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παντα ρει (Panta rhei - everything flows)

- Heraklit (520 - 460 B.C.)





Abstract

With new technologies and possibilities arising both in the renewable
energy sector as well as in the field of Computational Fluid Dynam-
ics, this thesis describes the simulation of vortex- induced vibrations
for floating wind turbine platforms. The aim is to control and sta-
bilise floating wind platforms with the help of CFD and the Magnus
effect. The Magnus effect shall hereby be used to reduce the wakes
behind the cylinder and thereby not only move the cylinder, but also
reduce vibrations. Therefore this thesis consists of three main sets of
experiments. The first set simulates vortex-induced vibrations for low
Reynolds number flow and compares the results to existing research
results. The second set of experiments examines VIV for high or su-
percritical Reynolds number flow and the last set of experiments adds
rotation to the platform, hence studies the impact the Magnus effect
has on stabilisation and position controlling.

The simulations are conducted on a fully submerged cylinder float-
ing in a virtual test bassin, moored by a two-dimensional spring damper
system. The numerical method for solving the incompressible Navier-
Stokes equations is the Eulerian cG(1)cG(1), a finite element method
(FEM) based on the weak formulation of the former. The spring damper
equations are solved using a trapezoidal rule and the coding was based
on the Unicorn framework in FEniCS. Calculations were done on a
Cray XC40 system at KTH Stockholm.

Results showed that the above method in many cases produced
results closer to physical results than previous numerical research. It
also showed that the Magnus effect can be used even for supercritical
Reynolds number flow to stabilise the platforms by reducing wakes
behind them. It further shows that this effect is in close relation to the
shift of the platform and mostly depends on the natural frequency, the
inflow velocity and the rotation speed.



Sammanfattning

Om kontroll och stabilisering av flytande vindturbiner med hjälp
av CFD och Magnus-effekten

Med hänsyn till de nya teknologier och möjligheter som uppstår
både inom området förnybar energi samt strömningsmekaniska be-
räkningar, beskriver denna avhandling simuleringen av vortexinduce-
rade vibrationer (VIV) för flytande vindturbinplattformar. Syftet är att
kontrollera och stabilisera flytande vindturbinplattformar med hjälp
av både numerisk strömningssimulering och Magnuseffekten. Mag-
nuseffekten ska användas för att minska virvelströmningar bakom cy-
lindern och därigenom inte bara flytta cylindern, utan också mins-
ka vibrationer. Denna avhandling består av tre kategorier av experi-
ment. Den första kategorin simulerar vortexinducerade vibrationer i
strömningar med lågt Reynoldstal och jämför resultaten med befint-
liga forskningsresultat. Den andra kategorin experiment undersöker
VIV för strömningar med högt eller superkritiskt Reynoldstal och den
sista lägger till rotation till plattformen, dvs den studerar effekterna
som Magnuseffekten har på stabilisering och positionskontroll.

Simuleringarna utförs på en helt nedsänkt cylinder som flyter i en
virtuell testbassäng, förankrat med ett tvådimensionellt fjäderdämp-
ningssystem. Den numeriska metoden som används för att lösa de
inkompressibla Navier-Stokesekvationerna är Eulersk cG(1)cG(1), en
finit elementmetod (FEM) baserat på den svaga formuleringen av ek-
vationerna. Fjäderdämparens ekvationer löses med hjälp av trapetsre-
geln och kodningen är baserad på ramverket Unicorn i FEniCS. Beräk-
ningarna gjordes på ett Cray XC40-system vid KTH Stockholm.

Resultaten visade att ovanstående metod i många fall gav resul-
tat närmare de fysiska resultaten än tidigare numerisk forskning. De
visade också att Magnuseffekten kan användas för att stabilisera platt-
formarna genom att minska virvelströmningar bakom dem, detta in-
kluderar också strömningar med superkritiskt Reynoldstal. Dessutom
visar resultaten att den här effekten har en stark kopplingen till platt-
formens förskjutning och mestadels beror på den naturliga frekven-
sen, inflödeshastigheten och rotationshastigheten.
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Chapter 1

Introduction

Over the past decades the energy sector has changed significantly trig-
gered by an increase of renewable energy technology. One of the main
pillars of this energy transition was the wind energy sector, where pro-
duction and technology have reached record levels. One of the natural
restrictions however is space. Coast lines where one often finds the
highest wind speeds and best conditions are getting scarcer and the
feasibility of new offshore windparks is decreasing as one is moving
away from the coast line into deeper waters.

While the deep waters are not feasible for fixed wind turbines sev-
eral companies and research institutes came up with the idea of build-
ing floating wind parks. In these designs the wind turbines are most
often fixed on floats that either consist of one large air filled cylinder
or of three to four smaller ones which are combined to one float. The
advantage of such floating devices appear quickly. Through a compa-
rably simple anchoring mechanism the floats can be placed in much
deeper waters and therefore the feasible areas for offshore wind parks
are immediately extended to a much larger scale.

However with every new idea come new challenges and in the case
of the floating wind turbines an ever exisiting problem in marine tech-
nology, vortex-induced vibrations (VIV) or motions (VIM) lead to a
constant movement of the construction resulting in material fatigue.
Through the alternating separation of vortices on the left and right side
of a cylinder the so called van Karman vortex street is building, which
induces the motion of the cylinder depending on natural frequency of
the construction and Reynolds number.

Furthermore a huge problem in large wind parks is the loss of po-
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2 CHAPTER 1. INTRODUCTION

tential energy through canibalisation effects, meaning that the front
rows extract most of the wind energy, while the rows behind can only
produce a fracture of the first row’s energy. Statistics however show
that by separating wind turbines further from each other it again leads
to an increase in energy extracted. Hence if one could dynamically
separate the wind turbines orthogonal to the incoming wind flow, one
could reduce the area of overlapping actuator disks from two consec-
utive turbines and therebey increase the amount of energy extracted.

Based on the above mentioned real life problems VIV and wind
park canibalisation a possible solution in form of the Magnus effect
shall be tested. The Magnus effect is the phenomenon that a rotating
cylinder, ball or disk is deflected in a direction orthogonal to the in-
coming flow. However not only is the cylinder deflected, experiments
have also shown that the generation of vortices is reduced and that
thereby the oscillations of lift forces are much less than in the non-
rotating case. Hence the assumption is that the Magnus effect could
be used to both reduce the vibrations and to stear the floats in certain
directions in order to minimize material fatigue and maximize energy
extraction.The research question of the thesis is the following. How
to control and stabilise floating wind platforms with the help of CFD
analysis and the Magnus effect.

The thesis is therefore structured into three sets of experiments.
The first experiments are designed to validate the simulation model
and the numerical method used in low Reynolds number flow ex-
periments comparing to existing vortex-induced vibration test results.
In this Reynolds number range heavy oscillations due to the Karman
street are expected based on existing literature.

The second set of experiments is aimed at conducting high Reynolds
number flow experiments, designed to compare the vortex-induced
vibrations of sub critical and supercritical flow.

In the third and last part of experiments the cylinder is being ro-
tated under high Reynolds number flow conditions. This setting is
testing the impact of the Magnus effect on the vortex induced vibra-
tions for different moorings, inflow velocities and rotational velocities.
This set is completed by two cylinder experiments, both spinning in
different directions, trying to answer the question how far the cylin-
ders or floating platforms could possibly be separated from each other
with the help of the Magnus effect.



Chapter 2

Literature review and state of the
art

Since this work is approaching floating wind turbine platforms from
a new angle, there is also several different sets of literature that need
to be considered. The first set is research from the field of naval and
ocean engineering that mainly focus on examining the effect of vortex-
induced motions or vibrations. The second set includes papers that
are focusing on fluid dynamics, especially with regard to the Mag-
nus effect which shall be used in controlling and reducing the vortices
and to optimize wind power generation. A considerable amount of
research has also focused on the mathematical and numerical aspects
of the simulation model, which should both be dealt with in this and
the following Chapter 3.

2.1 Naval and Ocean Engineering - Vortex
Induced Motion

Research in the field of Vortex Induced Motions (VIM) is dating back to
the 70’s with particularly much being published the last several years.
A relatively extensive summary of the preceding twenty to thirty years
of research can be found in [2]. In their paper Williamson and Govard-
han focus on the effects damping and mass have on the vibrations.

3
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2.1.1 Physical experiments

With growing usage of different floating platforms the need for ap-
propriate research has increased as well. It is especially in the last
five to seven years that a variety of papers in this field was published.
Roddier et al. examined the influence of Reynolds numbers on vor-
tex induced motions at spar platforms [3]. In their experiments they
found that for dimensionfree inflow velocity of Vr ≤ 71 the results for
subcritical and supercritical flow 2 were very similar and that a Froude
scaling was applicable. This is an important result, since floating wind
turbines usually are exposed to Reynolds numbers way above the crit-
ical threshold. However tests were conducted for models of spar plat-
forms with strakes, which will not be considered in this thesis.

Two years later Kiu et al. published their research that would anal-
yse the impact different roughnesses of the cylinder had on the vor-
tices and thereby vibrations [14]. In comparison to [3], where the sur-
face was modified by strakes, chains, anodes and pipes, the surface
in this case was modified by sand papers of different roughnesses. It
showed that an increase in the surface roughness decreased the mo-
tion and the mean drag coefficient and further delayed the onset of the
lock-in effect, where the oscillation frequency is coupling to the natural
frequency.

In regard to testing models of actual platforms it is necessary to
mention the work of Concalves et al. on the vortex-induced motion
of a MonoBR floating unit, a relatively flat but wide cylinder, a con-
cept developed for floating oil platforms [18]. In their work they also
thoroughly examine the oscillations induced by hydrodynamic effects
for changing angles (in respect to the mooring system) or the influence
of waves. While they conclude that waves especially in certain peri-
ods play an important role in reducing VIM, their results also clearly
show that the the angle has a major impact where an inflow from an
angle directly in line with the mooring system showed to be the most
unstable.

With another real life platform in mind Shin-Woong et al. approached
the much thiner risers also used for offshore platforms [21]. However
due to their very thin shape they are similar to the kind of platform

1Vr = U
fnyD

(reduced velocity), compare Section 4.1
2The flow with Reynolds number smaller (subcritical) or larger (supercritical)

than approximately Re ≈ 5× 105
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examined in this thesis and hence results are considered a good com-
parison. In this experiment a cylinder with aspect ratio length to di-
ameter of l/d = 10 was fully submerged under water and fixed on
a pendulum to avoid vertical movement. The vibrations were mea-
sured by four springs attached in four directions (similar to the above
mentioned papers) and tests were performed for sub-critical Reynolds
numbers. The results showed that apart from the reduced velocity
Vr also the natural frequency of the cylinder influenced the vibrations
considerably and in some cases the resonances in the direction of the
flow were even larger than the vibrations in the crossflow direction.

2.1.2 Numerical experiments

While the above mentioned articles were all physical experiments, there
has also been a variety of numerical experiments conducted. Most of
them were in two dimensions, but with more powerful computer tech-
nology, there has lately also been 3D simulations in the field of VIM,
however so far only for sub-critical Reynolds numbers flow. The meth-
ods used in the preceding research are widespread and reach from
Lattice-Boltzmann methods [6] over finite volume [20] to the most
commonly used finite element method [8, 15, 22].

While in [22] Singh et al. focused on a square rather than a cylin-
der, [8, 15] have the most comparable set-up to this research. An inter-
esting approach was taken by Sung et al. in [8], where they hoped to
achieve an increase in the motion in order to extract energy out of these
vortex induced vibrations resulting from ocean currents. The system
worked in a way such that a cylinder is pivoting with the fixation of
the springs and hence centre of rotation further downstream, which
makes its system highly unstable. They showed that by replacing a
circular by an elliptic cylinder with the main axis orthogonal to the
flow that the vibrations double for certain reference speeds. While the
results are only merely significant for this research, the methodological
part is rather interesting. It shows an approach to implement the Ar-
bitrary Lagrangian Euler (ALE) method applied to a vortex-induced
moving obstacle with a spring damping system for the finite element
method.

The three dimensional experiment conducted by Zhao et al. [15] is
quite similar to the experiment planned in this project. They tested the
vibrations of a three dimensional circular cylinder in a steady current.
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The main differences however are that the vibrations are only allowed
in one direction and the Reynolds numbers were kept rather low (≈
103 − 104). Furthermore there were no experiments on reducing the
vortices or the induced motions by for example the Magnus effect.

This paper was also further very useful as it not only explained the
usage of ALE, but also the denoted the equations for the movement of
the cylinder, which shall be discussed in the following Chapter 3.

2.2 High Reynolds flow and the Magnus ef-
fect

While the above mentioned papers all describe low Reynolds number
flow and non-rotating cylinders, this works wants to push into two
new fields. On one hand it wants to examine the problem for very high
Reynolds number flow and secondly introduces rotation and hence the
physics of the Magnus effect.

2.2.1 High Reynolds number VIV

The above mentioned studies are mostly in the Reynolds number regime
of 103 − 105, hence for sub- and just supercritical Reynolds numbers.
There is no official data on floating wind turbines available yet, but
considering that a person swimming has a Reynolds number of around
Re ≈ 4 × 106, whales of the order of Re ≈ 4 × 108 and ships up to
Re ≈ 5 × 109, we assume that the Reynolds number for this applica-
tion should be around Re ≈ 2 × 107 up to Re ≈ 1.5 × 108 for high in-
stream velocities. This is also the range for the high Reynolds number
flow experiments, conducted in the second part of this project. Previ-
ous research on flow around cylinders for comparably high Reynolds
numbers was for example conducted in [17].

However for these Reynolds numbers, no reference data for vortex
induced vibrations could be found. The project will therefore trust in
the validation of the model for low Re number flow tests and in quality
assuring methods like a mesh sensitivity study.
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2.2.2 The Magnus Effect

While the effect of a spinning ball was first described by Sir Isaac New-
ton in 1671, it would take almost two hundred years more until Gustav
Magnus set up the first experiment testing the very effect with a rotat-
ing cylinder in 1852. This discovery that the cylinder, which is blown
at from one side, tends to always move in the direction where the rota-
tion is moving with the surrounding flow, was from that time on called
Magnus effect.

Due to the boundary layer of the cylinder, the circulating air is ac-
celerated on one site and decelerated on the other side. The resulting
high velocity and low velocity fields on the opposite sites of the cylin-
der according to Bernoulli’s law create a low and high pressure field,
similar to the air flowing around an airplane wing. This results in a
lift force orthogonal to the incoming flow. Similar to the wing of the
airplane another explanation would be Newton’s third law, deflecting
the flow in direction of the rotation, which in return gives an uplift
force.

Figure 2.1: Magnus Effect (Source: Wikipeda - Magnus Effekt)

One of the first industrial applications known was the invention of
the Flettner rotors by Anton Flettner in the 1920’s. His objective was to
use rotating cylinders as an alternative to sails, with the advantage of
using up less space and that the rotors could easily be adapted in terms
of their angular velocity to the neeeds of the incoming wind. While his
idea was much of an inspiration at the time, it was nearly forgotten,
until around ten years ago. In 2006 Enercon orderd a ship with four
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huge Flettner rotors at the Lindenau shipyards, which is said to reduce
fuel costs by up to a quarter [4]. Not least because of this successful
re-launch, several research centers picked up the idea of Flettner rotors
again, trying to apply it for sustainable naval engineering with a focus
on vessel propulsion.

One research question of this thesis is how to to make use of the
Magnus forces through the Flettner Rotor and apply it to floating wind
turbines, to not only reduce vortex generation and thereby the vortex-
induced vibrations, but to moreover create a mechanism with which
the cylinders can be shifted in different directions depending on where
the water/wind flow is coming from [19]. The motivation for the latter
are big wind parks, where the problem of ’wind cannibalism’, wind
turbines in the back standing in the wind shadow of the ones up front,
remain an unsolved problem.



Chapter 3

Methodology

While the previous chapter outlined the physical phenomena to be
studied, this chapter introduces the simulation model and the imple-
mentation in FEniCS.

3.1 Navier-Stokes equations

In practically any fluid simulation the underlying set of equations are
the Navier-Stokes equations. While the existence of smooth solutions
is still one of the great unsolved problems in mathematics (one of
Millemium Problems of the Clay Mathematics Institute), its fields of
application are much better known and its usage in simulations is
widespread.

The Navier-Stokes equations for incompressible flow are:

ρ(u̇+ u · ∇u) = −∇p+ µ∆u+ ρf conservation of momentum (3.1)
∇ · u = 0, conservation of mass (3.2)

where u is the velocity of the flow, p the pressure, ρ the density and
µ the dynamic viscosity. Choosing characteristic length and velocity
scales the equations can be reduced to the already mentioned dimen-
sionless form with Re denoting the Reynolds number and R(u, p) = 0

being the residual:

R(û) = R(u, p) =

{
u̇+ u · ∇u+∇p− 1

Re∆u− f
∇ · u

(3.3)

9
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Around the Navier-Stokes equations a huge set of numerical meth-
ods, stabilizers or turbulence models has evolved and opinions are
widespread on which one should be used for which purpose or which
to prefer in terms of stability, accuracy and cost.

It is not uncommon to use modified versions of NS or turbulence
models like RANS or LES, however for this project a direct numeri-
cal simulation, namely the Eulerian continuous Galerkin cG(1)cG(1)
method should be used. It offers several advantages in terms of consis-
tency and adaptivitiy. At first a stationary solution to the exact Navier
Stokes equations also satisfies the stabilized finite element equations.
Secondly with the help of solving the dual problem and the a pos-
teriori error estimate the method allows for an automatic adaptivity
algorithm, refining the mesh in the elements with the highest error
contribution.

3.1.1 The cG(1)cG(1) method

[11] To use the cG(1)cG(1) method one first has to derive the weak for-
mulation of the Navier-Stokes equations. Then one looks for a solution
that no longer demands the residual to be zero, but that demands that
the bilinear form (R(û), v̂) = 0, for ∀v̂ ∈ V̂ , with V̂ a suitable test and
solution space. After integration by parts this new weak residual has
the following form:

Find û = (u, p) ∈ V̂ , such that

(R(û), v̂) = (u̇, v) + (u · ∇u, v)− (∇ · v, p)
+ (∇ · u, q) + (Re−1∇u,∇v)− (f, v), ∀(v, q) ∈ V̂ test

(3.4)

For our purposes with Ω ⊂ R3 we define the test space as

V̂ test =
{
v̂ = (v, q) ∈ [H1(Q)]4 : v ∈ H1

0 (Ω)3
}
, (3.5)

where H1
0 denotes the Sobolev space of functions that satisfy homoge-

nours Dirichlet boundary conditions,Q = Ω×I the space-time domain
and the parentheses denote the inner L2 product in Q. For numerical
usage there are two more adoptions necessary. First the test and the
solution space have to be disretised and secondly we introduce nec-
essary stabilisation terms. The final problem equation then reads as
follows [17]:
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Find ûh = (uh, ph) ∈ V̂h such that

((unh − un−1
h )k−1

n + ūnh · ∇ūnh, v) + (2νε(ūnh), ε(v))− (pnh,∇ · v)

+(∇ · ūnh, q) + SDn
δ (ūnh, p

n
h; v, q) = (f, v) ∀v̂ = (v, q) ∈ V̂ test

h (3.6)

where ūnh = 1
2
(ūnh + ūn−1

h ) and the stabilisation term:

SDn
δ (ūnh, p

n
h; v, q) ≡

(δ1(ūnh · ∇ūnh +∇pnh − f), ūnh · ∇v +∇q) + (δ2∇ · ūnh,∇ · v), (3.7)

with δ1 = κ1(k−2
n + |ūn−1

h |h−2
n )−1/2, δ2 = κ2hn and κ1, κ2 problem inde-

pendent positive constants. We let the solution space V̂h be the space of
piecewise linear velocities in space and time, and pressure piecewise
linear in space and piecewise constant in time. The test space V̂ test

h is
similar but with piecewise constant velocities in time.

A posteriori error estimate - Riesz theorem and dual operator

To understand the adaptivity of the method one has to introduce a cen-
tral result of functional analysis, the representation theorem of Riesz.
It states that all linear functionals on a Hilbert space can be expressed
in terms of an inner product: ∀ω ∈ L2(Q),∃ψ ∈ L2(Q) : M(ω) = (ω, ψ).
Furthermore one has to introduce the dual or adjoint operator. Let
A be a linear operator A : X → Y , with X, Y Hilbert spaces. Then
A∗ : Y → X is the called adjoint operator iff (A(v), w∗)Y = (v,A∗(w))X .
In our case we can specify X and Y to be L2(Q)

With these tools one can now find an estimate for the error of the
method. Let ûh be the solution to the discretised weak formulation.
Then the error is given as ê = û − ûh or M(ê) = M(û) −M(ûh) if we
are interested in the error with respect to a certain output functional
M . This output functional is typical chosen as the error in regard to
velocity or pressure in a certain region. Aiming for an exact calculation
of the error we can do the following transformations, where φ̂ is the
solution to the dual problem A∗(φ̂) = ψ̂ and ψ̂ is determined by the the
functional M(ê) = (ê, ψ̂) (for simplicity we leave out the linearization
of the operator):
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M(û)−M(ûh) = M(ê) = (ê, ψ̂) = (ê, A∗(φ̂)) = (A(ê), φ̂)

= (A(û)− A(ûh), φ̂) = (f − A(ûh), φ̂) = (R(ûh), φ̂)

=
∑
K∈Tn

(R(ûh), φ̂)K (3.8)

Hence the error can be expressed as the sum of the local errors of all
elements K in the finite element mesh |eNK | ≡ |(R(ûh), φ̂)K |, which can
in the discrete case be approximated by

eKN,h ≡ (R(ûh), φ̂h)K (3.9)

The only unknown left now is φ̂, which is the solution to the dual
problem A∗(φ̂) = ψ̂. Hence in order to approximate the error, one has
to first solve the adjoint problem, which for the Navier-Stokes equa-
tions is given by: For φ̂ = (φ, θ), ψ̂ = (ψ, χ) [10]:

−φ̇− (u · ∇)φ+∇uThφ+∇θ − Re−1∆φ = ψ in Ω× I
∇ · φ = χ in Ω× I, (3.10)

with the boundary conditions on the boundary Γ, and with a condi-
tional for final time since the problem runs backward in time:

φ · n = ψΓ on Γ× I
φ(·, T ) = 0 in Ω

Since solving the dual problem for the dynamicsl problem- hence
a changing mesh- requires the storage of different mesh and a consid-
erable amount of extra coding, the adaptive mesh refinements were
performed on a fixed mesh, hence without any mesh movement, but
for the same dimensions and velocities. The refined meshs were then
used for the dynamical experiments.

3.1.2 Dynamical problem

In this experiment the cylinder and whole mesh need to be dynamical
and able to respond to the hydrodynamic forces. Therefore we need to
introduce methods that enable us to implement these dynamics. In a
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first step we explain the ordinary differential equations modeling the
oscillations of the cylinder. Secondly the trapezoidal rule is introduced
in order to solve these equations numerically. Last the movement of
the cylinder needs to be considered in the solution of the Navier Stokes
problem, hence we introduce the Arbitrary Lagrangian Eulerian. The
equation determining the motion of the cylinder and hence the mesh
is given by

mẍ+ cxẋ+ kxx = FD (3.11)
mÿ + cyẏ + kyy = FL, (3.12)

where m represents the mass of the platform, c, k the damping and
spring coefficient and FD,L the drag and lift forces generated through
hydrodynamic effects. The latter formulas are based on Newton’s sec-
ond law describing damped harmonic oscillators are also commonly
used throughout the literature of physical experiments to model the
mounts of floating cylinders.

For freely mounted cylinders the above coefficients denote in the
non-dimensional form [20, 23, 21]:

ẍ+ 4πf ∗Nξẋ+ (2πf ∗N)2x =
2CD
πm∗

(3.13)

ÿ + 4πf ∗Nξẏ + (2πf ∗N)2y =
2CL
πm∗

(3.14)

Here f ∗N = (D/U)
√
k/m depicts the natural frequency, ξ = c/2

√
km

the structural damping ratio, m∗ = 4m/(πρD2L) the non-dimensional
mass of the body, m the mass of the system and the lift and drag coeffi-
cients cL = 2FL/(ρU

2LD), cD = 2FD/(ρU
2LD) The fluid forces FL and

FD are the respective hydrodynamic forces applying to the cylinder.
For solving this ODE there is a variety of different schemes that

have been used in previous research. Several papers were simply us-
ing an explicit Runge-Kutta scheme [20, 15, 1], however there is an-
other method that has proven to be very accurate and useful especially
in combintation with FEM [8].

The so called Newmark scheme is an implicit scheme, developed
by Nathan Newmark in 1959. It is one of the wider used implicit
schemes for this problem set and especially useful, since it is uncondi-
tionally stable for a certain set of parameters [5, 8]. However for this
setting it was found that a simpler method would also be sufficient.
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Trapezoidal rule

Apart from the Newmark method, the trapezoidal rule offers the ad-
vantage that the energy is conserved, which is very important for that
problem setting. The idea behind this implicit method is that the inte-
gral

∫ tn+1

tn
f(t, y(t))dt = y(tn+1)− y(tn) can be approximated by

y(tn+1)− y(tn) ≈ h

2
(f(tn, y(tn)) + f(tn+1, y(tn+1))) (3.15)

To adapt to this algorithm most easily we rewrite our ODE (3.11) as a
system. (

x

x′

)′
=

(
0 1

−k −c

)(
x

x′

)
+

(
0

f

)
(3.16)

x̂′ = Ax̂+ f̂ (3.17)

Plugging the system of equations into the trapezoidal scheme we get
the following equation system to solve at each time step:

Ãx̂n+1 = b̃, with (3.18)

Ã =

(
I − h

2
A

)
(3.19)

b̃ =

(
I +

h

2
A

)
x̂n +

h

2

(
f̂n+1 + f̂n

)
(3.20)

This gives the desired position of xn+1. After the adaptation of the
mesh, the next time step of the Navier Stokes model can be calculated.

ALE - Arbitrary Lagrangian Eulerian

After the cylinder has been moved it is important to adapt the mesh ac-
cordingly to avoid numerical instability due to badly scaled or shaped
elements. With the so called Arbitrary Lagrangian Eulerian method,
the mesh can be adapted to the changes in the domain. This method
combines the advantages of both the Lagrangian and Eulerian fluid
description and allows to include an arbitrarily defined mesh velocity
w in the Navier- Stokes equations, by adding it to the convection term.

u̇+ (u− w) · ∇u = −∇p+
1

Re
∆u (3.21)

∇ · u = 0 (3.22)
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Since there are pre-written modules for ALE in FEniCS, an exten-
sive explanation will not be given at this point, but for interested read-
ers I recommend [9].

3.1.3 Mesh Movement and Smoothers

While ALE allows for an arbitrary mesh movement, this mesh move-
ment or so called smoothers often pose a challenge in terms of sta-
bility. The crucial thing about mesh movement is to find a trade-off
between the different requirements. On one hand one wants to keep
the algorithm for mesh smoothing as cheap and simple as possible. On
the other hand the algorithm needs to be sophisticated enough so that
the elements do not get unfit to use, when for example a node closer
to the cylinder constantly pushes towards the other nodes of the ele-
ment and hence the whole tetraeder becomes too flat or even inverted,
which would abort the whole calculation.

While in literature it is not uncommon to use a Laplacian Smoother,
it did not prove useful in this case and led to inverted elements and
crashed calculations, since elements close to the cylinder were com-
pressed or stretched too heavily. While one possibility in that case
could be the approach chosen by [15] to introduce a smoothing pa-
rameter γ to the Laplacian equation: ∇ · (γ∇w) = 0, where γ = 1/V

is indirectly proportional to the size of the element, in this research
two different approaches were chosen. The aim and the goal behind
it were to use a simple smoother that could also be adopted easily for
a problem with two centers of movement as it is the case in the two
cylinder problem.

In Figure 3.1 one can see the mesh deformation of the first, lin-
ear smoother. The idea behind the smoother is that it interpolates the
movement of the cylinder and zero movement at the boundaries to all
cells of the mesh. For simplicity the movement in x-direction is only
interpolated between the inflow side and the outflow side, hence the
mesh at the boundary of the domain is moving equally to the inner el-
ements of the domain. In case of the y-movement this is slightly more
difficult, since interpolating from ymin to ymax would affect the in-
flow boundary condition at xmin. To avoid this the y-movement is
contained at zero between the inflow boundary and a certain thresh-
old between the boundary and the cylinder. For movements, where
the velocity in x-direction is close to the velocity in y-direction, the re-
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(a) x-dominant (b) y-dominant

(c) xy-dominant (T-shape)

Figure 3.1: Section view of mesh velocity with linear interpolation over
whole domain.

sulting absolute velocity of the mesh movement has the characteristic
shape of a T , which can be seen in Figure 3.1 c. The advantage of the
method is its stability and even for strong mesh movements the ele-
ments remain in a good quality. Due to the linear interpolation to a
non changing boundary they even remain in shape for fast and long
enduring oscillations.

To minimize the mesh deformation a second smoother was devel-
oped. There only the elements in a circular area around the cylin-
der are moved, which comes with the advantage that it can easily be
adapted to independent movement of several cylinders in one mesh.
The magnitude of the movement can be seen in Figure 3.2.

The slight disadvantage of this smoother however is the incapabil-
ity of dealing with very strong oscillations for very fine mesh, at which
point it sometimes inverts cells and crashes the calculations, for which
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(a) one cylinder, wireframe (b) one cylinder, solid

(c) two cylinders with independent movements

Figure 3.2: Section view of mesh velocity with linear interpolation in
circular area areound cylinder

cases the other smoother was used.
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3.2 Data and boundary conditions

3.2.1 Dimensions of the domain

For the one cylinder case the domain has dimensions of 40 × 20 × 20,
with a cylinder placed at x = 10, y = 101 and with the dimensions of
D = 0.8, L = 8, hence a ratio of length to diameter of L/D = 10. In
the case of the two cylinder set up, the dimensions of the domain were
60× 20× 20 with the second cylinder being placed at x = 40, hence 30

length units away from the first cylinder. See also Figure 3.3 to 3.4

(a) Top view (b) Cross view

Figure 3.3: Mesh dimensions, one cylinder

Figure 3.4: Mesh dimensions, two cylinders

1These coordinates are to be seen in reference to the test box. In the simulations
the box was moved in a way such that the cylinder laid in the origin of the coordinate
system and hence the lower left corner of the test box was moved to x = y = z = −10
(compare Figure 3.3 and 3.4)
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3.2.2 Boundary conditions

The flow direction is from left to right, in this case the inlet was at
x = −10, the outflow at x = 30. These two conditions were applied
strongly as Dirichlet boundary conditions to the in- and outlet. In the
case of the inflow direction the velocity was prescribed u = uinflow and
in case of the outlet the pressure p = 0.

Along the side boundaries of the bassin, slip conditions were ap-
plied (compare Equation 3.23), so no water can run out, but in contrary
to for example a classical Poiseuille flow, the velocity profile is not
slowed down in horizontal direction in a vicinity close to the bound-
aries. The difference here is that one does not want to simulate the
flow in a tube, but much rather simply wants to take a test volume out
of the sea.

This condition also needs to apply to the cylinder, however for the
cylinder further conditions are necessary. As already discussed differ-
ent boundary layers can have significant impact on the vortices and vi-
brations [14, 3]. Furthermore for supercritical Reynolds numbers there
will be a turbulent boundary layer forming around the cylinder, which
given that the scale of this model is very large, could not be numeri-
cally resolved accurately. Therefore a fitting boundary model needs
to be applied. Further considering that especially for underwater ap-
plications the roughness of the boundary can change over time, the
boundary model for the cylinder needs to fulfil two criterions. First it
has to be of course coherent with the numerical model and secondly it
has to offer the possibility to adapt to different roughnesses and give
an accurate estimation of the turbulent boundary layer effects. One of
the models that fulfils both criteria is [17, 24]:

u · n = 0 (3.23)
βu · τk + nTστk = 0 and k = 1, 2, (3.24)

both applied for (x, t) ∈ Γcyl × I , where n is the outward normal unit
vector and τk the orthogonal unit vectors. β is the friction parameter,
with large values indicating a non-slip boundary condition and σ =

(2νD(u)− pI) with D(u) = ∇u+∇uT
2

the velocity transformation tensor.
In case one at a later point wants to examine the effects of the Mag-

nus effect, one would have to change the right side of equation 3.24
to the rotation speed of the cylinder and/or in the dynamic case the
speed at the boundary has to be the speed of the moving cylinder,
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βu · τk + nTστk = ω + ucylinder. (3.25)

3.3 Cylinder forces

In order to simulate the actual movement of the cylinder, the lift and
drag forces need to be described accurately. Continuum mechanics
defines the force as the boundary integral of the stress tensor applied
to the normal. ∫

cyl
σ · nds (3.26)

The stress tensor is defined like above as σij = −pδij + εij , where ε is
the viscous stress tensor. For very high Reynolds number flows this
stress tensor ε = 2νD(u) converges to zero, since the viscosity in our
experiments takes values between 10−3 − 10−8, which leaves the pres-
sure term remaining. Last one also needs to consider the direction of
the respective force. The drag force is applying in inflow direction and
the lift force perpendicular in crossflow (y-direction), which means a
unit vector pointing in the respective direction needs to be added to
Equation 3.26, which then reads:

∫
cyl
σ · n · ed,lds (3.27)

3.4 Implementation

Calculations are run on the supercomputer Beskow at the PDC Center
for High Computing at KTH. The underlying code used was the Uni-
corn framework, developed for the FEniCS-HPC project. FEniCS was
founded in 2003 and is an open-source platform designed mainly to
solve partial differential equations based on the Finite Element Method.
One of its advantages is its user friendly Unified Form Language (UFL),
which enables to write the PDE coding in the FEM variational form.

The HPC framework has a C++ interface, which functions as the
link to the other FEniCS modules and solvers. Furthermore the solving
of the ODEs and the parallelisation is programmed in the main file in
C++ [7].



Chapter 4

Low Reynolds number VIV model

In the following chapter the main parameters and variables will be
introduced and then put to test in the first experiments. These first ex-
periments are aimed at validating the model by comparing to previous
experiments in the field.

4.1 Setting Parameters

Following in the literature the important parameters and output vari-
ables for the vortex induced flow problems are the following:

21
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U . . . Inflow velocity (4.1)

D . . . Cylinder diameter (4.2)

CL,D . . . Lift, drag coefficient (4.3)

Re =
UD

ν
Reynolds number (4.4)

rin = Ax/D in-line amplitude ratio (4.5)

rcross = Ay/D crossflow amplitude ratio (4.6)

fnx, fny in-line and crossflow natural frequency (4.7)

fnxw, fnyw natural frequencies in water (4.8)

fnyw
fny

=

√
m∗

Ca +m∗
natural frequency ratio water-air1 (4.9)

Ca ≈ 1 added mass coefficient (4.10)

Vr =
U

fnyD
reduced velocity (4.11)

f∗N =
Dfny
U

=
1

Vr
nondimensional natural frequency (4.12)

c∗ = 4πf∗Nξ dimensionless damping coefficient2 (4.13)

k∗ = (2πf∗N )
2 dimensionless spring coefficient2 (4.14)

F ∗D,L =
2CD,L
πm∗

=
FD,LD

mU2
dimensionless lift and drag coefficient (4.15)

m∗ =
4m

πρD2L
dimensionless mass (4.16)

1The ratio of natural frequency is not completely coherent in literature. This ver-
sion is a rather simplified version which can for example be found in [15]. In that
case the added mass coefficient is proposed as Ca ≈ 1 as it is proposed in [13]. More
complex models can be found i.e. in [21]. However, since it only changes the ratio
of Vr to fn which can also be interpreted as ratio of Vr to Vrw, the significance of
this coefficient was assumed small. Another advantage was that easier comparisons
to literature are made possible, since the specific knowledge of the mass and spring
coefficient is not necessary in this case.

2For the dimensionless spring and damping coefficient there are again different
versions throughout literature, mostly due to the slightly different approaches of
physical and numerical experiments
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4.2 Low Reynolds number validation

For validation of low Re numbers flow there have been three major
tests (GN1-GN3) conducted to compare it with existing literature. The
parameters used are taken from [16], which describes both physical as
well as numerical results and has a range of parameters that is similar
to other experiments in this field (f.e. [21, 15, 20]) and therefore makes
comparisons to a number of other papers possible.

The forth test run (GN4) has the same parameters as the first (GN1),
however it is merely used as convergence study for refined mesh at
constant velocity Vr = 6.

Table 4.1: Parameters for first test run
Experiment fnx fny ξx ξy m∗ fnx/fny β ω

GN1 0.192 0.192 3.1 2.0 1.4 1.00 10−1 0
GN2 0.376 0.203 1.2 1.8 1.4 1.85 10−1 0
GN3 0.223 0.223 2.3 1.5 3.5 1.00 10−1 0
GN4 0.192 0.192 3.1 2.0 1.4 1.00 10−1 0

In all of the following experiments the movement of the cylinder
was measured over a whole time span which means that it was also
measured during any increase in velocity and it often took one or two
oscillations until the cylinder stabilized in the new oscillating pattern.
This results in the "connection traces" between two oscillating patterns
in the cylinder position plots or in singular spikes in for example the
lift or drag coefficient.

4.2.1 Low mass fnx/fny = 1 (GN1)

The experiments have been made for sub-critical Reynolds number
4.8×103−5.8×104, hence we set the viscosity ν = 0.5×10−5 which for
the given geometry and Vr = [2, 20] gives as Re = [3.8× 103, 3.8× 104].
The dimensionless mass is set to m∗ = 1.4 as in the experiments. For
the ratio of natural frequency in water to natural frequency in air of
fnw/fn ≈ 0.76 this then gives a span for f ∗Nw ∈ [0.07, 0.4]. The dimen-
sionless natural frequency F ∗nw is hereby given as in Equation 4.12,
with the interval depending on the interval of reduced velocities Vr,
corrected by the natural frequency ratio water/air.
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In Figure 4.1 we can see the trajectory of the motion of the cylinder
in a x − y-plane. The blue line is always depicting the results of the
coarse mesh (7 × 104 elements), but over a wider time span, while the
red plot is showing the trajectories for a shorter time frame, but a finer
mesh (2.2× 105 elements). For very low velocities the oscillations both
in-line and crossflow can hardly be noticed and the shape is not very
significant either. For increasing velocities the oscillations both in-line
and crossflow however suddenly increase heavily and the amplitudes
are close to the maximum levels. However the shape of an eight is
only reached for higher velocities and has its maximal amplitude in a
velocity range, where the actual frequency of the cylinder is close to
reaching the natural frequency (compare Figure 4.4).

For even higher velocities one can see that the size of the trajec-
tory is decreasing again while still having the shape of an eight until
the trajectories collapse and decrease as well as losing the shape of an
eight.

The oscillations of the refined mesh have a more distinct shape of
an eight and the amplitude of the oscillations is larger both in x- as well
as y-direction and should be compared more thoroughly in Figure 4.5.

Comparing solely the position of the cylinder and its trajectory
with results from literature already looks much promising. Taking a
look at e.g. [16] it shows that the shape of the trajectories is closer to the
physical results than the numerical results produced by the same re-
search team. Comparing with [18], where not a circular cylinder but a
dodecagon is examined, one can however also very well see the shape
and size of the trajectories describe a similar development over differ-
ent velocities.

When taking a closer look at the actual x and y-oscillations as well
as their corresponding lift and drag forces one can unsurprisingly see
that the oscillations of the cylinder are particularly high for strong os-
cillations of the corresponding forces. In figure 4.2.1 one can observe
for the low velocity spectrum that the oscillations are very strong in the
beginning every time the velocity is increased and that otherwise the
in-line oscillations are rather irregular. Furthermore one can interest-
ingly observe that for high velocities the drag coefficient is decreasing,
while the x-position continues to increase.

For the crossflow oscillations the phenomena are similar (compare
Figure 4.2.1). For low velocities the lift forces remain rather small and
so does the movement of the cylinder. However at around T = 240
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Figure 4.1: Cylinder position for increasing velocities Vr ∈ [2, 11] and
fnx/fny = 1, (GN1)
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Figure 4.2: Lift and Drag coefficients and corresponding movements
over time, (GN1)

which corresponds to a velocity of Vr = 5 the lift forces suddenly rise
heavily which results in a strong rise of the cylinder amplitude. Over
time, hence for higher velocities the lift forces decay again and so do
the oscillations. However one can observe one slight exception. That
is the case for Vr = 7, which corresponds to the time interval of ap-
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Figure 4.3: Amplitude magnitudes for different velocities, (GN1)

proximately t ∈ [370, 430]. For this velocity range the frequency of
the cylinder movement is reaching the natural frequency of the cylin-
der (compare figure 4.4) and one can see that the lift forces are very
small, however due to the frequency alignment are still sufficient to
produce strong cylinder oscillations. More interestingly the lift forces
have some kind of small intermediate oscillations which can hardly
be seen in the described figure and will hence be discussed in Section
4.2.4.

In Figure 4.3 one can see the amplitudes of the oscillations for in-
line and crossflow movements. One can very well observe that simi-
lar to the aforegoing plots the amplitudes of the oscillations in x- and
y-direction are rather small for the low velocities and then increase
rapidly. The maximum amplitudes in crossflow direction reach a mag-
nitude of Ay/D ≈ 0.75, which is a little smaller when comparing with
the physical results of [16]. However for a finer mesh, the amplitudes
increase over the whole cycle of different dimensionless velocities and
reach a value of Ay/D ≈ 0.85, which is quite accurate comparing to lit-
erature results and can reach even higher values for even finer meshes
as shall be discussed in Section 4.2.6. Furthermore the numerical re-
sults of my experiments seem to more accurately describe the decay
of the oscillations after the maximum oscillation. The decay in Figure
4.2.1 is less steeper than the numerical results of [16], but more like the
physically measured amplitudes or the numerical results of [12].

When comparing the results of the different mesh sizes one can
however not only see that the amplitudes are larger in y-direction, but
much stronger also in x-direction, in fact they differ almost by factor



CHAPTER 4. LOW REYNOLDS NUMBER VIV MODEL 27

V
r

3 4 5 6 7 8 9 10 11
0

0.1

0.2

0.3

0.4
Strouhal Number and dimensionless natural frequency

Strouhal

f
n
*

Strouhal
fine

V
r

3 4 5 6 7 8 9 10 11

f

0.05

0.1

0.15

0.2
Natural frequency and actual frequency

f
ny

f
oy

f
oy

fine
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2 and are hereby closer to literature results as well. The higher in-line
amplitudes come from the warp of the top and bottom of the eight
shaped trajectory in inflow direction, which can more clearly be seen
in Figure 4.5 or Section 4.2.6.

Another interesting observation can be made by observing that for
the finer mesh the strong oscillations seem to start earlier and last
longer in regard to changing velocities. In the case of crossflow os-
cillations for this experiment, they seem to start approximately one
velocity step earlier and also last longer for high velocities.

One difference that needs to be pointed out however is the relative
length of the characteristic amplitude plot as it can be seen in Figure
4.3. There the maximum amplitudes are for Vr ∈ [6, 8], whereas this
can be higher or lower in different experiments. In [21, 16] this peak
is to be found closer to Vr ∈ [9, 11], whereas for [15] or [12] it is to be
found rather in a range of Vr ∈ [4, 6]. The main cause is assumed to
be found in the different ways of calculating the natural frequencies,
especially with respect to the dimensionless velocity Vr. While this
set-up is following more the approach of [15] and [20], where a rather
simple model is used and fn is kept fixed, an accurate description or



28 CHAPTER 4. LOW REYNOLDS NUMBER VIV MODEL

calculation of fn or its underlying parameters is still subject of research
and not coherent troughout literature (compare also 1).

One aspect that is however coherent in literature research is that
the lock-in effect and hence the heavy oscillations always occur for
when the natural frequency is in the range of the Strouhal number.
This can be seen in Figure 4.4. A particular focus should be laid at the
values for Vr = 7, where the oscillation frequency of the cylinder is
coinciding with the natural and dimensionless natural frequency. This
"critical" frequency always appears for velocities close to the end of
the high amplitude velocities, which is coherent with the aforemen-
tioned intervals of maximum amplitude velocities for different exper-
iments in different papers. It can be furthermore seen that the actual
frequency of the cylinder foy is slowly increasing over different veloci-
ties, especially until reaching the critical frequency range. This incline
is coherent with literature results, however in these experiments it is
not inclining as strongly as it is in literature results, especially after the
’critical frequency’, where the frequency in my experiment does not
increase as much as in the literature results.

Concluding it might be interesting to take a look at the separate
trajectories of the cylinder movement. In Figure 4.5 one can once more
see the trajectories for the different mesh sizes (— 7× 104 elements, —
2.2 × 105 elements). While the low velocity trajectories do not show
significant oscillations, it is interesting to take a look at the trajectories
for Vr = 4. When comparing the coarse and the fine mesh oscillations,
one can very well observe the already aforementioned effect of the
earlier starting high amplitude velocities for the finer mesh. While
for the fine mesh, the eight-shaped oscillations can already be slightly
recognized at Vr = 4, they can certainly not be for the coarse mesh,
whose amplitudes are further still very small.

When taking a look at the oscillations for Vr ∈ [5, 7], one can see
that the oscillations for the fine and the coarse mesh are similar, how-
ever they are clearly larger and more pronounced for the fine mesh.
For Vr = 5 one can already observe oscillations of considerable mag-
nitude, however the characteristically eight-shape is in contrast to the
fine mesh not yet reached in the coarser mesh case.

At a velocity of Vr = 9, the eight-shape is getting lost again and at
Vr = 10 the trajectory is rather irregular again, with a relatively high
in-flow oscillation. This shape however fits very well again the results
of the physical experiments in [16], where my results again seem to be
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more appropriate than the 2D-simulation results.
For a more detailed discussion on mesh sensitivity see Section 4.2.6.
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Figure 4.5: Trajectories for different velocities (GN1) - (— 7 × 104 ele-
ments, — 2.2× 105 elements) 2
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4.2.2 Low mass fnx/fny = 1.85 (GN2)

The second experiment treated the not uncommon phenomenon of dif-
ferent natural frequencies for x- and y-oscillations in this case a ratio
of in-flow to crossflow natural frequency of fnx/fny ≈ 1.85. These dif-
ferent frequencies usually result in a more pronounced eight-shape,
which can already be observed when comparing the overall trajectory
of (GN2 - Figure 4.6) with the trajectory of (GN1 - Figure 4.1). Another
aspect that has so far not been discussed, is the mean displacement
in x-direction. While the crossflow oscillations are more or less sym-
metric around the inflow axis, the oscillations in x-directions appear
around a mean value shifted in direction of the flow. Depending on
stiffness, inflow velocity and oscillations pattern, this mean value can
be shifted further downstream with the flow as for example in the pre-
vious (GN1) experiment, or less as in this case (GN2), where the center
of the oscillations hardly seems to move for increasing velocities and
rather remains at x ∈ [0.1, 0.3].
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Figure 4.6: Cylinder position for increasing velocities Vr ∈ [2, 12] and
fnx/fny = 1.85, (GN2)

This can also be seen when taking a look at the in-flow plot in Fig-
ure 4.7, where the x-coordinate hardly seems to shift even for higher



32 CHAPTER 4. LOW REYNOLDS NUMBER VIV MODEL

velocities. The reason for this is presumably to be found in the differ-
ent natural frequencies for the two cases. While the drag coefficients
do have a similar magnitude to the (GN1) experiment (compare figure
4.2), the spring stiffness is different, and the cylinder develops heavier
oscillations in in-flow, but much closer to the original position.

Since the springs in crossflow direction however remained the same,
the lift coefficient and y-position profile does not differ too heavily
from the previous experiment, except for the lift coefficient seems de-
veloping stronger amplitudes for slightly higher velocities than in the
the previous experiment. This again shows that the magnitude of the
crossflow oscillations is not merely depending on the magnitude of the
lift force, but also very much upon the frequency of the latter and its
ratio to the natural frequency of the cylinder spring system.
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Figure 4.7: Lift and Drag coefficients as well as corresponding move-
ments over time, (GN2)

Similar conclusions can be drawn when comparing Figure 4.8 and
4.3. The oscillations in in-flow direction are almost twice as large as
for the previous experiment, but also differ strongly for different mesh
sizes. It can also be seen that they increase very strongly for velocities
larger than Vr = 4 and have their maximum at Vr = 5, after which they
decrease strongly again. What is furthermore interesting to notice is
the fact that while in (GN1) (compare Figure 4.3) the peak of the cross-
flow and in-line oscillations was reached at approximately the same
velocities, this is not the case for (GN2), where the natural frequencies
are different and the peak oscillations are approximately two velocity
steps separated.

It can furthermore be seen that for the amplitudes in y-direction the
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mesh fineness in this case is less significant as in the previous case. For
the lower velocities, the amplitudes are more or less the same and it
is only for the higher velocities that the fine mesh values are slightly
larger and again reach peaks of around Ay/D ≈ 0.85, which is coher-
ent with literature results as well [16]. Another typical thing about
this experimental setting of different natural frequencies is that there
is a steep rise of the crossflow amplitudes, which then passing over
to a more moderate increase until it reaches the maximum and decays
again.
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Figure 4.8: Oscillations profile for different velocities, (GN2)

Taking a look at the frequencies for different velocities (compare
Figure 4.9) you can see that the actual frequency of the cylinder is in-
creasing again for low velocities, which once more is coherent with
literature results. However the model does not seem to work too well
in regard to high velocities, where the actual frequency of the cylinder
should grow larger than the natural frequency, which in my experi-
ment is not fulfilled to the desired degree. Possible reasons could be
the mesh size, however the results for the finer mesh do not show any
significant improvements, hence it would have to be effects only ap-
pearing at very fine mesh, which are capable of accurately describing
high velocity flow separations and hence oscillations more accurately.

When comparing with numerical results in literature it however
seems that this phenomenon is not completely unknown in numeri-
cal experiments. While [16] only provide data on the physical results,
(whish is strongly increasing), it does not release values of the numeri-
cal measurements, however telling by the shape of their trajectories,
the accuracy of their numerical high velocity data can be doubted.
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And comparing to for example [15], it can be seen there that there the
actual frequency of the cylinder does not significantly increase after
reaching the critical frequency either.
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Figure 4.9: Strouhal numbers and frequencies for Vr ∈ [2, 12], (GN2)

Undoubtedly quite accurate results can however be found when
taking a look at the actual trajectories and again comparing it with the
trajectory of the physical experiment of [16]. There the eight-shape of
the trajectory for low to medium velocities finds itself to not only be
very wide but also finds its peaks stretched to the outer forward end,
which can be very well seen in Figure 4.10 (Vr = 5). Also in accordance
with the literature these sort of ’left’-shifted peaks then shift slightly
more in in-flow direction (i.e. Vr = 7), before they break down into
irregular oscillations again.

As could already been seen when comparing amplitudes the finer
mesh in this case mostly affects the in-line oscillations, whereas the
crossflow oscillations are less affected.
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Figure 4.10: Trajectories for different velocities (GN2) - (— 7× 104 ele-
ments, — 2.2× 105 elements)
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4.2.3 High mass fnx/fny = 1 (GN3)

The last set of experiments was conducted with similar frequency pa-
rameters to experiment (GN1), however the mass was considerably
increased to m∗ = 3.5. At a first glance at figure 4.11 one can immedi-
ately see the effect the high velocity has on the shape of the trajectory
and moreover seems to result in an earlier decay of the high ampli-
tude oscillations. Comparing to (GN1) one can further see that there
is assumably an again faster build up of the oscillations for the finer
mesh. In comparison to experiment (GN2) it might also be interest-
ing to point out that the position of the trajectory for high velocities is
again much more affected by the higher speeds and one can observe
the in-flow mean value moving downstream for higher velocities.
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Figure 4.11: Cylinder position for increasing velocities Vr ∈ [2, 12] and
fnx/fny = 1.0, (GN3)

This can be seen even more clearly by taking a look at drag forces
and the respective movement of the cylinder in Figure 4.12. There
one can see that at the end of the simulation time (equivalent to high
velocities) the mean x-position is shifting strongly downstream, while
at the same time the oscillations become more and more irregular. It
should furthermore be remarked that the drag forces remain more or
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less of the same magnitude until at Vr = 6 they start oscillating very
heavily, resulting in the highest in-flow oscillations for this setting as
well.

In crossflow direction, the aforegoing trajectory plot assumptions
can be further confirmed, namely that the oscillations in y-direction
decay quickly after the critical frequency. It can furthermore be seen
that the oscillations for this ’critical’ frequency, in this case Vr ≈ 6, are
very large in comparison to the relatively small lift forces, which again
is a result of the similar frequency of the cylinder movement to the
natural frequency.
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Figure 4.12: Lift and Drag coefficients as well as corresponding move-
ments over time, (GN3)

The relatively short period for high amplitude crossflow oscilla-
tions can be seen further in Figure 4.13, where the oscillations see a
steep rise at Vr ≈ 5 and an almost likewise steep decay after Vr ≈ 7.
And while this rather short time of high amplitudes is coherent with
literature results, the magnitude of the oscillations is in this case not
accurate and differs by almost a factor of 2 in comparison to the physi-
cal results of [16]. However it should be noted that even the numerical
simulations in that very paper, which usually tend to overshoot the
actual amplitudes in this case underestimate the oscillations. Hence it
seems as if oscillations for that particular parameter set, especially for
this high mass, developed an oscillation behavior that in the numer-
ical cases could not be described accurately with the equations and
assumptions taken, at least not with the current mesh resolution.

Of more interest in this case could be the oscillations in x-direction
and especially an effect that has not been discussed in this thesis yet,
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Figure 4.13: Oscillations profile for different velocities, (GN3)

but also in [16] significantly appears for this experiment. These are the
amplitude peaks in x-direction for Vr = 3.5 (for the fine mesh). And
while they in this case appear to be a little bit too big in proportion to
the oscillation for Vr ∈ [5.5, 6.5], their magnitude is certainly not too
big in comparison to literature results [16].

When further comparing with the respective figure in 4.14, one can
clearly note that heavy oscillations indeed appear in the flow direction
for this relatively low inflow speed. And while the magnitude of these
oscillations is very small Ax/D ≈ 0.02, it is still an effect that is highly
interesting to observe, since it in many cases appears shortly before the
oscillations in crossflow directions increase, but is particularly strong
for this particular parameter setting.

As for the higher velocity oscillations, the inflow amplitudes are
hardly recognisable any more and the characteristic eight shape is al-
most reduced to a thin circular arc. And while the magnitude of these
oscillations might be small, the shape is again very coherent with lit-
erature results, where the trajectories take a similar shape.
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Figure 4.14: Trajectories for different velocities (GN3) - (— 7× 104 ele-
ments, — 2.2× 105 elements)
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4.2.4 Intermediate oscillations at critical frequencies
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Figure 4.15: Intermediate lift coefficient oscillations at GN1 for
foy/fny ≈ 1

At the critical frequency where we can observe the so called lock-in
effect, with the cylinder oscillating with the same frequency as its nat-
ural frequency, we further observe a sudden change in the magnitude
and oscillations of the lift force as can be seen in Figure 4.15. There one
can observe that the magnitude of the lift forces suddenly strongly de-
creases while the amplitudes of the movement remain more or less the
same. Furthermore one can observe some intermediate oscillations in
the lift force as can be seen in Figure 4.15. The figure shows the lift
forces for (GN1) at Vr = 7 for different mesh sizes. The red line again
being the fine mesh (2.2× 105 elements) and the blue line the values of
the coarse mesh (7.0× 104 elements).

In that figure you can clearly see that there are main peaks of the os-
cillations, which are in line with the oscillation frequency of the cylin-
der. However one can also see the intermediate oscillations, which
slightly differ in shape and pattern for the different mesh sizes. Look-
ing for explanations the visual output of the calculations was exam-
ined, checking if the oscillations could be caused by an irregular de-
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tachment of vortices separating from the cylinder, hence by a hydro-
dynamic phenomenon. However after thorough examination, no such
detachments could be found, hence the hypothesis is that the inter-
mediate oscillations are caused by a resonance effect in particular by
phase synchronisation.

Due to the goal of the project to extensively examining the high
Reynolds number flow oscillations, no further research could unfor-
tunately be conducted on those intermediate oscillations but is rec-
ommended for a further understanding of the lock-in effect at vortex
induced vibrations.

4.2.5 Detailed phase analysis

After having discussed the different parameter outputs thoroughly the
visual output of the the simulations should be discussed and analysed
a little further in detail. Therefore Figures 4.16 - 4.17 show the move-
ment of the cylinder over one oscillation period and the respective ve-
locity and pressure field around it. The pictures are taken at Vr = 6

with the parameter setting (GN1) and the very fine mesh with 5.8×105

elements. What you can see is a cut through the middle of the cylin-
der, hence a clip through the x − y-plane, normal to the z-axis. The
time stamps are given explicitly for the time steps at which the pic-
tures were taken in order to also be able to compare them to a vertical
clip of the same experiment in Figure 5.5.

Taking a look at the the cylinder for t = 87, one can see that it finds
itself in the upwards movement, with a high velocity and low pressure
field on the upper side, which determines the direction of the move-
ment. In the pressure plots one can clearly see the previous detach-
ments of vortices floating away from the cylinder (In this case the blue
areas one to the upper right and two to the lower right). The last vortex
had just separated on the lower right side. After two time units a high
velocity field is building up on the lower right side of the cylinder, en-
closed by a larger low velocity field with high pressure pushing the
cylinder upwards. This reaches its maximum at around t = 91, when
the high velocity/low pressure field is completely enclosed by the low
velocity field. This is also the moment when the detachments begins.
This detachment can be further seen in the time units t = 92, 93, 94. At
t = 94 the vortex has completely detached, the cylinder has turned its
vertical movement and carries a strong high velocity field on the lower
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side (analogous to the case where t = 87) and a low velocity field in
the wake of the cylinder movement. One can also already slightly see
the high velocity field on the upper side building up, which will be the
vortex detaching at the other peak of the cycle.
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(a) t = 87 (b) t = 87

(c) t = 88 (d) t = 88

(e) t = 89 (f) t = 89

(g) t = 90 (h) t = 90

Figure 4.16: Velocity and pressure field for different stages of the
movement - I
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(a) t = 91 (b) t = 91

(c) t = 92 (d) t = 92

(e) t = 93 (f) t = 93

(g) t = 94 (h) t = 94

Figure 4.17: Velocity and pressure field for different stages of the
movement - II
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4.2.6 Mesh Sensitivity study - (GN4)

During and before the just described parameter tests and comparisons,
mesh sensitivity studies were performed. Now while the above run
tests were performed at mesh sizes of 7 × 104 and 2.2 × 105 elements,
naturally also test runs for higher mesh resolutions were conducted,
however only for one parameter setting (GN1) at Vr = 6, which is
closely before reaching the ’critical’ frequency where foy/fny ≈ 1. In
this mesh sensitivity study output parameters like in-flow as well as
crossflow amplitude, wavelength, forces and the actual trajectories are
examined and compared.
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Figure 4.18: Amplitudes for different mesh sizes

Starting by analysing the amplitudes (Figure 4.18) one can see that
the in-flow oscillations grow almost by factor two thirds, while cross-
flow oscillations have an increase of around 17% for the finer mesh.
While the in-flow oscillations are only increasing moderately for the
forth and fifth mesh, especially in comparison to the second mesh, the
crossflow oscillations unfortunately do not show that much of a con-
vergence, even for the very fine mesh. Unfortunately however calcula-
tions for this problem set were already very expensive from a numeri-
cal perspective and no finer mesh studies could be performed.

While the difference between the first and the fifth mesh are strik-
ing, the difference between the third mesh (mesh_3), which is of mag-
nitude 2.2 × 105 and was in the aforegoing experiments referred to as
the finer mesh, and the fifth mesh are already much smaller. For the
crossflow oscillations they only differ by 7% and in in-flow oscillations
they are at least reduced to 20%, at however a very low absolute value.
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Table 4.2: Ratio of output variables for different meshs
mesh_5/mesh_1 mesh_5/mesh_3

x-amplitude 1.68 1.20

y-amplitude 1.17 1.07

x-wavelength 1.04 1.06

y-wavelength 1.04 1.05

drag 1.42 0.90

lift 1.31 1.26
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Figure 4.19: Wavelength of cylinder oscillations for different mesh
sizes

In terms of the wavelength (compare Figure 4.20) it interestingly
shows a short decrease between mesh_1 and mesh_3, which is fol-
lowed by an increasing wavelength for finer mesh. However in both
cases they only differ by few percent, namely between 4%− 6% for the
lower quality mesh in comparison to the high quality mesh, which is
reassuring since it gives confidence in the accuracy of the actual fre-
quency of the cylinder oscillations, which is crucial especially in de-
termining critical speeds, where for example natural and actual fre-
quency are of the same magnitude.

Another important aspect are the forces in the flow direction, which
are much too small in the coarse mesh case, have their maximum
for the medium mesh mesh_102 and then slightly decrease again.
While the coarse mesh is off the fine mesh values by almost a half, the
medium mesh is as close as 10%. More critically the lift forces have to
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Figure 4.20: Lift and Drag forces for different mesh sizes.

be seen, which are very high for the very fine mesh and differ by 26%

in comparison to even the medium sized mesh. In comparison how-
ever to the amplitudes one can see that the difference in force does not
one to one equal to the ratio of amplitude difference as can be seen by
for example comparing the y-amplitude and lift force values in Table
4.2.

The medium sized mesh, which was used for most of the experi-
ments not only proved cost efficient and fairly accurate in terms of the
forces, but also quite exact in the shape of the trajectories. When com-
paring the trajectories in Figure 4.22, one can see that medium mesh
already has very similar trajectories to the two fine meshs. They are all
three fairly similar in shape, which is the eight with strongly in-flow
deflected bottom and top, and additionally all have their in-flow mean
position close to x = 0.8. The other two mesh rather find their mean
value of the in-flow oscillations at x = 0.7, which is another aspect
going for the medium mesh (mesh_2). Last but not least a visual un-
derstanding of the different mesh shall be given in Figure 4.22, where
one can see a side cut of the different mesh sizes during with the ve-
locity flow plotted on it. Unsurprisingly the adaptive mesh refinement
mostly takes place in a close vicinity of the cylinder, whereas the mesh
in the places, where the flow is rather undisturbed (grey), the mesh
remains rather unchanged as well.
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Figure 4.21: Trajectories of the cylinder movement for different mesh
resolutions

(a) Mesh size: 7.0× 104 (b) Mesh size: 1.5× 105

(c) Mesh size: 2.2× 105 (d) Mesh size: 5.8× 105

Figure 4.22: Section view of mesh for different mesh sizes.



Chapter 5

High Reynolds number Flow

As mentioned in the earlier chapters the aim of this thesis is to perform
simulations for very high Reynolds number, hence with the purpose to
apply the results to large floating platforms. Therefore the experiments
are conducted for high Reynolds numbers of approximately 2× 107 −
2 × 108. However for these ranges one can not find any literature for
Vortex Induced Vibrations and only little literature on the flow around
a cylinder like for example [17].

Hence there will again be a mesh sensitivity study and where pos-
sible the results will be compared to other high Reynolds number flow
results, but in terms of the vortex induced vibrations, especially in
combination with the Magnus effect, this work is exploring new ter-
ritories.

As for the subcritical flow experiments a variation of experiments
was performed. For the natural frequencies and mass the setting of
(GN1) was used, however the surface roughness parameter β and the
angular velocity ω were often varied during one experiment. Due to
the high Reynolds number flow the surface roughness parameter β
also took smaller values per se. While it had a value of 10−1 for the
subcritical cases, to enforce a no slip condition to model a laminar
boundary layer, it took values of 10−2 − 10−4 for the high Reynolds
number tests. This was done to model the skin friction of a turbulent
boundary layer based on the model used in [17].

49
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Table 5.1: Parameters for second test run
Experiment fny m∗ fnx/fny β ω Vr Remarks

GN5 0.192 1.4 1.00 10−3 0 7 Sensitivity Study
GN6 0.192 1.4 1.00 10−3 0 2-13 High Re VIV analysis

5.1 Mesh Sensitivity Study (GN5)
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Figure 5.1: Amplitudes for different mesh sizes for high Reynolds
number flow

Since there are hardly any previous results for this kind of tests, the
mesh sensitivity study is of even more significance. For the mesh sen-
sitivity study the dimensionless velocity was chosen to be Vr = 7, since
in a first test run with a coarse mesh the highest oscillations were mea-
sured in this regime of velocities (compare Section 5.3). And indeed
for the coarse mesh the amplitudes seem to be of a similar magnitude
to the low Reynolds number experiments as can be seen in Figure 5.1.
However for finer mesh the amplitudes decrease heavily and and are
then no larger than of magnitude 0.1 in crossflow direction and even
only 0.01 in the in-flow case.

Similar observations can be made for the wavelength especially in
crossflow direction, which are half for the fine mesh in contrary to the
coarse mesh. While the crossflow wavelength is highly depending on
the mesh resolution, the in-flow oscillations do not change consider-
ably. Concluding the two above figures one can see that the oscillations
in crossflow strongly increase in frequency while their amplitude is re-
duced considerably. A very interesting aspect further is comparing the
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Figure 5.2: Wavelength of cylinder oscillations for different mesh sizes
for high Reynolds number flow

wavelength, hence frequency of the high Reynolds number flow to the
subcritical flow. In the subcritical flow, especially in the cases where
one has the characteristic eight shaped trajectory the frequencies have
the ratio 2 : 1, which is somewhat logical, since for one up and down
movement of the cylinder it must move back and forward twice to
complete the shape of the eight. For the coarse mesh this now also
seems to be the case for the supercritical flow, however for finer mesh,
the wavelength and hence the frequencies of in-flow and crossflow os-
cillations align, so that the oscillation in this high Reynolds number
case can be considered the same in in-flow and crossflow direction.
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Figure 5.3: Lift and Drag forces for different mesh sizes for high
Reynolds number flow

One of the main explanations for this as well as for the decrease
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in in-flow oscillations can be found when taking a look at the lift and
drag forces in Figure 5.3. For finer mesh the drag and lift forces seem
to be reduced to almost zero.

An answer to this not unsurprisingly strong difference between the
mesh probably has to be found in the change of flow and vortex sep-
aration pattern, which shall be discussed in Section 5.2. Bottom line
however is that for the high Reynolds number flow one can no longer
observe vortices detach over the whole length of the cylinder as is
characteristic for example in case of the Karman street, but they rather
detach in rotating stream tubes in in-flow direction, which can only
correctly be depicted with a fine mesh. Further, a coarse mesh may
trigger unphysical flow separation due to a rough geometry represen-
tation.
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Figure 5.4: Trajectories of the cylinder movement for different mesh
resolutions for high Reynolds number flow

The just discussed and analysed output parameters can also be
given a form when comparing the trajectories of the cylinder position
in Figure 5.4. There one can clearly see that for the coarse mesh one
still finds oscillations fairly similar to the subcritical flow, which be-
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come less and less for the finer mesh. It is also important to mention
that the movement of the cylinder no longer shows any significant pat-
tern as it used to in the subcritical case. The trajectories of the cylinder
rather seem to move around randomly and oscillations are much more
irregularly.

Since again a trade-off between accuracy and numerical costs had
to be made, the following experiments are all conducted with the sec-
ond mesh with 2.2×105 elements, since its frequencies, wavelength, os-
cillations and trajectories are already fairly close to the very fine mesh
but numerically still much cheaper than the latter. Given the extent of
experiments performed for this work, calculations could have not been
performed with the finer mesh with the amount of processor hours
available.

5.2 Phase and vortex analysis

As already mentioned in the aforegone section the flow pattern and
especially the flow detachment pattern varies considerably between
sub and supercritical flow. In Figure 5.5 one can see a cut of the mesh
and the cylinder from the side for low Reynolds number on the left
side and high Reynolds number on the right side. Both experiments
were conducted on the very fine mesh with 5.8 × 105 elements. The
low Reynolds number images were taken from the exact time steps as
in Figure 4.17, which enables one to also get an idea for the side or
top cut. The high Reynolds number flow images one the other hand
were taken at the same time as the screenshots in figure 5.6, so you can
compare the velocity with the respective pressure field.

What one can see is that for the low Reynolds number, no-slip
boundary condition the vortex separation is parallel to and over nearly
the whole length of the cylinder. The main vortex (high velocity field
- red) is building up at t = 91, separates at around t = 92 and at t = 93

one can already see that it has detached from the surface of the cylin-
der, as can be seen by the thin boundary layer of low velocity between
it and the cylinder.

The supercritical case however is much different. On one hand the
applied boundary condition is more a slip boundary condition, as is
the case for high Reynolds number flow and this boundary friction
model [17]. This can be clearly seen by means of looking at the surface
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of the cylinder, where a constant high velocity field has built. Further-
more the vortices no longer detach vertically, but horizontally in a kind
of rotating streamtubes, which was also a finding of [17]. They also do
not very much change over time as can be further seen when taking a
look at the pressure distribution in Figure 5.6. The high velocity fields
on the sides of the cylinder naturally relate to a low pressure field and
a high pressure field is to be found at the side facing the incoming wa-
ter. But in comparison to the subcritical case the pressure behind the
cylinder is constantly rather low and merely changes its magnitude or
shape, as also the detaching vortices only merely change their quan-
tity, shape or magnitude.

(a) Re = 1× 104, β = 10−1, t = 91 (b) Re = 9× 107, β = 10−3, t = 104

(c) Re = 1× 104, β = 10−1, t = 92 (d) Re = 9× 107, β = 10−3, t = 105

(e) Re = 1× 104, β = 10−1, t = 93 (f) Re = 9× 107, β = 10−3, t = 106

Figure 5.5: Velocity field for different Reynolds numbers and bound-
ary layer coefficients
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(a) t = 104 (b) t = 105 (c) t = 106

Figure 5.6: Pressure field for different steps in time forRe = 9×107, β =

10−3

5.3 Vortex Induced Vibrations for high Reynolds
number for non rotating cylinder (GN6)

As it was the subject in the aforegoing two sections, this section should
round up an overview over the vortex-induced vibrations for high
Reynolds number flow, without any rotation applied to the cylinder.
The aim of these tests is to find the oscillation behavior of the cylinder
for a wider range of inflow velocities. As it was already discussed in
the mesh sensitivity study for the first coarse mesh, strong oscillations
were measured both in in-flow, but especially crossflow direction for
a certain range of inflow velocities. And similar to the results gained
in the previous section, the strong oscillations disappear for the finer
mesh for more or less all velocities. In crossflow direction they hardly
take any values larger than 0.1, which is also in the range of results
we gained from the mesh sensitivity study. Interestingly the ampli-
tudes are also more or less constant over different velocities, which is
interesting since the high inflow velocities which are approximately
ten times larger than the low inflow velocities have almost the same
oscillations and vortex behavior. This is consistent with an ultimate
regime where increasing the Reynolds number has little effect.

Looking at the trajectory of the cylinder over time (Figure 5.8), it
can further be seen that the finer mesh simulation shows less oscilla-
tion amplitude in the in-flow direction, wich is another indicator for a
changing vortex separation for finer mesh. For a better understanding
of the high Reynolds number trajectories one can compare the coarse
and the fine mesh results to each other for the velocities Vr = 5 and
Vr = 8. There you can again see that the coarse mesh oscillations are
way too strong. Furthermore it is clearly observable for this frequency
that the in-flow oscillations are bend backwards at the peaks of the
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Figure 5.7: Oscillation amplitudes of the cylinders depending on dif-
ferent inflow velocities for the fine and coarse mesh (GN6)

crossflow oscillations which again implies that the frequencies differ
by about factor 2, instead of the the supercritically expected factor 1,
which can be observed for the finer mesh.

However even for the finer mesh the oscillations are still consider-
ably larger in crossflow directions than in the flow direction, which is
also a result gained from the previous mesh sensitivity study where
the magnitude of the two amplitudes still differs by approximately
factor 10.

Concluding the results gained in this chapter of high Reynolds
number flow the following aspects are probably the most important
ones. The flow behaviour changes considerably, which is also due to
the fact that for this problem setting a different boundary parameter
needs to be used. The flow changes in a way such that the vortices do
not detach parallel to the cylinder any more but in in-stream vortices.
This results in much smaller oscillations for both the in- and crossflow
oscillations, since the typical Karman street separation responsible for
the strong subcritical flow amplitudes do not occur anymore. Last one
can discover an alignment of the actual frequency of the cross and in-
flow oscillations, which for the subcritical case used to be of factor
fox/foy ≈ 2.
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Chapter 6

High Reynolds number flow Ro-
tation Experiments

After the calibration tests in the forth chapter and the high supercritical
Reynolds flow tests in the previous chapter, this chapter of the thesis
finally presents rotation experiments, where the impact of the Magnus
effect on the stabilisation shall be examined.

The viscosity and thereby the Reynolds number was maintained
at the same magnitude to the previous high Reynolds number flow
experiments, but again the friction parameter, the inflow velocity, the
natural frequency and especially the rotation speed were changed. In
Table 6.1 one has an overview over the different parameter setting and
tests. The idea was to get an overview on which impact different angu-
lar velocities, different stiffnesses or different roughnesses would have
and especially what the interaction between two cylinders in that case
would be, considering that the second was placed in the wakes of the
first one. The mesh in use for the below conducted experiments was
the second mesh with 2.2× 105 elements.

Table 6.1: Parameters for rotation experiments

Experiment fny m∗ fnx/fny β ω Vr Cyl

GN7 0.192 1.4 1.00 10−3 π/2− 6π 3− 8 1
GN8 0.192 1.4 1.00 10−3, 10−4 ω(uin) 3, 5, 7 1
GN9 0.192 1.4 1.00 10−3 ω(uin) 5, 7 2
GN10/11 0.192, 0.1 1.4 1.00 10−2, 10−3 ω(uin) 5, 9 2
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6.1 One cylinder with different angular and
natural velocities (GN7)

In the first of the rotation experiments an overview over the effects
of the rotation should be given for different inflow velocities and dif-
ferent angular velocities. For that reason 16 different tests were con-
ducted for Vr = 3, 5, 7, 8 and ω = π/2, π, 2π, 6π. As output variable
again the oscillation amplitudes were studied, but moreover especially
the mean position of the cylinder was examined, since the Magnus ef-
fect should not only be used for stabilisation but also for separation
of the cylinders. Last also a comparison of the trajectories should be
given at the end of this section.
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Figure 6.1: Oscillations of the cylinders depending on different inflow
velocities and rotation speeds

In Figure 6.1 the in-flow and crossflow oscillations are depicted.
The x-axis represents the magnitude of the dimension-free inflow ve-
locity Vr and the y-axis represents the different angular velocities, which
in this case are the same for all inflow velocities. The magnitude of the
amplitude can be measured at the z-axis.

Taking a first glance at the amplitudes for different rotation speeds,
one can clearly see that the rotation indeed has a strongly stabilis-
ing effect. When we learned in the previous chapter that the mean
oscillations in crossflow direction for this mesh and these velocities
were roughly between Ay/D ∈ [0.1, 0.2], then the strongest oscillations
which even for slow rotations show values below Ay/D < 0.08 are
already much of an improvement. Furthermore one can clearly see
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a decrease of the oscillations for increasing angular velocity in almost
every case. One of the most obvious exceptions certainly is the case for
Vr = 3, ω = 6π, where the oscillations are relatively high even though
they had decreased before.

(a) ω = 2π (b) ω = 6π

Figure 6.2: Visualisation of the cylinder for different rotation speeds

Trying to find the reason for this phenomenon one should take a
look at the visualisation of the flow for the different angular velocities,
which is given in Figure 6.2. There it can be seen that the cylinder in the
case of ω = 6π is rotating so fast that the incoming water can no longer
attach to the cylinder and we can see some kind of stall happening.
This should however not be confused with the inverse Magnus effect,
where the forces are reversed for a certain range of Reynolds numbers,
since the cylinder experiences slightly positive lift forces, however due
to the stall they are much smaller and more irregular. This can also be
seen in Figure 6.3, where the mean positions are depicted and where
the case of Vr = 3, ω = 6π is the only case in which the crossflow co-
ordinate is not increasing with higher angular velocity. Much more
interestingly though one can clearly see that the shifting force can be
quite high, especially for high inflow and angular velocities. In the
most extreme case the crossflow shift is almost four times the diame-
ter of the cylinder, which is a very promising result considering also
the ratio of platform diameter to wind turbine diameter and the de-
sired separation between the floats. Further tests should show if sim-
ilar results can also be achieved for changing surface roughness and
changing stiffnesses.
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Figure 6.3: Position of the cylinders depending on different inflow ve-
locities and rotation speeds

6.2 Rotation and friction change (GN8)

In this section the effect of changing friction parameters should be ex-
amined for different inflow velocities. Learning from the previous sec-
tion and the fact that the effect of the angular velocity is dependent of
the inflow velocity, the angular velocities were set in relation to the in-
flow velocity. Two tests were performed and the angular velocity was
set to either equal the incoming flow ω = uin/r or to be twice as large.
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Figure 6.4: Amplitudes of the cylinders depending on different inflow
velocities and rotation speeds

Therefore the angular velocity is different for different inflow ve-
locities. The idea behind is not only to avoid stall cases as in the previ-
ous section, but to also think of the rotation being possibly propelled
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by underwater turbines or similar that would produce power propor-
tional to the incoming flow.

With these assumptions one can take a look at the results and which
impact the different surface roughnesses have on the them. Surpris-
ingly the oscillations in case of low angular velocity differ quite ir-
regularly from surface roughness to surface roughness. It is not quite
clear also why the oscillations for a certain roughness differ so much
for different inflow velocities. Taking a look at the trajectories in fig-
ure 6.6 a possible explanation for the strong difference might be that in
some cases the oscillations had not yet fully developed, or maybe it is
possible that for these velocity magnitudes the oscillations are simply
so irregular that a longer data range on possibly a finer mesh would
be needed.

While the slow rotation oscillations might be subject to further re-
search one can clearly see that they significantly reduce in all cases
for a higher rotation velocity. Moreover one can observe that the sur-
face roughness hardly plays any role, especially for the cases of the
stronger oscillations. The amplitudes for both the cross and in-flow
oscillations are very similar for both surface roughnesses and a little
bit surprisingly cross and in-flow oscillations are approximately of the
same magnitude.
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Figure 6.5: Position of the cylinders depending on different inflow ve-
locities and rotation speeds

When taking a look at the positions of the cylinder one can see a
close alignment of the two surface roughnesses, even for low angular
velocities. As a matter of fact the values for the different roughnesses
are more or less identical for all measurements. Furthermore one can
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see a very proportional and steady increase of the position values both
for higher inflow velocities and higher angular velocities. It also gives
an interesting visualisation of how the separation of cylinders could be
increased by increased inflow speeds, if the angular velocity is linked
to the inflow velocity.
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Figure 6.6: Trajectories of the cylinder movement for different inflow
velocities and rotation speeds

6.3 Variation of inflow and rotation speed for
two cylinders (GN9)

Having gained those insights the same conditions should in the fol-
lowing sections now be tested for the two cylinder cases. Expectations
are that the first cylinder should more or less show the same results as
in the case of the one cylinder experiment, the big question however
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is how much the second cylinder will be affected by the vortices of
the first cylinder and how this might change for different inflow and
angular velocities.

In all of the following experiments the second cylinder was rotated
counterclockwise, hence in the opposite direction of the first cylinder
(compare Figure 6.10). When comparing their position or trajectories
the position of the second cylinder was often mirrored so that it could
be compared better to the the first cylinder
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Figure 6.7: Trajectories of the cylinder movement for different inflow
velocities and rotation speeds

Taking a look at Figure 6.7, where the movements of the cylinders
for the whole experiment, hence for different dimensionless and angu-
lar velocities were plotted one can see that the mean positions of the
second cylinder were considerably smaller than the ones of the first
cylinder, while it almost looks as if the oscillations were smaller for
the first cylinder. However in order to more accurately draw any con-
clusions one should rather look at Figures 6.8 - 6.11. The first of the
three figure is describing again the amplitudes of the oscillations for
different flow and angular velocities as well as for the two different
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Figure 6.8: Oscillation Amplitudes of the cylinders depending on dif-
ferent inflow velocities and rotation speeds

cylinders. It can be clearly seen that the second cylinder is affected by
the first cylinder and that the oscillations are rather large, especially for
low angular velocities. However one of the effects the rotation further
has, is that the area of vortices detachments is reduced, and thereby
also the wake behind the cylinder is reduced. This then also results
in lower oscillations for the second cylinder in relation to the first one,
since a more laminar incoming flow also results in a higher efficiency
of the Magnus forces.
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Figure 6.9: Position of the cylinders depending on different inflow ve-
locities and rotation speeds

As for the position of the cylinder it shows that the Magnus forces
of the second cylinder are not as effective as the rotation of the first
cylinder and that the wakes behind the first do influence the second
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one, even though their horizontal separation in cross flow direction
might be as large as 3 − 4 diameters. To get a visual impression com-
pare to Figure 6.10. However while the second cylinder does not reach
positions that far away from its original position as the first cylinder,
it’s shift is of the same magnitude and in most cases comes very close
to the first cylinder.

Figure 6.10: Visualisation of the two cylinders for Vr = 7, ω = 2uin/r

When comparing the trajectories, where the scale of the plot is al-
ways the same for the first cylinder on the left and the second cylinder
on the right, it shows that the first cylinder is always sticking to the
upper right corner, while the second cylinder’s trajectories are rather
in the lower left corner, showing considerably stronger oscillations es-
pecially for the low velocity cases.
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6.4 Variation of the natural frequency and sur-
face roughness (GN10) and (GN11)

When talking about varying the natural frequency one has to consider
that there are two different effects this can have. On one hand chang-
ing the natural frequency changes the ratio of actual inflow velocity to
dimensionless velocity, which means that the stiffness of the springs
is different for the same actual inflow velocity or it means a higher in-
flow velocity for the same stiffness. The described effects depend on
whether you treat Uin as depending on Vr as it was in all the experi-
ments so far, or if you would want to keep the actual inflow velocity
fixed and change Vr. The latter case would then correlate to an actual
changing of the stiffness of the springs.

In order to get a picture about the effect of both cases the last two
experiments are testing exactly those cases. In the first case the dimen-
sionless velocity is kept fix at Vr = 5 while the natural frequency is
increased, taking the values fny = 0.19, 0.31. This then increases the in-
flow velocity and hence the angular velocity which again is a function
of uin. Furthermore the experiments are performed again for two dif-
ferent surface roughnesses. However the surface roughness this time
is increased to β = 10−2, which would relate to very rough surfaces.
At a first glance of the trajectories one can again see the already dis-
cussed characteristic position distribution of the first and second cylin-
der, with the position of the first cylinder being further away and the
amplitudes smaller than the ones of the second cylinder.

Slightly surprising the increase of the natural frequency does not
seem to have much impact in case of the rough surface and in case of
the slippier surface it results in bigger oscillations for the second cylin-
der and a decrease of shift for both cylinders. A possible explanation
there again could be that due to the increased velocity in combination
with the thereby increased angular velocity it leads to a state which in
its efficiency of deflecting the surrounding flow is smaller than for the
lower frequency/inflow case.

This can also be seen in Figure 6.13, where the amplitude of the os-
cillations are shown. For β = 10−3 the crossflow oscillations of cylinder
II increase significantly for the higher frequency, while they decrease
for the first cylinder. The oscillations for the rougher surface however
seem to be much unaffected by a change of frequency as can be seen
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Figure 6.12: Trajectories of the cylinder movement for different natural
frequencies and friction parameter
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Figure 6.13: Oscillations of the cylinders depending on different inflow
velocities and rotation speeds

in the right plots of Figure 6.13.
When comparing the shifts in cross- and in-flow direction in Figure

6.14, one can very well compare that the shifts are about the same size
for both roughnesses for the standard frequency of fn = 0.19. And
while for the rougher surface the change of the frequency hardly plays
any role, the slippier surface experiences a shift towards the original
position, hence contrary to the desired large separation.

Taking a look at the visualisation of these actual test runs, no real
stall like for example in Figure 6.2 can be observed, hence as just men-
tioned it is assumed that in this case a non-optimal setting of angu-
lar velocity, inflow velocity and surface roughness is reached. Find-
ing these optima would also be recommended as subject to further
research.

While changing the natural frequency raises a few more questions
and is hence recommended as subject to further research, decreasing
the natural frequency while keeping the actual inflow velocity, hence
increasing the dimensionless velocity, makes up for very interesting
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Figure 6.14: Position of the cylinders depending on different inflow
velocities and rotation speeds

results. Just to call back in mind, this experiment represents the case
where the stiffness of the mooring is changed, trying to give the cylin-
der more freedom of movement.

The effects of this increased ’freedom’ are considerable. With the
less stiff mooring system the crossflow position of the cylinder imme-
diately shifts two to three diameters away from its origin, while the
oscillations for cylinder one only increase slightly. For a rough surface,
the amplitude of the crossflow oscillations for the second cylinder in-
creases strongly, but are somewhat proportional to the increase of the
shift.

For the slippier boundary the oscillations hardly vary for either fre-
quency or depending on the cylinder and are approximately of mag-
nitude 0.05.

Last one should take a look at the shift of the mean position, which
can be seen in Figure 6.18. It shows a huge difference between the stiff
experiment and the less stiff one. For both surface roughnesses the
positions shift more than three diameters, which means almost seven
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Figure 6.15: Trajectories of the cylinder movement for different natural
frequencies and friction parameter

Figure 6.16: Visualisation of the two cylinders for Uin = 5, fny = 0.1
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Figure 6.17: Oscillations of the cylinders depending on different inflow
velocities and rotation speeds

diameters separation in total. Furthermore they seem to be so distant
that the wakes of the first cylinder much less affect the cylinder behind
(compare Figure 6.16) which results in a shift of the second cylinder
equally large to the shift of the first cylinder and less wake turbulences
and hence less oscillations.
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Figure 6.18: Position of the cylinders depending on different inflow
velocities and rotation speeds



Chapter 7

Conclusion

Summing up the results and main findings of this thesis I would like
to follow again the structure of this thesis and divide the results into
the three points of low Reynolds number flow, high Reynolds number
flow and last high Reynolds number flow combined with the rotation
of the cylinder.

Low Reynolds number flow

For the low Reynolds number flow experiments three different param-
eter settings were tested to compare them with exisiting literature. In
these settings comparisons were drawn for different natural frequen-
cies, different damping coefficients, different mass and last also for
different ratios of the in-line to the crossflow natural frequency. The
comparison with the literature was quite consistent. The characteris-
tic eight-shape of the trajectory was achieved in all test runs and was
in some runs closer to physical runs than other numerical tests. The
magnitude of the oscillations also compared quite well for most of the
test cases except one (GN3), where it was a little smaller than physical
experiments with the same parameter setting.

It furthermore showed that in a mesh sensitivity study the oscil-
lations got more pronounced and grew with finer mesh. They were
closest to physical experiments for very high resolutions. The highest
resolution for these experiments was a mesh consisting of 8.1 × 105

elements, which was also the maximum of elements for which experi-
ments were performed, since the computational costs became too high.
Approximately 3.000 processor hours were needed for this high reso-
lution meshs, which considering that the total amount of processor
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hours was about 75.000 for all experiments in this project, was an up-
per limit for the mesh sensitivity study.

Last a thorough analysis of the pressure and velocity behaviour
during one period of the oscillation was performed, showing that along
the long side of the cylinder the vortices are separating on alternating
sides, leading to the characteristic Karman street and causing the os-
cillations.

High Reynolds number flow

This section was leaving the extensively tested field of low Reynolds
number flow VIV and examined the oscillations for high Reynolds
number flow. Since the high Reynolds number flow is highly depend-
ing on the boundary model, the tests showed that a certain resolution
of the mesh especially around the cylinder was needed to reproduce
the vortices seen in high Reynolds number flow experiments. These
supercritical flow vortices no longer separate parallel to the long side
of the cylinder, but horizontally in alternating stream tubes. It showed
that these vortices still caused oscillations, though they were much
smaller. Interestingly one could further see an alignment of in-line
and crossflow oscillation frequency, which for the subcritical flow had
had a ratio of 2 : 1. In terms of visualisation this implies that the os-
cillations do not have the shape of an eight any longer and develop a
less regular up and down, back and forward movement.

High Reynolds number flow Rotation experiments

Taking the results of the aforegone chapters as basis five more exper-
iments were performed. In these experiments the angular velocity,
inflow velocity, number of cylinders, surface roughness and natural
frequencies were varied in order to get an impression on the impact of
the Magnus effect. It showed that there was a clear correlation between
inflow, angular velocity and the resulting shift in crossflow direction.
The higher the two velocities, the more the cylinder was shifted. How-
ever as could be seen for low inflow and high angular velocities, at
some point a stall like phenomenon could be observed, leading to a
strong decrease of lift forces again. Further experiments showed that
smoothening the surface beyond a certain level had little impact on
the shift of the cylinder, but resulted in different oscillation patterns,
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which are subject to further research.
The last experiments performed then took the above results and

tested how the Magnus effect could be used in a real wind park en-
vironement, hence how much a second cylinder would be influenced
by the wakes behind the first cylinder. There it showed that the first
cylinder with the undistrubed inflow could make use of the Magnus
effect more efficiently, especially in terms of reducing the oscillations,
whereas the oscillations of the second cylinder- though they were still
smaller then without rotation- were even amplified by the irregular
wakes coming from the first cylinder. However in terms of the shift
the lift forces of the second cylinder were nearly as strong as the lift
forces of the first one, meaning that an effective separation of the two
cylinders in crossflow direction is possible. Depending on the stiffness
of the springs, the inflow as well as the angular velocity, the crossflow
separation reached values between sy/d = [2, 6].

Outlook

This thesis touched new fields in the research of vortex-induced vibra-
tions and gave extensive analysis of vortex-induced vibrations for high
Reynolds number flow especially in combination with the Magnus ef-
fect. While the range of experiments was quite large, some interesting
observations such as the intermediate oscillations for the critical fre-
quency range or some results regarding the Magnus effect could not
be examined in detail and shall be recommended for further research
and discussion.

However this thesis clearly showed that the Magnus effect was ap-
plicable also for supercritical flow and that it not only reduced wakes
behind the object, thereby reducing the oscillations, but also showed
that a separation of the wind turbine floats in crossflow direction was
possible even for more than one turbine. This finding could possibly
change wind park design and help in reducing material fatigue and
increasing energy extraction. Further calculations in terms of feasi-
bility are certainly necessary, but the Magnus effect can definitely be
considered as a possible solution to at least two of today’s wind enery
generation problems.
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