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o Introduction

* Floating platforms, originally employed as solutions for the
offshore oil and gas sector, have been used recently in the
offshore wind energy industry to give support to wind
turbines in mid and relatively deep waters;

* Inthe case of floating platforms with circular columns,
Vortex-Induced Motion (VIM) can be an important
phenomenon;

* Computational Fluid Dynamics (CFD) modeling might be
used as a prediction tool for VIM. However, the high
computational time usually impairs this approach, at least
during design stages;

* Alternatively, phenomenological models, based on non-
linear oscillators, such as on van der Pol equations are
proper to wake dynamics modeling.

Offshore
¢€) Mechanics

o Laboxaory A ROM FOR THE CURRENT-INDUCED MOTION OF A FOWT




o Introduction
o Early studies

Authors | Description

Hartlen & Currie (1970)

Facchinetti et al. (2003)

Ogink & Metrikine (2010)

Franzini & Bunzel (2018)

One of the pioneering studies, proposing the use of the Rayleigh oscillator in
order to model the lift coefficient. The coupling with the cylinder dynamics
was made through velocity.

Concluded that the interaction between wake and cylinder dynamics
equations might be modeled as dominated by inertial terms, proposing then
a coupling in terms of acceleration.

Relaxed an important hypothesis of Facchinetti et al's model, namely, the
linearization of the instantaneous relative velocity of the cylinder with respect
to the flow, modifying the coupling parameters, according to the
experimentally observed vortex emission regime.

Extended the approach by Ogink and Metrikine to two degrees of freedom
(2-dof), allowing both crosswise and in-line oscillations. A second van der
Pol oscillator, vibrating twice as fast as the crosswise one, was introduced.
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o Motivation

* The present work was motivated by the recent experimental results of
Gongalves et al. (2019), on the existence of VIM on a small-scale
multicolumn FOWT-0OC-4 model;

* If proved to be relevant in full scale, VIM might consist in a significant
factor to the operation of wind turbines;

* CFD might be computationally demanding;

* The intent henceforth is to verify whether reduced order models based
on wake oscillators could be successfully applied to multicolumn
platforms;

* Inthe present work, using the formalism of Analytical Mechanics and
based on wake oscillators phenomenological approach, a reduced-order
mathematical model (ROM) is derived to assess the motion on the
horizontal plane;

* The FOWT-0OC-4 Phase Il is used as case study and numerical results are
confronted with the experimental data by Gongalves et al. (2019);

* A full-scale FOWT with pontoons is used as a second case study.
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3) The Reduced-Order Mathematical Model
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o The Reduced Order Mathematical Model
o Equations of motion on the horizontal plane

Generalized coordinates (rigid-body motions):

A

a=[x » v],

Y

* Lagrange’s equations of motion:

d (aT] T _gnior,

[/ dt\ 0q 8q
0 -
— L * Kinetic energy (including the added mass effects):
L = <
— "" _____‘j\':.______g‘_l;’_’_‘-':’:\ T = 1. Ma: M=M M: M = BM B?
— :\‘Cl ’::' ‘O—_\:‘/J \—/E - Eq q, = P + as a = a )
. 4 i
— * Equations of motion:

w v < Nonlinear |nert|aI terms Pesce et al. (2018)

-----

Coordinates and general definitions. At origin, platformis > ¢ Generalized restorlng mooring forces «—

shown at 0 degrees current heading. T
--» e Generalized hydrodynamlc forces (vortex shedding)
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o The Reduced Order Mathematical Model
o Phenomenological model and hydrodynamic forces

Forces diagram for the k-th column. Cylinder
moving left and down.

Hydrodynamic interferences are not considered
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Body-fixed components of the hydrodynamic forces:

Vg’k
— . — . — [172 2
Uer =Us¢ V¢ e Upik =Usy Ve, U =yUsc +Upi

Body-fixed hydrodynamic coefficients:

1 1
F ZEPDkacg,ka%; F"n,k =5pDkaC,7,kU£,

U
Cf,k = (CD,kUg,k - CL,kUn,k)U_I;,

U
Crk =(CoiUyi + CL,kU§,k)U_];9

Velocity of the k-th column center:

VCk :VA +0)p chklA,

Generalized viscous hydrodynamic forces:

N, av
Qr=YF,, -—; j=1,2,3.
’ kzz; a‘]j
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o The Reduced Order Mathematical Model
o Phenomenological model and hydrodynamic forces

* Two forced van der Pol oscillators for each column,
aligned with the body-frame directions

A
ch,k + ‘9§a)s,k (Wék _1)W§,k + 4a)s2’kW§,k = Faék,
k

U.,
A ———
Wy + &, 0k (Wh = D)Wy i + 07wy = D—”a,,,k, —
| — o2
*—
==
[ e

a)s,k = 27[St,k (Uk /Dk),

* Lift and drag coefficients as functions of the wake

variables: %
C C/) —lﬁ
Cri =TL0wﬂ,k; Chir =Chpo (1+KW;,/{)+%W§J~

* Coupling with body-fixed hydrodynamic coefficients:  \/ortex wake shed from each cylindrical column.
No wake interference is considered.

U U
Cer =(CppUegy — CL,kUn,k)U_];; Cor =(Co Uy + CL,kUcf,k)U_];-

o0

o0
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o The Reduced Order Mathematical Model
o The coupled fluid-structure interaction ROM

* A 11-dof reduced-order model is obtained (3 rigid body dof + 2 x 4 columns wake oscillators):

Mg=Q.+Q.,
N :{M 0} B :{Q} * Generalized coordinate vector, §;
A, 1 w * Augmented inertia matrix, M;
- [Q"-Q'] - Q’ * Generalized conservative forces and nonlinear inertia terms, Q.;
Q. { Q' } Q. {QJ’ * Non-conservative term, Q.
A4 da, A Oag, A: Oag, |
Dy oGy D, &g, D, 0q;
A4y 0ay Ay day A, Day 4ot ws, ] [~ (W =),
D, o4, D, 0q, D, 0g, —02 Wy, —&,0,, (Wi —Dw,,
A, = 5 : : ; Q= : ; Q= :
A Oagy,  A: Oagy,  A: Oagy, ~4w] \ Wy, —&:0,n, (Wi y, =Dz,
Dy, 0q, Dy, 04, Dy, 0g; __a)sz,Nch,Nc ] | ~€nWs N, (W;?,NC_I)WU,NC
4, Oa,y, 4, Oa,y, 4, Oa,y,
L DNC 04, DNc 04, DNC 0s ]
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4) A Case Study
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o Experimental Study of a FOWT (Gongalves et al., IOWTC 2019)
o FOWT-0OC-4 Phase Il

* Schematic diagram of the experiment:

0(°),90(°), 180 (°) ﬂ ﬂ ﬂ U,

Win = 1.59m

* Reduced scale model (1:72.72):

240m

L

Ly = 85.00m
', 1’
4 ’
Vo
.’ ”
2T
St ‘I
A
2 N ,’
4 %
i ’
J y
4 y
J 4
5
7 \ 4
/
R
]
»
4
!
k

D, = 165.0mm D3 = 330.0mm
\
H = 270.0mm
Ly = 82.5mm Ly = 440.0mm X

L/D=H/D=1.67
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o Experimental Study of a FOWT
o FOWT-0OC-4 Phase Il

v. The platform is rotated relative to the
S YL support ring to set up the different heading
0 || > angles.
——
e
Us
—_—
i Y
90° | | o T_X,
L
L
U,
_
o Y
180° _>' T—;
—_—
—_l
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o Numerical Simulations
o Simulations’ setup

e Simulations were carried out at least for 30 reduced velocities
(3 <Vz <24 and 8,000 < Re < 70,000) for each incidence angle;

* The simulations were performed in a MATLAB® environment,
numerically integrating the coupled equations in the state
space form;

* A fixed time step of 0.1 seconds was used, applying the 4th
order Runge-Kutta algorithm;

 The results obtained are:

1) Natural periods at the trivial equilibrium position
(origin, g = 0);

2) FOWT’s trajectories on the horizontal plane;

3) Dimensionless motion amplitudes and oscillation
frequencies.
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o Numerical Simulations
o Parameters

Table 1. OC4 scaled model parameters.

Parameters Values
Draught, H (m) 0.275
Arc radius, R (m) 0.490
Columns centers’ radius, 7 (m) 0.397
Diameters, {D,.D,.D,,D
{( 1) 2Dy, Ds} {0.165, 0.165, 0.165, 0.090}
m

Platform’s mass matrix, M,
(kg, kg, kgm?)
Added mass tensor, Ma

(kg, kg, kgm?)
Density of water, p (kg/m3)

diag{36.70, 36.70, 4.00}

diag{21.72, 22.13, 4.39}

1000

Table 3. Wake-oscillators parameters.

Parameters Values
{4:,4,} {12, 6}
\eestg) {0.30, 0.15}

{CDU:CLUDCgOJK}
Strouhal numbers for each col-
umnl {Stl 7St1 7St; 7Sf4 }

{0.70, 0.30, 0.10, 0.05}

{0.145, 0.145, 0.145, 0.150}

Table 4. Mass and stiffness matrices at the trivial equilibrium

Table 2. Mooring system parameters.

position.
Incidence 0°, 180° 90°
Mass matrix, M diag{58.42, 58.83, diag{58.83, 58.42,
(kg, kg, kgm?) 8.39} 8.39}

Mooring stiffness
matrix, K
(N/m, N/m, Nm)

diag{26.48, 27.46,

diag{26.48, 27.46,
19.22}

19.22}

Parameters Values

Towing car dimensions,

Table 5. Natural periods at the trivial equilibrium position.

Experiment ROM
{1.59, 2.40, 0.98}

W.,.L,,®,} (m) Incidence  0°, 180° 90° 0°, 180° 90°
Natural lengths {1, .7, .2, .7, } (m) {0:80; 0:425; 0.80, DOF Tn (5) Tn () Tn () Tn (s)
0.425} X 9.40 9.40 9.33 9.36

Spring constants {k,k,.k;, k.
pring 1k ky ks kg (7.46, 9.42, 7.46, 9.42} Y 9.60 9.70 9.20 9.16
(N/m) 7 4.20 4.20 4.15 4.15
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o Results

o Trajectories of the FOWT’s center on the horizontal plane
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X is the current direction, in-line; Y is the direction
transversal to it, cross. Yaw scaled as in the colored bar.
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Animation of the FOWT’s motion at the corresponding reduced
velocities. Platform drawing in augmented scale (6x).
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o Results

o Trajectories of the FOWT’s center on the horizontal plane
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o Results
o Trajectories of the FOWT’s center on the horizontal plane

Uoc =0.1-i + 0-j (m/s), VR =5.2364 and t = 1504 (s)

180°
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o Results

o Dimensionless amplitudes and frequencies
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o Numerical Study of a Full-Scale FOWT
o FOWT with pontoons

135.00

1600

74.37

Lateral view

120.0°

Heading
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o Numerical Study of a Full-Scale FOWT
o FOWT with pontoons

The platform is rotated relative to the fixed M, =R(0)MR’ (o)
frame to set up the different heading angles. K, =R(0)K,R" (o)
0° 90° 180°
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o Numerical Simulations
o Simulations’ setup

e Simulations were carried out at least for 20 reduced velocities
(1<Vz<36and 1.6 x 10° < Re < 34 X 10°) for each incidence
angle;

* The simulations were performed in a MATLAB® environment,
numerically integrating the coupled equations in the state
space form;

* Afixed time step of 0.1 seconds was used, applying the 4th
order Runge-Kutta algorithm;

 The results obtained are:

1) Natural periods at the trivial equilibrium position
(origin, g = 0);
2) FOWT's trajectories on the horizontal plane;

3) Dimensionless motion amplitudes and oscillation
frequencies.
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o Numerical Simulations
o Parameters

Table 6. FOWT-C parameters.

Parameters Values Units
2.25-107 0 0
Rigid body mass, My 0 2.25-107 0 kg, kgm?
0 0 1.92-10%°
Water density, p 1025 kg/m3
Distance between the plataform center and 38.36 m
columns centers, R
Columns diameters, D;, D,, D3, D, 16.71, 16.71, 16.71, 14.1
Pontoons dimensions, L, B, H 23,16.71,6
Strips lengths, A 2.3

Strouhal number of the columns,

0.12,0.12,0.12, 0.132 -
St,ll St,Zr St,3a St,4-

Mean drag coefficient of the columns, Cp o 0.7 -

Pontoons drag coefficient, Cp 0.61 -

1 Offshore
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o Numerical Simulations
o Parameters

Mooring stiffness matrix calculated at the
trivial equilibrium position (origin, g = 0)

00

90°

(i) Matriz de massa adicional (kg, kgm, kgm?)
R 1.45-107 0 0
M, = 0 1.45-107 1.22-10°
0 1.22-10% 1.63-10'°
(ii) Matriz de rigidez (N/m, N/rad, Nm/rad)

0 1.65-10* 2.58-103

_ [r65-10* 0 0
R =
0 2.58-10° 2.05-10°

(iii) Frequéncias naturais (Hz)

fux = 0.0034; f, = 0.0034; f,, = 0.0121

(i) Matriz de massa adicional (kg, kgm, kgm?)

_ 1.45-107 0 —1.22-10°
M, = 0 1.45-107 0

—1.22-10° 0 1.63-101°

(i1) Matriz de rigidez (N/m, N/rad, Nm/rad)

R= 0 1.65-10* 0

1.65 - 10* 0 —2.58"- 103]
—-2.58-103 0

2.05-108

(iii) Frequéncias naturais (Hz)

Offshore
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fax = 0.0034; foy = 0.0034; f,,, = 0.0121
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(i) Matriz de massa adicional (kg, kgm, kgm?)

_ [r45-107 0 0
My=| 0 145107 —1.22-10°
0 ~122-10° 1.63- 100

(i1) Matriz de rigidez (N/m, N/rad, Nm/rad)

~)
I

0 1.65-10* —2.58-103

1.65-10* 0 0 l
0 —2.58-10% 2.05-108

(ii1) Frequéncias naturais (Hz)

fox = 0.0034; f,y = 0.0034; f,,, = 0.0121




o Results
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(a)-(b): With pontoons drag
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X is the current direction, in-line; Y is the direction
transversal to it, cross. Yaw scaled as in the colored bar.

)
¥ (degrees)

s b L ©
 (degrees)

3

o Trajectories of the FOWT’s center on the horizontal plane

Um3 =0.8-i+0j(m/s), Vn =1246and t=0 (s)

Uc,o =0.8-i+0-j (m/s), VR =1246and t=0 (s)
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Animation of the FOWT’s motion at the corresponding reduced
velocities. Platform drawing in augmented scale (3x).
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o Results

o Trajectories of the FOWT’s center on the horizontal plane
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o Results

o Trajectories of the FOWT’s center on the horizontal plane
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o Results

o Dimensionless amplitudes and frequencies
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o Results

o Dimensionless amplitudes and frequencies
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9) Conclusions and Further Works
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Comments

A reduced-order mathematical model (ROM) was proposed to address the Vortex-Induced Motion (VIM) of
moored (circular) multicolumn FOWTs;

» Viscous fluid forces induced by vortex-shedding are modeled through a phenomenological approach, such that
the dynamics of the vortex wake that is shed from each cylindrical column is represented through a pair of
wake-oscillators, of the van der Pol type;

» All wake interferences that may occur among columns have been simply ignored in the presented version of
this ROM, for simplicity;

* The preliminary results obtained with the proposed ROM turn it into a very promising approach with good
experimental comparisons;

« Future improvements should involve the effects of wake interferences between columns, dependent on the
spacing between them and thought to be an important issue in some incidence angles and at higher reduced
velocities;

« The hydrodynamic effect of the heave plates and braces are other points that certainly deserve further
investigation;

* The pontoons additions into the ROM result in damped cross-flow oscillations;

» CFD simulations are on-going tasks: 2D and then 3D.
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