, and to an object in a
semi-infinite fluid domain bounded by a free-surface, in the presence of either a uniform
incident flow or surface waves.

Thus, the work presented in this chapter has a direct correlation with general project
objective 1 and specific project objective 1(b), as discussed in Sec. 3.2.

6.1 An open-source Python-based boundary-element
method code for the three-dimensional, zero-froude,
infinite-depth, water-wave diffraction-radiation
problem.

The citation for the submitted article is given below:
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S. Viswanathan, C. Holden, O. Egeland, M. Greco. An open-source Python-based
boundary-element method code for the three-dimensional zero-Froude, infinite-depth, water-
wave diffraction-radiation problem. Journal of Modeling, Identification and Control, xx(x):xx—
XX, XXX. dOi:XX.XXXX/MmiC.XXXX.X.X

The preprint version of the article follows.

This paper is awaiting publication and is not included in NTNU Open
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Chapter 7

Co-simulation of offshore systems

We introduced the riser-tensioner system in Sec. 2.12. In the article presented in Sec. 7.1,
we formulate a co-simulation methodology to carry out dynamic analysis of top-tensioned
risers. The simplified platform and the riser is modelled in OrcaFlex, a popular ocean-
engineering software package, and the hydro-pneumatic riser-tensioner system is modeled
in the Modelica based SimulationX software.

In the article presented in Sec. 7.2, we benchmark the simulation results using field
measurements associated with a planned disconnect event, and demonstrate the possib-
ilities that the methodology opens up.

Thus, the articles presented in this chapter have a direct correlation with general
objective 2, and specific objective 2(b), as discussed in Sec. 3.2.

7.1 Co-simulation of the hydro-pneumatic riser-tensioner
system I — Methodology synthesis
The citation for the submitted article is given below:
S. Viswanathan, C. Holden, O. Egeland, R. Sten. Co-simulation of the hydro-pneumatic
riser-tensioner system I — Methodology synthesis. Journal of Offshore Mechanics and Arc-

tic Engineering, xx(x):xx—xx,xxx. doi:XX.XXXX
The preprint version of the article follows.

This paper is awaiting publication and is not included in NTNU Open
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7.2 Co-simulation of the hydro-pneumatic riser-tensioner
system II — Field verification and advanced simulations

The citation for the submitted article is given below:

S. Viswanathan, C. Holden, O. Egeland, R. Sten. Co-simulation of the hydro-pneumatic
riser-tensioner system II — Field verification and advanced simulations. Journal of Off-
shore Mechanics and Arctic Engineering, xx(x):xx—xx,xxx. doi:XX.XXXX

The preprint version of the article follows.

This paper is awaiting publication and is not included in NTNU Open
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Chapter 8

Conclusion

This chapter gives a bird’s eye-view of the work presented in this thesis. Specific discus-
sions and conclusions are available inside the articles in Ch. 4-7. A generalized discussion
and conclusion follows.

8.1 Discussion

The main limitation when it comes to using Modelica-based multiphysics software for dy-
namic analysis of ocean-engineering systems, is the lack of component models to simulate
aspects that are inherent to offshore systems viz. hydrodynamic loads on larger structures
like offshore platforms, mooring and other station keeping loads, hydrodynamic loads on
slender structures like risers etc.

Similarly, when it comes to using finite element-based analysis tools for the analysis
of multiphysical ocean-engineering systems, the lack of component models to accurately
capture the multiphysics of the system is the major limitation.

Two approaches may be adopted to overcome this limitation:

e Develop Modelica component models for simulating hydrodynamics, moorings, and
other salient aspects of ocean-engineering systems, build the system model using
these components in conjunction with the numerous component models from other
domains already available in the Modelica standard library, and carry out mul-
tiphysical simulations of the system using this integrated approach.

e Formulate a methodology for data exchange between the finite element-based
ocean-engineering software and the Modelica-based multiphysics software, and carry
out multiphysical simulations of the system using this co-simulation approach.
Here, the fluid-structure interaction is modeled in the ocean-engineering software,
and the electro-mechanical part of the system is modeled in the Modelica-based
software, with load /motion coupling between the two systems.

Both of the above approaches have their inherent advantages and disadvantages:
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e The main advantage of the integrated approach is that once the wave-structure
interaction models are developed, the Modelica compiler can then translate the
whole model for efficient simulation with standard numerical integration methods,
which is the forte of Modelica. The other advantage is that the user is liberated
from the task of building component models for modeling the rest of the system,
since most of it, if not all, are already available in the Modelica standard library.
The disadvantage is that the user needs to develop component models for fluid-
structure interaction, and depending on the aspect to be captured, the user would
require specialized knowledge and time to develop such component-models.

e The main advantage of the co-simulation approach is that the user is liberated from
the task of developing component models for fluid-structure interaction. Modern
ocean-engineering analysis software have capabilities for modelling advanced fluid-
structure interaction effects, and the user can readily take advantage these cap-
abilities without the need for having an in-depth understanding of the underlying
theory. The other advantage is that the user gets access to the whole palette of
ready-made results from both the ocean-engineering software and the multiphysics
software. The major disadvantage of this approach is that not all ocean-engineering
software support interfacing. Further, there might be limitations in the access to
simulation variables during the runtime. One may also note that most, if not all,
ocean engineering software are commercial, and hence have a black-box nature, and
are also costly.

The approach to be adopted depends on the nature of the problem to be tackled
and the background of the person tackling the problem. Academia tends to be inter-
ested in open-source approaches since it affords the possibility for wider research access
without cost implications. The industry, on the other hand, is more concerned about de-
velopment time and market acceptability of the analysis tools, which, at present, seems
to be in favour of the commercial simulation environments for both multiphysics and
ocean-engineering analysis tools.

In this work, we cater to both sections. For academia, we develop component-models
using the free-to-use OpenModelica modeling and simulation environment, and its GUI,
OMEdit. For the industry, we develop a co-simulation methodology for top-tensioned
drilling riser analysis by interfacing the riser to the platform, both modelled in OrcaFlez,
through a hydro-pneumatic riser tensioner system, modeled in SimulationX. Both Or-
caFlex, and SimulationX being commercial, industry-accepted analysis software.

In developing component-models for ocean engineering systems, one needs a fair un-
derstanding of the theory behind fluid-structure interaction problems. Also, the inter-
dependence between the fluid loads and the structure response necessitates a parallel
development of all associated ocean-engineering component models. A condensed form
of the requisite theory is given in Ch. 2.

From Sec. 2.4, we note that simulating the hydrodynamic response of a floating
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object requires the determination of frequency-dependent hydrodynamic parameters. In
Sec. 2.10, we note that the frequency dependence may be ignored for relatively smaller
objects, and the fluid loading may be determined using the Froude-Kryloff and Morison
equations, as described in detail in Sec. 4.3. Analytical expressions for parameters of small
amplitude (Airy) waves can be determined by solving the linearized BVP formulated in
Sec. 2.8, and solved in Sec. 4.2. Using the relations given in [21]|, one may approximate
the mooring loads based on the quasi-static catenary theory, as described in detail in
Sec. 4.3. Further, Sec. 4.2 also describes the simulation of irregular waves and depth
varying current.

Thus, one of the simplest configurations that encompasses the salient features of
a multiphysical ocean-engineering system would be a catenary-moored non-diffracting
floating object, in waves and current, with a simplified multiphysical component.

Sec. 4.1 models such a simplified system, and illustrates the advantages of using a
Modelica based approach for the simulation of ocean-engineering systems. Though more
emphasis is placed on the ocean-engineering aspects of the system in the article, it is to
be noted that the spring component inside the WEC buoy can be replaced by any electro-
mechanical system which can easily be modeled using the already available component
models in the Modelica standard library. The hydrodynamic response determined in
the Modelica simulation is in satisfactory agreement with OrcaFlex results, and is an
indication of the effectiveness of the approach.

The limitations of using the quasi-static catenary theory to determine mooring loads
are discussed in Sec. 4.3. Sec. 5.1 describes the implementation of the lumped-mass
approach in the dynamic simulation of subsea cable structures, to remedy the limitations
of the quasi-static approach. In hindsight, I realized my foolishness in trying to specify a
time stepping method for Modelica. For reasons discussed in Sec. 5.2, it is best to leave
the solution procedure to the Modelica compiler. Nevertheless, it was our observations
during the development of the article discussed in Sec. 5.1, that led to the work presented
in Sec. 5.2.

In Sec. 5.2, we discuss the dynamic simulation of a chain-suspended subsea load, and
we note the excellent agreement of the results with the results obtained using OrcaFlex.
The Modelica model discussed in Sec. 5.2 can easily be extended to the case of a mooring
line, where blocks similar to the DnB blocks can be used to specify sea-bed interaction
forces, with the vertical reaction on the grounded nodes being modeled in a way as
discussed in Sec. 5.1. The initial configuration of the catenary, which is the starting point
for the dynamic simulation, can be specified using the quasi-static approach discussed
in Sec. 4.3 and Sec. 5.1. Effects of sea-bed friction may also be specified in a similar
fashion. Inclusion of linear and torsional spring elements in specifying the segments will
enable the extension of the model to determine the dynamics of slender structures with
elasticity and bending stiffness, like the riser pipe.

Building component models to simulate the hydrodynamic response of larger dif-
fracting objects is not so straightforward since one needs to determine the frequency-
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dependent hydrodynamic parameters, as discussed in Sec. 2.3 and 2.4. Also to be noted
is that the linearized diffraction radiation problem is solved based on the mean posi-
tion of the sea-surface and the wetted body-surface. Hence, large changes in the position
of the mean wetted body-surface necessitates recalculation of the frequency dependent
parameters.

Though the theory behind the solution to the diffraction-radiation problem is many
decades old, and well developed at present, it is dispersed throughout literature, with
details of computer implementation hidden behind the veil of costly commercial software.
This is a hindrance to our view of developing open-source tools for academia, and hence
in Sec. 6.1, we consolidate the theory behind the panel method and describe the develop-
ment of OMHyD, a basic 3D boundary element method (BEM) code in Python. This is
with a view to facilitate the development of an interface in the future between Modelica
and OMHyD, to facilitate recalculation of frequency dependent parameters, as required,
during the course of the dynamic simulation, and to develop BEM codes for determining
the hydrodynamic response of porous structures, like aquaculture enclosures, on which
extensive research is being undertaken at present at many academic institutions across
the world.

To cater to the industry requirement of developing multiphysical analysis tools which
may be put to use without much of a delay, we present a co-simulation methodology
for the analysis of top tensioned drilling risers by interfacing OrcaFlex and SimulationX
models using an interface file coded in Python, in Sec. 7.1, and demonstrate the cap-
abilities of the methodology. In Sec. 7.2, we extend the methodology to the full scale
riser tensioner system and benchmark model performance with field measurements to
demonstrate satisfactory agreement. We further demonstrate the advantages of adopting
the methodology by carrying out the analysis of an entire disconnect sequence, starting
from the connected condition and ending with the soft hang-off of the riser.

8.2 Conclusion

Thus, with reference to the two main objectives of the project, as discussed in Sec. 3.2,
and the discussion in Sec. 8.1 we conclude:

1. The research carried out as part of the PhD has, in principle, partly met the object-
ive of developing component-models to constitute a Standard Library for carrying
out multiphysical simulation of ocean engineering systems using Modelica simula-
tion environments. However, it has prepared the ground for future research that
would enable the realization of the objective in full.

II. The research carried out as part of the PhD has, in principle, met the objective of
developing a co-simulation methodology to simulate the fully coupled response of a
drilling riser in recoil by interfacing the platform and riser model in OrcaFlez, with
the hydro-pneumatic riser-tensioner model in SimulationX.
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With reference to the specific objectives of the project, as discussed in Sec. 3.2, we

conclude:

i

ii.

iii.

iv.

The research carried out as part of the PhD has fully met project objective 1(a) of
the project. The articles discussed in Ch. 4 correlates to objective 1(a).

The research carried out as part of the PhD has partly met objective 1(b) of the pro-
ject. The 3D BEM code, OMHyD, which has been developed during the course of this
research, is presently capable of determining the frequency dependent hydrodynamic
parameters for cuboidal objects. It may be developed further to accommodate ob-
jects of arbitrary shapes. The article presented in Ch. 6 correlates to objective 1(b).

The research carried out as part of the PhD has partly met objective 1(c) of the
project. The article presented in Sec. 5.2 demonstrates how the dynamics of a chain-
suspended subsea load may be simulated using Modelica. This concept may be ex-
tended to moorings and risers in the future. The articles presented in Ch. 5 correlates
to objective 1(c).

The research carried out as part of the PhD has not met objective 2(a) of the
project. However, using the co-simulation model presented in Sec. 7.2, one can easily
study the influence of the riser tensioner system on the fatigue in the riser stack and
formulate a control strategy to minimize it.

. The research carried out as part of the PhD has met objective 2(b) of the project.

The articles presented in Sec. 7.2 correlates to objective 2(b).

8.3 Contributions of the present work

A summary of the specific contributions of the present work follows.

1. Modelica component-model for two-dimensional, regular, small-amplitude (Airy)
waves.

2. Modelica component-model for two-dimensional, irregular waves, based on the

Fourier series representation of the irregular sea-surface, and the Pierson-Moskowitz
sea-spectrum.

3. Modelica component-model for unidirectional depth-varying current with linear

interpolation.

4. Modelica component-models for catenary moorings based on the quasi-static theory.

5. Modelica component-models for the heave-surge response of non-diffracting floating

objects based on the Froude-Kryloff formulation and the Morison equation.

6. The open-source Modelica library for ocean-engineering applications containing the

above component-models along with three publications in peer-reviewed interna-
tional conference proceedings, detailing the development of the above component-
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models and the ocean-engineering library, with public links to the Modelica code
and simulation files.

7. The open-source OMHyD 3-D BEM code for the determination of frequency de-
pendent hydrodynamic parameters of diffracting cuboidal objects, along with one
submitted paper to a peer-reviewed international journal, detailing the development
of the BEM code, with public links to OMHyD, and associated analysis files.

8. Open-source implementations of the lumped-mass approach in simulation of caten-
ary mooring forces in Modelica and Python, along with one publication in a peer-
reviewed international conference proceedings, detailing the development of the
code, with public links to the code and simulation files.

9. Modelica component-model to simulate the dynamics of a chain-suspended subsea
load using components available in the MultiBody library of OpenModelica, along
with one publication in a peer-reviewed international conference proceedings, de-
tailing the development of the component-model, with public links to the code and
simulation files.

10. A co-simulation methodology for analysis of top-tensioned drilling risers using com-
mercial analysis tools, along with a submitted paper to a peer-reviewed interna-
tional journal, detailing the development of the methodology, with public links to
the code and simulation files.

11. Benchmarking of the above co-simulation model performance with field data, along
with a submitted paper to a peer-reviewed international journal, detailing the
benchmarking procedure, and demonstrating the possibilities that such a meth-
odology opens up.

8.4 Outlook for further research

The present work opens up numerous avenues for research. The open-source philosophy
facilitates research access, without cost-implications, to most of the fronts offered by the
current research.

The most prominent avenue for potential research is in improving the component
models for the hydrodynamics of non-diffracting floating objects through inclusion of
more simple geometries, and the reformulation of the component models to accommodate
response in all six DoFs.

Another area for potential research is in developing component-models for moorings
and risers based on the lumped-mass approach. The ground work has been done in
Sec. 5.1 and Sec. 5.2, and this can be easily extended to the case of moorings and risers.

Another direction to consider would be the simulation of the hydrodynamic response
of diffracting objects. Two routes may be considered:
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a Obtain the hydrodynamic parameters from commercial frequency domain hydrodynamic
analysis software, and use these parameters to carry out dynamic analysis in Modelica,
by specifying component models that accept these parameters as inputs.

b Develop OMHyD further, to enable handling of arbitrary shapes, removal of irregular
frequency effects, handling of finite water-depth cases, consideration of porous body
surfaces, etc.

A parallel approach which facilitates for the use of externally sourced hydrodynamic
parameters, until in-house capabilities are well developed, seems to be the best route to
take.

One may likewise develop component models for the dynamic positioning thrusters,
active heave compensation systems, shipboard cranes, etc. The list is practically limitless.

Fig. 8.1 gives a glimpse of the possibilities that further research in this direction opens

up.

Heavy weather at the sea surface

Calm deep-water conditions

-;////

Figure 8.1: Subsea installation in heavy weather
Here, we consider a scenario where a subsea installation is in progress in heavy
weather. In present times, if the weather conditions turn bad, the installation is sus-

pended till the weather clears. However, with the development of Al and underwater
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drone technology, we may be able to carry on with subsea installation since the effects of
bad weather are not usually present at greater depths. However, this would require the
interfacing of the crane with the positioning system so as to maintain sufficient slack in
the crane wire during the final phases of the installation, where the underwater drone
positions the load precisely for docking with the template, while the ship drifts from the
optimal position due to heavy weather.

Before venturing out to carry out such procedures, it is imperative to ascertain that
the infrastructure is capable of handling such situations. Detailed multiphysical simula~
tions appear to be the only way of estimating system performance in such scenarios.

Now, imagine that the installation was being carried out in a world, far away from
our own, to make the place ready for habitation by the first set of humans to arrive.

Multiphysical simulations are the only way for evaluation of the best course of action,
especially in pioneering engineering endeavours, and we are left without a choice, but to
develop such capabilities.

The author has been offered a post-doctoral researcher position, subsequent to the
successful defense of this thesis, for conducting further research in this direction.

S
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Three PhD positions are available at Department of Mechanical and Industrial Engineering at the Norwegian University of Science and
Technology (NTNU), Trondheim, Norway. The positions are full-time positions for 3 years to reach the PhD degree at NTNU. It may be
possible to have a 4-year position with 25% duty work. Applicants should have an MSc in mechanical engineering, mechatronics, marine
technology, control theory, cybernetics, physics and mathematics, or similar.

The positions are funded by SF| Offshore Mechatronics (sfi.mechatronics.no), which is a program for research-based innovation (SFI)
and a joint collaboration between NTNU, the University of Agder, the Norwegian Government, and industrial partners. The research in
close contact with the industrial partners, which provides an exciting combination of long-term academic research and industrial
innovation. The PhD candidates employed under this program will be part of a coordinated research group of 15-20 members with
extensive laboratory facilities

Information about the department

The Department of Mechanical and Industrial Engineering (MTP) has broad interdisciplinary expertise in the fields of logistics, machine
design, product development, materials science, risk and reliability of complex systems. The research at the department focuses on
development, optimization and improvement of industrial processes and production systems. One of our goals is to secure the
Norwegian industry and administration with access to knowledge and expertise on an international level. The PHD candidates will be
affiliated to the Production Systems Group.

Position 1: WP4.1 Integrated simulation of multi-physical systems in offshore operations (IV-89/17)

Background: Modern offshore operations involve many diverse physical systems that must all work harmoniously to achieve the
desired objectives in a safe and economical manner. Simulation is an invaluable tool in planning, coordinating and developing new
operations. These simulations may involve FEM models, CFD models, signal-based simulators, and component-oriented simulators.
Such simulators can be run in combination in some cases, while in other cases the simulators must be integrated. Design methods and
guidelines for how to combine different types of simulators for different simulation tasks pose and interesting academic challenge and
would be of great use to the industry.

Objectives: The PhD candidate will investigate simulator design for systems that are described by FEM, CFD, signal-oriented modules
and component-oriented modules. Design rules for simulator implementation will be developed. In particular, the candidate will
investigate when different simulators can be run in combination, and when simulators must be integrated in a Modelica or Simulink
implementation. The study will include the use of the Modelica framework to define component-oriented model libraries, and will in this
context introduce results and techniques from the automotive and aerospace industries to the offshore sector.

Contact: Associate Professor Christian Holden, christian.holden@ntnu.no

Mark your application with ref.no. IV-89/17

Position 2: WP4.2 Component-based simulation systems for drilling automation and crane systems (IV-90/17)

Background: Drilling and crane systems are an essential part of many offshore operations, operations which are made complicated by
inclement weather and complex dynamics. To safely plan and perform these operations and control the expensive and complex
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equipment, simulations are a necessity. Component-based simulation systems will aid in this. These simulations are based on libraries
of models of physical system components and lead to very efficient implementation of modular simulation systems. The simulator
performance will depend on proper interfacing between the library modules. In particular, the selection of input and output variables is
important.

Objectives: In this project, the PhD candidate will develop a library of component models in Modelica for simulation in Dymola and
Simulink. Design rules for interconnection of library modules will be developed for use in simulator development. The use of multiple
CPUs and GPUs for fast and real-time simulation will be studied. This library will be used to build an implementation of simulators for
case studies in drilling automation and crane systems.

Contact: Associate Professor Christian Holden, christian.holden@ntnu.no

Mark your application with ref.no. IV-90/17

Position 3: WP4.4 Modeling and simulation of cable and pulley systems in offshore cranes (IV-91/17)

Background: Cable and pulley systems are critical components in offshore cranes. It is important to have mathematical models that can
be used in simulation and analysis to investigate challenges in design, operation and maintenance due to distributed mass, flexibility and
stick-slip friction effects.

Objectives: This PhD project will develop dynamic models of offshore cranes with focus on cables and pulley systems in interaction with
crane models including mechanism dynamics in finite-element models. Component-oriented modeling and the use of real-time
simulation in a digital twin solution will be investigated.

Contact: Professor Terje Relvag, terje.rolvag@ntnu.no

Mark your application with ref.no. IV-91/17

Qualifications
The regulations for PhD programmes at NTNU state that a Master degree or equivalent with at least 5 years of studies and an average

grade of A or B within a scale of A-E for passing grades (A best) for the two last years of the MSc is required, and C or higher of the BSc.

Candidates from universities outside Norway must send a Diploma Supplement or a similar document describing in detail the study and
grade system and the rights for further studies associated with the obtained degree: http://ec.europa.eu/education/tools/diploma-
supplement_en.htm

The positions require spoken and written fluency in English.
Applicants who are finalizing their MSc during the spring of 2017 are also encouraged to apply.

Conditions:

PhD Candidates are remunerated in code 1017, and are normally remunerated at wage level 50, gross NOK 430 200 before tax. There
will be a 2 % deduction to the Norwegian Public Service Pension Fund from gross wage.

Engagement as a PhD Candidate is done in accordance with “Regulation concerning terms and conditions of employment for the posts
of post-doctoral research fellow, research fellow, research assistant and resident”, given by the Ministry of Education and Research of
19.07.2010. The goal of the positions is to obtain a PhD degree. Applicants will engage in an organized PhD training program, and
appointment requires approval of the applicants plan for a PhD study within three months from the date of commencement.

See https://innsida.ntnu.no/doktorgrad for more information.

The engagement is to be made in accordance with the regulations in force concerning State Employees and Civil Servants. The
positions adhere to the Norwegian Government's policy of balanced ethnicity, age and gender. Women are encouraged to apply.
According to the new Freedom of Information Act, information concerning the applicant may be made public even if the applicant has
requested not to be included in the list of applicants.

The application:

Applications must contain information of educational background and work experience, reference person(s), CV, possible publications
and other scientific works, certified copies of transcripts and reference letters. In addition a project description of 1-2 pages including a
short presentation of the motivation for a PhD study, how the applicant sees his/her background suitable, the applicant’s view of
research challenges within the area of the PhD position and how the competence of the applicant can contribute to solve these
challenges.

Applications and attachments have to be submitted electronically through www.jobbnorge.no. Applications submitted elsewhere will not
be considered.

Please state clearly in the application each IV-number of the position(s) you apply for
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Call for application

Start-up date may be discussed, but tentatively August 2017.
Application deadline for all 3 positions: 31 March 2017

According to the new Freedom of Information Act, information concerning the applicant may be made public even if the applicant has
requested not to be included in the list of applicants.

Jobbnorge ID: 135599, Deadline: 31.03.2017, Internal ID: IV-89/17, IV-90/17, IV-91/17

Utlysningstekst (135599).pdf - Generert fra Jobbnorge.no den 14. mars 2017 kl. 10:49

182



Appendix B

Project description

183



B. Project description

10f1
Date Our reference

05.02.2019 2018/8635/RUNA
dd.mm.yyyy
Norwegian University of Science and Technology Dated Your reference
Faculty of Engineering 14.10.2018

dd.mm.yyyy

Savin Viswanathan
Department of Mechanical and Industrial Engineering

Ph.d.- Approved Project Description - Savin Viswanathan

The description of your research project has been approved by the Doctoral Degree Committee in
their meeting on January 30% 2019.

Yours sincerely,

Runa Nilssen
Senior Executive Officer

In accordance with delegated authority, this document is approved electronically and therefore requires no handwritten
signature

Copy to:
Department of Mechanical and Industrial Engineering

Associate Professor Christian Holden

Address Org.no. 974 767 880 Location Phone Our contact person
7491 Email: Hogskoleringen 6, +4773 59 4501 Runa Nilssen

NO- postmottak@iv.ntnu.no Geologibygget, 2. etg. Fax

Norway http://www.ntnu.no +47 Phone: +47 73 59 37 02

All correspondence that is part of the case being processed is to be addressed to the relevant unit at NTNU, not to
individuals. Please use our reference with all enquiries.
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1 DMotivation for Research

With the current outlook in oil and gas industry pointing to brent crude oil prices of around USD 60 per
barrel in 2019 [1], rising to around USD 109 per barrel in 2040, when the cheap reserves of oil are expected
to run out [2], the main focus of offshore field development would be to lower capex and opex costs. The
pre-2014 trend of overdesign is being stripped away from offshore projects and the industry is now witnessing
a trend where operators are making deepwater projects more competitive to be economically feasible at crude
oil prices around USD 50 per barrel [3].

The large degree of conservatism incorporated into conventional analysis methods result in a smaller
operability envelope, thus driving up offshore project costs. Hence, better methods of analysis that aid in
maximizing the operability envelope with minimal increase in risk is the need of the hour [4].

To an industry reeling under financial woes, the blow delivered by another Deepwater Horizon incident
would be back-breaking [5]. However, for its very survival, the industry must exploit the operable weather
window to its maximum limit, and this requires operator confidence based on sound scientific methods.
Under the prevailing requirement to maximize operability, there is an increased possibility of drift-offs of
the dynamically positioned (DP) vessel under harsher environmental conditions necessitating more frequent
and quicker Emergency Disconnect Sequences (EDS) [6]. The nature of such a disconnect would exclude the
possibility of lowering the riser tension and/or re-circulating out the drilling mud before disconnection.

In an EDS, the blind shear rams of the Blow Out Preventer (BOP) will cut through the drill string and
the Lower Marine Riser Package (LMRP) will be disconnected from the BOP. The sudden release of the
riser tension will cause the riser to recoil [7]. The drilling mud with higher density than the sea water would
gush out of the opening and make the riser behave much like a suspended hose with water being discharged
through its lower end with high velocity. This behaviour becomes all the more critical with the increased
riser tension and mud pressure build up in deeper waters [8].

The timing of the EDS is critical. Two aspects are of primary importance:

1. Ezcessive Loads on the Riser and Well Head — The riser must be disconnected before the riser loads
and/or the well head loads exceed safety limits.

2. Riser Recoil Behaviour — As the riser recoils, the following incidents can occur [9]:

(a) The motions of the lower end with the LMRP attached renders it probable to hit the BOP, with
the potential to cause heavy sub-sea structural damage, given the weight of the LMRP package.
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(b) As the heave compensator goes into anti-recoil mode to lift the LMRP clear of the BOP, the riser
accelerates upwards and the loss of mudweight enhances this acceleration and there are chances
of the tensioner cylinder hitting end-stroke and getting damaged (or) causing damage to the drill
floor.

(¢) The elastic energy in the riser, which is a function of the tension at the lower end, will lead to
generation of a stress wave that travels up to the platform, and this may cause compression in
the riser, and may lead to buckling near the top end.

(d) A pressure wave is also set up in the mud column due to sudden discharge from the breached end.
However, this is not considered a dominating effect.

For the first aspect, safe EDS is initiated using watch circles. Watch circles are set thresholds in terms of
horizontal offset between the platform and the well head, which define when the EDS must be initiated,
and the riser disconnected. Usually there are two watch circles, yellow and red. The yellow is the limit for
initiating the EDS sequence, and the red is the latest Point of Disconnect (PoD) [10].

Various approaches exist for the determination of the watch circles. The simplest one defines watch
circles as fixed percentage of water-depth, without considering the effects of the environment. An improved
method calculates the independent vessel drift-off based on metocean data, to predict the trajectory of the
vessel drift, and uses this as in input to a Finite Element-based riser model to determine the latest PoD
and thus arrive at the threshold circles. However, this method does not consider the coupling between the
riser and the platform. The latest method uses a fully coupled model of the vessel and the riser system to
better predict the drift-off trajectory, considering environmental loads on the vessel as well as the riser, and
the effects of the interaction of both systems, to arrive at the PoD, and subsequently determine the watch
circles with the highest accuracy [11].

The fully coupled approach has helped to avoid potential over-conservatism in the calculation of watch
circles based on allowable maximum tension in the riser/bending loads on the BOP.

For the second aspect, there are two factors that have a profound impact on the recoil behaviour:

1. The response of the riser tensioner (heave compensator) system.
2. The outflow of drilling mud through the breached end.

Majority of the conventional riser analysis methods apply the tensioner force as a constant vertical point
load at the top of the riser. This is obviously an oversimplification, with the implication that decisions based
on conclusions drawn from such a procedure would be overtly conservative. In order to improve the accuracy
of the analysis, an integrated analysis of the riser and the heave compensator system is required.

As far as mud flow modelling is concerned, it has been found that the Herschel-Bulkley mud flow model
agrees well with experimental data for flow velocities, and the results can be incorporated into the riser
model during analysis [12].

2 Current Technology and Methods

Modern riser management systems allow one to monitor riser stresses and displacements in real-time. Real-
time simulations based on actual weather conditions along with vessel response characteristics are used to
determine operability envelopes and fix threshold circles [13].

Conventional practice is to apply the riser tensioner force as a constant point load on the top of the
riser during this analysis. A few leading companies in the domain have developed in-house capabilities to
model the response of the riser taking into consideration the behaviour of the riser tensioner system and the
characteristics of the Anti Recoil Valve (ARV) [14].

e 2H Offshore uses their proprietary software 2HRECOIL along with ANSY'S to model the hyrdo-pneumatic
riser tensioner system and uses the data to improve riser recoil analysis [15].

e Wood Group has developed and markets their DeepRiser software, which has an optional recoil module
which incorporates the dynamic behaviour of the hydro-pneumatics of the riser tensioner into the
simulation model [16].
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e Castor Drilling Services use Orcaflex, SimulationX and Python to carry out recoil analysis [17].

In his PhD thesis [18], Ronny Sten determines the stroke length of the heave compensator under vari-
ous wave and current conditions by using the marine riser analysis program RIFLEX. He then uses these
displacements to introduce forced motions to the hydro-pneumatic system modelled in SimulationX, and
develops a spring-damper model to introduce dynamic tension variations to the riser in the subsequent
RIFLEX analysis.

The limitation of the above model is the lack of direct time-domain communication between the riser
analysis (FE program) and the hydro-pneumatic tensioner analysis (multi-physics) program. Considerable
time is consumed in the manual transfer of information from riser analysis software to multiphysics software
and feedback to the riser analysis software for realistic simulation. To improve the accuracy of real-time riser
analysis, this gap is to be bridged by developing effective interfacing between the riser analysis program and
the program used to model the hydro-pneumatic heave compensator system.

Another interesting aspect is the developments in the field of multiphysical modelling using the Modelica
language. The Modelica language and its simulation environments like OpenModelica, Dymola, SimulationX,
etc., has been in extensive use for the acausal modelling of multiphysical systems [19]. Standard libraries
for domains ranging from waste water management to aerospace are already extensive and freely available
[20]. Libraries for specific applications in ocean engineering have not yet been developed. The Fraunhofer
Institute for Wind Energy and Energy System Technology has implemented and carried out initial trials of
the OnWind Modelica Library for Offshore Wind Turbines and has developed components for modelling of
wind, waves, buoyancy and mooring lines. The library is not yet fully developed and the main shortcomings
are:

e The inability to model the variation in buoyancy as members are immersed into and emerge from
passing waves.

e The inability to model the wave loads considering relative acceleration. At present the wave load
calculation takes into consideration the relative velocities only.

e The inability to model current loads.

Efforts are underway to address these shortcomings [21, 22].

Mud-shedding modelling has an evident impact on riser recoil behaviour simulation. The two-parameter
Bingham-Plastic or Power-Law rheological models are being replaced by three-parameter models such as
the Herschel-Bulkley and Robertson-Stiff models. Maglione and Klessidis demonstrated that the Herschel-
Bulkley model exhibits the best fit of the raw experimental data compared to Casson and Robertson-Stiff
Models [12].

Traditionally, fully developed flow is widely used for pressure drop prediction or flow-rate calculation in
the drilling industry. However, developing flows and unsteady flows are typical in riser disconnect events,
and current models take this effect into consideration. It has also been found that widely used laminar flow
assumptions over-estimate flow velocity due to underestimated friction forces and exclusion of the effects of
vapour cavities, and this leads to inaccurate top tension and riser-recoil control [12].

3 Opportunities for Research
The following potential areas of research were identified after evaluation of the current scenario:

1. To tap the full potential of riser management systems, and to maximize operability envelopes without
compromising on safety, accurate and reliable real-time updating of threshold circles, considering the
effects of a potential EDS, including riser recoil behaviour, in addition to induced riser and wellhead
stresses, is extremely desirable.

2. Though a few companies are offering solutions for fully coupled multiphysical analysis, there is a clear
lack of published literature on such analyses. Also, gudielines on the implementation of such models are
lacking. Research into the effectiveness and benchmarking of such models is therefore highly desirable.
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There is a clear lack of literature on a feasible and quick interface between the finite element-based
riser analysis software and multiphysics-based simulation tools for the hydro-pneumatic heave com-
pensator and riser-tensioner. Techniques for fully coupled models incorporating the hydrodynamic
response of the vessel and riser system are already available and well developed. The weak link is the
incorporation of tension variation due to the heave-compensator/riser-tensioner system behaviour into
the riser analysis. Also, the short time available for riser-recoil management makes it all the more im-
portant to model the heave-compensator/riser-tensioner system as accurately as possible, considering
the effects of details like temperature variation on the pressure drops, since these factors have a consid-
erable impact on the response of the tensioner cylinders, and hence has a direct bearing on the closure
curves of the ARV. Though a few leading offshore firms cite the incorporation of these conditions in
their recoil analyses, there is a near to total vacuum situation on the availability of information on the
methodology adopted in effecting this linkage. This points to a phase where the techniques are under
the development and monitoring stage. Thus, it may safely be assumed that efforts in enabling and
optimizing such an interface will not result in a re-invention of the wheel.

As of now, riser tensioners are passive systems. The development of an interface as outlined above
would pave the way to test the effectiveness of active control of the heave compensator/riser tensioner
system to limit undesirable effects such as riser fatigue.

3. Another promising opportunity is the exploration of the possibilities of developing Modelica libraries
for offshore engineering applications. Components for modelling waves, buoyancy and mooring lines
are already being developed for use in commercial versions, but needs to be optimized, and simulation
outputs need to be verified with actual response characteristics. There is a total lack of published
literature in this direction. There is also a lack of initiative in developing ocean engineering component
libraries for use in the free-to-use OpenModelica enviroment. The development of such a library would
indeed be benificial to academics and the industry, especially when finances are constrained.

4. The FlexBody library of Modelica enables one to build complete mechanical models combining flexible
structures and rigid bodies. FEA tools like Nastran, Genesis and Abaqus has methods of model
reduction known as Component Mode Synthesis (or) Craig-Bampton Reduction, which transforms
detailed FEM models with 100,000s of nodes to more efficient representations, to be used in dynamics.
The reduced models can be read into Dymola to represent the flexible component which can be used
as part of a Modelica system model. This approach enables the dynamics of the flexible structure to
be incorporated into the behaviour of the complete system [23]. Investigations into the adaptation of
this method to represent the riser dynamics during disconnect could yield fascinating results.

5. The modelling of mud-shedding is another area with research potential. Standard Modelica libraries
have components to model Newtonian fluid flow, whereas drilling mud is non-Newtonian. Rita Streblow
et. al [24] presents results for a method to model non-Newtonian fluid flow in Modelica without loss
of simulation time, and this approach can possibly be used to describe mud-shedding and account for
its effects during riser recoil in an exclusive Modelica-based riser dynamic analysis package.

4 Scope
Considering the above potential areas for research, the scope of this research work has been limited to :

1. Development of component models and domain-specific functions to populate an ocean engineering
library for use in the free-to-use OpenModelica environment. The components to be developed would
be limited to models and functions to simulate:

(a) Irregular seas from a Pierson-Moskowitz spectrum of specifiable significant wave height.

(b) The hydrodynamics of a wave-transparent floating object of specifiable dimensions, the heave
being calculated by using the Froude-Krylov formulation, and the surge forces being calculated
using the Morison force (uncoupled heave-surge).

(¢) The non-linear response of a catenary mooring system of specifiable length and specific weight.
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(d) The hydrodynamics of a large (diffracting) regular shaped floating object of specifiable dimensions,
the forces being calculated by solving the diffraction-radiation problem using panel methods.

(e) The hydrodynamics of a semi-submersible platform with rectangular pontoons and cylindrical
columns, of specifiable dimensions.

(f) The response of a dynamic-positioning system.

(g) The time-domain response of a riser system by using/modifying the already availabe components
in the FlexBody library of Modelica. The scope being limited to simulation of the kinematics by
considering the riser to be composed of rigid bodies connected together through joints (or other
simplifications as deemed necessary as the work proceeds). The model would exclude formulations
to determine stresses and strains, the main intent being the determination of angles at the upper
and lower flex joints, so as to determine the point of disconnect for recoil analyses of the simplified
OpenModelica model.

2. Benchmarking of simulation results of above ocean engineering components with results obtained from
commercial hydrodyanmics software ANSYS and mooring/riser analysis software ORCAFLEX.

3. Multiphysical modelling of the riser-tensioner/heave-compensator system using components already
available in exisiting OpenModelica libraries, and benchmarking with results obtained from multiphys-
ical models built using the commerical software SIMULATION X.

4. Development of a fully coupled multiphysical model using commercial software ANSYS-AQWA to
specify the semi-submersible hydrodynamic response, ORCAFLEX to model the riser system response,
and SIMULATION X to model the heave-compensator/riser-tensioner. In particular, the influence of
the closure curve of the Anti-Recoil Valve of the riser-tensioner system on the fatigue performance of
the riser will be investigated, with the aim to optimize the closure curve for improving the fatigue life
of the riser.

5. Benchmarking the performance of the OpenModelica multiphysical model with the model developed
using commercial software.

6. Comparison of the simulation model with field data, if efforts to source such data through the industrial
partner is successful. The extent and nature of such comparison will depend on the available data, and
hence, specific comments cannot be made at this stage.

The following items would be out of the scope of this project:
1. Determination and real-time updation of threshold circles for the DP system.
2. Study of effects of mud-shedding models on riser response.

3. Higher-order wave forces on component models developed in OpenModelica.

5 Objectives

Operating within the scope mentioned above, the main objectives of the proposed project are as listed below:

1. Develop components to constitute a Standard Library for Ocean Engineering in the open source Open-
Modelica environment. This is to be achieved through the performance of three sub-tasks viz:

(a) Modelling of a simple wave energy conversion system involving the implementation of Modelica
components to simulate irregular waves, heave and surge response of a cylindrical floating object,
and the response of a catenary mooring system.

(b) Simulate the response of a simple geometry semi-submersible by the implementation of a Modelica
component that solves the diffraction-radiation problem, to determine the hydrodynamic response
of large floating bodies.
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(c¢) Simulating the response of a flexible slender structure like the marine riser in the Modelica envi-
ronment.

2. Develop a multiphysics model using industry accepted commercial software (ANSYS, SIMULATION X
and ORCAFLEX) to simulate the fully coupled response of a drilling riser in recoil, effectively capturing
the influences from the platform, the riser hydrodynamics, and the response of the hydro-mechanical
riser-tensioner system to:

(a) Formulate a method to improve fatigue performance of the riser by controlling the response of
the anti-recoil valve of the heave compensator system.

(b) Compare the performance of the multiphysics model with real world operational data (not neces-
sarily recoil only) sourced through industrial partners.

6 Research Methodology

Objective 1: Literature review and relevant course work — Component model to simulate irregular waves
— Component model to simulate the hydrodynamic response of a cylindrical floating object —»
Component model to simulate the response of a catenary mooring system — Integration of the
component models to simulate the behaviour of the wave energy conversion system — Component
model to simulate the hydrodynamic response of a simple geometry semi-submersible platform —
Model to simulate the respone of the heave compensator system — Component model to simulate
the response of the dynamic positioning system — Component model to simulate the behaviour of
a marine riser — Integration of component models to simulate the fully coupled response of the
platform-riser tensioner-riser system exclusively in Modelica.

Objective 2: Literature review and relevant course work — Surface modelling of the semisubmersible
platform in ANSYS design modeller — Hydrodynamic analysis in ANSYS Aqwa — Modelling of
the heave compensator system in SIMULATION X — Modelling of the riser system in ORCAFLEX
— Integrated simulation of the models in SIMULATION X and ORCAFLEX — Research on the
control of the heave compensator system to improve riser fatigue performance — Comparison of
simulation results with operational data sourced through the industry partner.

7 Expected Outcome of Research

The following outcomes are envisaged:

1. A free-to-use and open-to-public OpenModelica standard library for the ocean engineering domain
containing models and functions to simulate:

(a) Irregular waves from a Pierson-Moskowitz spectrum of specified significant wave height.
(b) Hydrodynamic response of a cylindrical /rectangular buoy.
(¢) Response of a catenary mooring system.

)

(d) Hydrodynamic response of large (diffracting) floating objects.

The following academic literature would be an offshoot of the research work performed in connection
with the above:

(a) Conference/journal paper(s) outlining the development of OpenModelica component models for
the ocean engineering domain to showcase the benefits of using OpenModelica to model simple
offshore systems.

(b) Conference/journal paper(s) detailing the development of OpenModelica component models.

(¢) Conference/journal paper(s) detailing the benchmarking of the performance of the component
models developed above with results obtained from commercial software.
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The above listed research outputs would enable low-cost (or no-cost) modelling of multiphysical
systems in the domain of offshore engineering by bridging the gap that exsists at present, i.e., the
lack of component models to simulate hydrodynamics, mooring etc. Engineers in industry as well as in
academia will then be able to use these components to model, for example, performance of wave energy
converters, hydrodynamic response of research data buoys, etc., where the return on investment is not
high enough to facilitate the use of costly commercial software to carry out analysis. This would also
form the basis for inclusion of ocean engineering components other than the ones mentioned above by
researchers in the future.

2. Academic literature describing the outcome of first-time efforts to model the hydrodynamic response
of an offshore semisubmersible platform exclusively in Modelica, with the potential to act as a seed
towards the development of free-to-use software, fully compatible with Modelica components from other
engineering domains, which could form the basis for low-cost fully integrated myltiphysical modelling
of offshore systems. The realization of such a system would play a huge role in lowering design costs,
thus making offshore projects more viable financially, and safer to operate.

3. Academic literature describing the outcome of first-time efforts to model the response of slender struc-
tures like a marine riser, exclusively in Modelica, with the potential to act as a seed towards the
delvelopment of free-to-use riser analysis software for use in academic/research projects dealing with
activities like offshore mining, snake-type wave energy converters, etc., where low return on investments
limit the use of costly commercial software during the design evaluation stage.

4. Academic literature on the process of fully coupled multiphysical simulation and analysis of the drilling
riser using commercial software.

At present, there is a lack of literature dealing with fully coupled multiphysical co-simulation and
interpretation of results of such analyses. Most of the offshore operators still rely on models that
simulate the effect of the heave-compensator /riser-tensioner action as a spring load on the riser. Pre-
sentation of results of fully coupled multidomain analyses which bring out the advantages of employing
such simulation methods would indeed be beneficial with regards to economics and safety.

It is expected that the outcome from the performance of this part of the project will help in
enhancing operator confidence through the presentation of more accurate anlysis results obtained
through realistic simulations of the drilling riser response, thereby enabling the operator to maximize
the utilization of the operational weather window in a safe manner. This is in turn expected to bring
down the operational cost and thus contribute towards the enhancement of the financial viability of
offshore oil and gas projects.

5. Academic literature on methods to improve the fatigue performance of a drilling riser through control
of the riser-tensioner system.

6. Academic literature on the comparison of results of fully coupled multiphysical simulation of offshore
riser systems to field data (depending on the type of data sourced through the industry partner).

8 Ethics

Major ethical issues are not envisaged with the performance of the project.

While it may be argued that pushing the drilling operations to the limit of the operational weather
window might pose risk, it may be countered with the fact that the performance of research in this direction
contributes to the improvement of existing analysis methods, and thereby reduces the uncertainity associated
with offshore operations.

Another potential issue is with the publication of data sourced through the industrial partner. To ward
off such an incident, it has been agreed that such instances will be discussed during review meetings and
written permission from the industrial partner will be obtained before publication of any such data.
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9 Course Work

IFEL8000 Introduction to Research Methodology, Theory of Science and Ethics.
MR8208 Dynamic Analysis of Slender Marine Structures.

MR8303 Kinematics & Dynamics of Ocean Surface Waves.

MR8300 Hydrodynamic Aspects of Marine Structures -I.
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10 Work Plan

2018 | 2019 | 2020

Spring | Autumn l Spring | Autumn | Spring | Autumn

1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 |10|11|12|13|14|15|16|17|18|19|20|21|22|23|24|25|26|27|28|29|30|31|32|33|34|35|36

Course Work
IFEL8000
MR8208
MRS8303

MRS8300

Objective 1
Objective 2
Research Work
Objective 1(a)
Objective 1(b)
Objective 1(c)
Objective 2(a)
Objective 2(b)
Thesis Writing

Thesis Writing
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