Jour nal of Subsea and Offshore
-Science and Engineering-, Vol.8

December 30, 2016

Six Degrees of Freedom Numerical Analysis of an Offshore Wind
Turbine Floating on a Spar Buoys

Shahryar Abtahf, and Hassan Ghasseffi,

@b Department of Maritime Engineering, Amirkabir Unisigy of Technology, Tehran, Iran

*Corresponding author: gasemi@aut.ac.ir

Paper History

Received: 2-October-2016
Received in revised form: 11-November-2016
Accepted: 30-December-2016

ABSTRACT

Application of offshore wind turbines (OWT) due telatively
clean and local energy production is increasing
recentlyconsequently It is obvious in near futuredrenergy will
get significant portion of man produced energy. ©héhe most
important issues and updates in design of thesetstes is
correct analysis and increasing the accuracy oattadysis so that
in addition to considering efficiency and stabilitf/structure. On
the other hand, fluid and structure interaction tlie most
complicated issues foraccurateanalyzing of OWThis study, a
5 MBoffshore wind turbine located ona spar typessulcture and
mooredby three weighted catenary cables is invagtiy
Different kinds of load combinations such as wiaakrent, wave,
dead and live loads and earthquake loading appdi€dWT and
structure responses have been investigated. Negxtcsitical load
combination was asset. Finally according to catauia, the most
critical load combination for OWT was combinatioh seismic
loads and specific portion of live and dead loads.

KEY WORDS: Offshore wind turbine, Dynamic analysis,
Catenary mooring lines

1.0INTRODUCTION

Wind turbine is used in wind plants for transfegrkinetic energy
to mechanical energy, which is called wind powemd&\urbines

are constructed in two kinds of horizontal and ieattaxis. The
small wind turbine are used to charging the batseor alternative
power in wind boats, while the greater wind turlsiméth rotating
generator are considered one source to productied¢é@nergy
[1]. Wind turbines in wind farms for commercialopluction of
electricity used today, are usually three — bladed are located
by computer based systems. Wind turbines with tadeven one
blades are also used recently [2]. The turbinddslaare usually
between 20 to 40 meters and even have more longiuend
rotational speed of about 10 to 22 revolutions mperute. If the
length of a wind turbine is 40 m and rotate by 20r@volutions
per minute, Linear speed of the blade tips wilbbeut 84 meters
per second (302Km/h). The blades are mounted onofaine
tower, as a steel pipe and a height of 60 to 9Gmet)sually
with a gearbox, shaft rotation speed is increabed,in some
designs, the axis rotates a ring generator withesspeed. Some
models of wind turbines operate at a constant sp&tbdvariable
speed turbines can produce more energy which mbyekft
force and blades drug. In Figure 1, an example wina turbine
is shown.

Figure 1: Offshore wind turbine floating with Spar buoys
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In 2013, Kelly et al [3] studied all previous steslirelated to
offshore wind turbines. In 2012, Karimi rad et 4] [nvestigated
dynamic behavior of spar wind turbine floating jpplying wave
and wind. They conducted their study under perforeaand
turbulent conditions on a spar wind turbine witMb. They used
aero-hydro-servo-elastic simulations to analyzeadyic response
in the time domain. They also used Morrison equatin
advanced blade element momentum theory for aerodignand
hydrodynamic modeling to calculate the positiorth&# moment
and panel imposed structures. Kelader et al [5] 2014,
analyzedfluid and structure interaction in couplingode in
floated offshore wind turbines. They presented mpatational
framework for modeling the complex interactions afiag
structures and waves. Finally,the ability of thiethod had a
good agreement with the actual and laboratory.tests

Front et al [6] presented none-linear model to ropth
analyses of fluid and structure interaction. Weng deng [7]
also suggested about nonlinear method of expliodehto waves
and floated structures interaction in forced anek fvibration
motion. The application of a submerged object metho the
modeling of wave-structure interaction was preseiie et al [8]
in 2016. The numerical method used was nonlinedefelement.
They solved the Navier-Stokes equations on the redvenesh
generator on the entire range. The modeling mellyochanging
the parameters of Beria modeling of wave-structot@eraction in
offshore wind turbine was presented by Sava andl ef9].
Kelleder et al [10] in 2016 remodeled fluid-strugtunteraction
in floating structures by considering atmospheuidbtilence and
real waves. In the following sections of the studgverning
equations, validation and investigating the effe€t loading
combination are presented.

2.0 GOVERNING EQUATIONS

In this study hydrodynamic forces include hydrastatinear
excitation due to waves, linear radiation due tfecbmovement
in water and nonlinear impacts are considered. lXkear
hydrostatic to object is computed by:

FiHydrostatic (q) — Hydrostaticq (1)

pgVobiz — Cij j

wherep is density, V displaced fluid volume and C is topatatic

force matrix due to hydrostatic stiffness in water.the above
equation, the indices i and j are surge, Sway, Hegll, pitch

and yaw. It should be noted that in above equathmn effects of
objects weight in restoring farce has not considlefhe first

term of above equation is buoyancy force whichgsiealent of

displaced weight of fluid due to floating objecthé'second term
of above equation indicates the variation of foaoe hydrostatic
moments due to structure displacement.

Other hydrodynamic forces are dependent on thermame
of separation of flow from the structure. For tipioblem, the
Klugan Carpenter and Reynolds number are two decisi
numbers and defined by [11]:

_r @)
7,

Re = — ©)
v

which disc cylinder diameter, v fluid viscosity wlave period and
V is flow speed of the flow. The Dis a significant factor in the
equations. In linear regular waves, wavelength thedamplitude
of wave’s displacement are as follow:

_ mH cosh[k(Z + h)] (4)
Y = T sinh(kR)
K tanh(ih) = X% ®)

tan ( ) = W

_z2m (6)
=3

where Z is local height and k is wave number. THditoonal
damping equation is considered by [11]:

FiAdditional Damping (q) — _Bil,jinearq.j (7)

That Bij is the additional damping matrix of struiet. The indices
i and j indicate 6 degree of freedom of structarthie direction of
surge, Sway, Heave, roll, pitch and yaw. The follayvequation
is used to consider the stiffness and damping tsffet Platform
braces:

FiLinES(q) — FiLines _ CiLjinesqj (8)

where C is the stiffness of connected braces aiwdtlre overall
force of bracing system.

3.0VALIDATION

Considered wind turbine for verification, includesver, turbine,
Spar substructure and mooring system is definedBRL [11].
The base of the tower is located 10 meters abowestih water
level (SWL) with a diameter of 6.5 m and thicknegs0.027
meters, started in cone shape. The top of the t@veoincident
with the yaw bearing and is located at an elevatb87.6 m
above the SWL and at the end has a diameter ofr8e@rs with
0.019 m thickness. In the following Table, the toweoperties
are shown [11]:

Table 1: Tower Properties

Elevation to Tower Base (Platform Top) 10m
Above SWL

Elevation to Tower Top (Yaw Bearing) 87.6 m
Above SWL

Overall (Integrated) Tower Mass 249,718 kg
CM Location of Tower Above SWL Along 43,4 m
Tower Centerline

Tower Structural — Damping Ratio (All 1%

Modes

The tower at a height of 10 meters above sea lé&vel
connected to 120 m cantilever floating platform.eTplatform
given is a spar buoy which is composed of two ddinparts and
is connected by a cone. From a height of 10 meters meters
below the water surface the buoy diameter is cemnsitl 6.5 m.
The original height of 12 meters below the surfacey with a
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diameter of 9.4 meters startsand goes to a deptt@fmeters (BYineary
below the water level. Water depth of 320 metermissidered in Additional Linear Damping in Sway 100,000 N/(m/s)
all analyzes. In the following Table, the genet@macteristics of (BLinear)
the spar platform are shown. Additional Linear Damping in Heave 130,000 N/(m/s)
. . . (B3
Table 2: Structural properties of floating platform Additional Linear Damping in Yaw 13,000,000
Depth to Platform Base Below SWL (Total 120 m (BLineary N/(m/s)
Draft) 66
Elevation to Platfi Top (T B 10 .
At()a(;/\?elc;r\l,v? atform Top (Tower Base) m Three catenary cables used at height of 70 metdosvithe
surface are connected to substructures and thgiingas 5.2 m
Depth to Top of Taper Below SWL 4m from the central axis. This brace is located with22 m
Depth to Bottom of Taper Below SWL 12m upstretched length to seabed at a depth of 320 dnaae in
Platform Diameter Above Taper 6.5m 853.86m distance from the central axis of structdrable 5
Platform Diameter Below Taper 94m consist of mooring lines properties. Figure 2, sthate the
- - schematic shape and the considered geometry.
Platform Mass, Including Ballast 7466330 kg
CM Location Below SWL Along Platform C.L  89.9155 m Table5: Mooring Lines Properties
Platform Roll Inertia about CM 4,229,230,000 Number of Mooring Lines 3
kg.m"2 Angle Between Adjacent Lines 120 deg
Platform Pitch Inertia about CM 4,229,2?\0,000 Depth to Anchors Below SWL 320m
: kg.m"2 (Water Depth
Platform Yaw Inertia about Platform C.L I(164,/2\?0,000 Depth to Fairleads Below SWL 70.0m
.m
g Radius to Anchors From Platform 853.87 m
In addition, the forces applied from the sea, tgitar wave Centerline
with height and the period given in Table 3 is ¢dered and Radius to Fairleads From Platform 52m
finally hydrodynamic characteristics of structuses considered Centerline _
in Table 4. Upstretched Mooring Line Length 902.2 m
Table 3: Sea state definitions Mooring Line Diameter 0.09m

Sea State T (s) H(m)
1 2 0.09
2 4.8 0.67
8 6.5 1.40
4 8.1 2.44
5 9.7 3.66
6 11.3 5.49
7 13.6 9.14
8 17 15.24

Table 4: Hydrodynamic Properties of structure

Water Density §) 1.025kg/m3
Water Depth (h) 320 m
Buoyancy Force in Un_Displaced 80,708,100 N
Position pgVy)
Hydrostatic Restoring in Heave 332,941 N/m
Hydrostatic
(C33 )
Hydrostatic Restoring in Roll -4,999,180,000
(Cf‘l-ydrostatic) Nm/rad
Hydrostatic Restoring in Pitch -4,999,180,000
(CHydrostatic) Nm/rad
55
Added-Mass Coefficientin 0.969954

Morison’s Equation)

Viscous-Drag Coefficientqpin 0.6
Morison’s Equatior

Additional Linear Damping in Surge

100,000 N/(m/s)

Equivalent Mooring Line Mass
Density

Equivalent Mooring Line Weight in
Water

Equivalent Mooring Line
Extensional Stiffness

Additional Yaw Spring Stiffness

77.7066 kg/m

698.094 N/m

384,243,000 N

98,340,000 Nm/rad

Figure 2: Computational domain of geometry

For investigating the accuracy of solving above aiday
AQWA ANSYS, force-displacement results are comparethe
reference results [11]. Accordingly Figure3 is gomgreement
with NERL [11] result. The computed error for therde in the
direction of the surge vibration is %5.2 and in thieection of
sway vibration is %6.81.

Published by International Society of Ocean, Meat&lrand Aerospace Scientists and Engineers



Journal of Subsea and Offshore
-Science and Engineering-, V0I.8

December 30, 2016

. [ 1

06 © O O O O O O O 0 O T M o b F1_AQWA o

+

—p— )
04 © o} 4
- = :F2_AQWA

v,

F1-F2 (N)
°
g
o

o
<

-40 -30 -20 -10 0 10 20 30 40
q1(m)

Figure 3: Force-displacement for surge and sway motions

4.0 LOADS COMBINATION

After verification of the modeling procedure, aiél load

combinations has been investigated. As mention¢tiZn13, and
14], the critical combination of applied loads fanalyses and
design in offshore structures are presented amiib:

COMB1 = DEAD Load + LIVE Load 9)
+ Wind Load + Wave Load
+ Current Load

COMB2 = DEAD Load + 0.5 X LIVE Load (10)
+ Earthquake
COMB3 = DEAD Load + Wind Load + 1.32 (11)

X Wave Load
In the above equations dead load is the weighysibm, live
loads consist of those which will vary in the periaf utilization
of system, which us set to be zero because noeteidor live
load are applied here. For wave Pierson Moskov@ta State 2
is used and current set to be constant by velo€itym/s. Finally
time history of earthquake also is:

- Kobeh EQ
% 10
E
= 5
S
@
o 0
8 0 10 15
< 5
-10 .
Time (Sec)
Figure 4: Time History of Kobe Earthquake
50RESULTS

After analysis, the following results were observieadthe Figures
5 and 6, the samples of the waves applied to strei@nd the
established stress are observed. Also the resmérssricture for
the above loading combinations is shown in the ilggw, 8 and
9. All data are estabilished in full scale, andufssare calculated

in full scale operating conditions. The wind tumbiis assumed as
source term, means that turbine torque is inputedthe
calculations.

In Figure 5 the sea state 2 can be observed amd thés
maximum shear stress which is located at sea ieyeksented in
Figure6. By applying 3 different combination loadsigure?
shows the heave response of OWT in different freqgias.
Combination 1 in freq. 0.353 rad/sec has the mawinheave
displacement 2.68 m while combination 3 the maxineave
response is 2.3 m in freq. of 0.23 rad/sec. Finallyit can be
observed combination 2 has the maximum heave displant
equal to 4 m which is the highest among all ottemlgination
loads. This heave response for combination 3 idréq. 0.2
rad/sec.

Figure5: The applied waves on the structure

Figure 6: The established stress in structure in one tige st
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45 wind turbines designed by NERL floating on a Spaioys
4 moored by three catenary cables harness was sklé@tte results

35 in validation part of study are shown acceptableueacy in the
T 3 structural response. In the next step the existiad combination
% 25 declared in different references were studied dmdet critical
g 2 load combinations appropriate for our problem wselected and
T 15 after structural and hydro dynamic analysis, thetnedtical case
1 is computed. In the next step the response of tsies are

05 investigated. For comparing these three combingtibeave

0 response, shear stress and maximum deformationowenputed.

15 The combination of dead load, part of live load @adthquake
was the most critical load combination. For futstedy it is
worthwhile to study two way interaction of OWT. Aleffect of
different seismic loads along the other dynamic atadic load
can be considered for different types of OWT.

w(rad/sec)

Figure 7: Heave response of OWT

Also, the most critical load combination comparimgximum
shear stress is second one. In this load combmétiere are two
local maximum values 3.99 Mpa and 2.55 Mpa and the
frequencies are 0.08 and 0.22 rad/sec. The othed lo
combinations maximum shear stress are 3.66 andMbé
respectively belong to Comb 3 and Comb 1. Finallgxivhum
deformation of total structures occurs in first asetond load
combination as it is illustrated in the Figure 9.

REFERENCE

1. L. Sarah, (2011)Hope Floats for a New Generation of

Deep-Water Wind Farm&ood Environment.

I. S. Graham, (1999Wind Power (Energy Foreven)ibrary

Binding — April 1.

3. M. Arshad, B.C. Okelly, (2013). Offshore wind-
turbinestructures: a review.Proceedings of the Institution
of Civil Engineers166, Issue EN4Pages 139-152.

4. M. Karimirad, T. Moan, F. Asce, (2015)Theoretical
Analysis of Mechanical Vibration for Offshore Ptath
StructuresWorld Journal of Mechanics, NO.(4) pp:1-11.

5. A. Calderer, X. Guo, L.S. Shen, F. Sotiropoulo)1#®).
Coupled fluid-structure interaction simulation dbdting
offshore wind turbines and waves: a large eddy Kitman
approach.Journal of Physics: Conference Series, Volume
524, conference 1.

6. G.Ducrozet, A.P.E. Karup, H.B. Bingham, P. Ferrant,
(2014).A non-linear wave decomposition model for efficient

2 wave—structure interaction. Part A: Formulation,

w(rad/sec) validations and analysis. Journal of Computational

PhysicsVolume 257, Part A, pp 863—883.

7. L. Wang, H. Tang, (2015). Comment oA fully nonlinear
implicit model for wave interactions with submerged

2. structures in forced or free motion” by Guerber at

——— COMB1 (2012y. Engineering  Analysis  with Boundary

Elements,Volume 51, Pages 109-111.

. A. Vire, J. Spinneken, M.D. Piggott, CC. Pain,(2D16

— — -COMB3 Application of the immersed-body method to simulaee—

05 N o e e o o e e e structure interactions.European Journal of Mechanics -
B/FluidsVolume 55, Part 2, Pages 330-339.

9. T.J. Salwa, O.Bokhove, M. A. Kelmanson, (2016).

0 0.1 0.2 0.3 0.4 0.5 Variational Modeling Of Wave-Structure Interactiof®r
Offshore Wind TurbineASME14.

10. A.Calderer, X.Guo, L. Shen, F.Sotiropoulos, (20F8id-
structure interaction simulation of floating struces
interacting with complex, large-scale ocean waves a
atmospheric turbulencé&hysics and Fluid Dynamics.

11. J. Jonkman, (2010Definition of the Floating System for

5.0 CONCLUSION Phase IV of OC3Technical Report NREL/TP-500-47535.

12. S.Nallayarasu, (2006DFFSHORE STRUCTURES Analysis

In this study, a previous study in the field of dymic analysis of and Design Department of Ocean Engineering Indian
offshore wind turbine is studied. Then one of th&l® offshore Institute of Technology Madras, Chennai, India.

N

I

' N w ;
a N wo s,

Shear Stress (Mpa)
o (=
o

o
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