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13 Abstract: Aerodynamic performance of a floating offshore wind turbine (FOWT) is significantly
14 influenced by platform surging motions. Accurate prediction of the unsteady aerodynamic loads is
15 imperative for determining the fatigue life, ultimate loads on key components such as FOWT rotor
16 blades, gearbox and power converter. The current study examines the predictions of numerical
17 codes by comparing with unsteady experimental results of a scaled floating wind turbine rotor. The

18 influence of platform surge amplitude together with the tip speed ratio on the unsteady
19 aerodynamic loading has been simulated through unsteady CFD. It is shown that the unsteady
20 aerodynamic loads of FOWT are highly sensitive to the changes in frequency and amplitude of the

21 platform motion. Also, the surging motion significantly influences the windmill operating state
22 due to strong flow interaction between the rotating blades and generated blade-tip vortices. Almost
23 in all frequencies and amplitudes, CFD, LR-BEM and LR-uBEM predictions of mean thrust shows a
24 good correlation with experimental results.
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26

27 1. Introduction

28 This paper is an extension and continuation of the earlier work that has been presented in 2018
29  2nd International Conference on Green Energy and Applications of IEEE (ICGEA) [1]. The insatiable
30  demand for the energy and the rising greenhouse gas emissions push the energy sector towards
31  renewable energy. Among the various renewable energy sources, wind energy is one popular form
32 of energy due to its reliability and cost competitiveness. The wind industry has seen a tremendous
33 growth in the past decades [2] leading to the addition of 52.6 GW of power to an existing 539 GW as
34 of 2017. To meet the projected energy demand, the wind industries are pushed to explore
35  technologies beyond conventional land-based installations. Offshore wind turbine is one of the
36  identified potential solutions with significant annual energy output due to high wind speed.

37 Offshore wind technologies are continuously improved by myriad experimental, numerical
38 and field studies. As the water depth increases, the conventional monopile foundation or
39  gravity-based foundation are not economically lucrative. Hence floating wind turbines are proposed
40  as an alternative solution in terms of cost and reliability [3]. Floating wind turbines are an active
41  research topic in recent days with innovative concepts to curtain the installation and maintenance
42 cost. A few concepts have been implemented in prototype turbines in deep waters to demonstrate
43 the feasibility of the concept.

44 The floating offshore wind turbine’s capital, Operation and Maintenance (O&M) cost should be
45  significantly reduced in order to be competitive with the fixed bottom wind machines and
46  conventional power sources. Apart from the design considerations of offshore environment, floating
47  offshore wind turbine technology is impaired with other challenges such as application of right
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floating platform technology and increased O&M cost due to the accessibility of the assets in deep
waters. Hence the offshore wind turbines are expected to have improved reliability and should be
able to withstand high wind loads to reduce the maintenance cost. Accurate prediction of various
forces and combined loading are the important aspects of floating offshore wind turbine systems
design.

Numerical simulations play important role in every stage of the wind turbine product life
cycle development from conceptual design to operation, maintenance and decommissioning to
optimize CAPEX and OPEX(O&M). In addition to their significant contribution in predicting the
wind loads on the turbine, numerical simulations also help to develop radically new designs. During
the design review, compliance and certification process, thousands of simulations are normally
performed. Hence, the typical engineering analytic code like NREL FAST, is often used to assess the
performance behaviors of the turbine. To compute aerodynamics loads, AeroDyn sub module is
integrated with FAST modular framework. Blade Element Momentum (BEM) and Generalized
Wake Dynamic (GDW) methods are implemented in AeroDyn.

Wind turbine industry has adopted various mathematical models to compute the aerodynamic
loads on the onshore turbine rotor. Among the prescribed or free-wake vortex method, acceleration
potential method, NREL FAST with AeroDyn sub module, BEM model is preferred for their low
computational requirements and well understood [4]. Albeit, the BEM codes include corrections for
wake expansion, the pressure due to wake rotation and improved accuracy by accounting for the
losses at blade root and tip sections, they are developed for wind turbines with static foundations.
Hence the assumptions in BEM are not applicable [5] for floating offshore turbines where the
pitching and surging motions [6] of the platform leads to the turbine rotor going through different
wake states as shown in Fig 1. Various non-linear effects like rotor-wake interactions, wake-wake
interactions, wake meandering etc., are not accounted in BEM theory.
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Figure1 Hypothetical floating wind turbine motions [1]

Lloyds Register (LR) has been actively involved in the development of numerical models and
experimental modelling. Experiments on scaled rotor provides an insight on the aerodynamic
loading of the rotor and to validate the non-linear models. As platform motions of FOWT has greater
influence on the unsteady aerodynamic response, a scaled model of the rotor was designed to study
the effect [7]. The platform motions significantly affect the power and thrust characteristics of the
rotor almost to the same order as the effect of Tip Speed Ratio (TSR) and the blade angle. A scaled
down model of the NREL 5MW rotor was designed and tested in the wave tank (immersed in the
water) to match the Reynolds number Re, as in field operation. The experiments are conducted with
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84  the focus on surge motion [8] and its effects on aerodynamic performances. The BEM based
85  AeroDyn model was modified (LR AeroDyn) to predict the hydrodynamic load on to the scaled
86  rotor. LR hasenhanced the BEM code (LR-uBEM) to simulate the unsteady aerodynamic behavior
87  of the rotors. The LR-uBEM model implements the dynamic inflow model based on the elemental
88  aerodynamic loads prediction of individual blades. To gauge the accuracy of engineering numerical
89  codes LR AeroDyn and LR-uBEM, high fidelity CFD model was developed and validated against
90 the experimental simulation.

91  2.Scaled Rotor for unsteady aerodynamic experiments

92 To predict the global loads in well-ordered experimental conditions by scaling down the wind
93 turbine rotor is challenging. This can be attributed to the complexities involved in accomplishing the
94 three scaling laws, which has to be followed to design a scaled rotor that matches the performance of
95  full scale reference rotor [9-12]. It is highly challenging to match the performance of the scaled rotor
96  for the coefficients such as coefficient of power (Cp), coefficient of torque (Cq), and the coefficient of
97  thrust (Ct), to a full scale reference rotor due to the incompatibility of the three primary scaling
98 criteria, the maintenance of geometric, kinematic, and dynamic similarity between model and full
99  scale. Geometric and kinematic similarity are readily achieved by the application of constant
100 geometric scale factor and the maintenance of the tip speed ratio, respectively. However, in doing so
101  the dynamic similarity criteria, defined principally as the maintenance of the Reynolds number for
102 the flow over the blade at model and full scale, is typically not met. In order to address this, a
103 number of researchers have proposed a global performance matching approach for the design of
104  model scale wind turbine rotors where the primarily objective was not the study of the rotor in
105  normal operating conditions [9-12]. Examples of such are the MARIN Stock Wind Turbine for the
106  evaluation of the performance of floating wind turbine foundations scaled down under wind and
107  wave action and the evaluation of advanced control strategies under unsteady operating conditions.
108  Inboth cases, the design objective was to match the coefficients of the model scale to their respective
109 full scales for a range of operating tip speed ratios. This is achieved by changing the aerofoil profile
110 in the scaled down model along the length of the blade so as to increase the lift coefficient, increasing
111 the chord distribution along the length of the blade by a constant factor, and altering the twist
112 distribution to maximize the lift to drag ratio for the tip speed ratios of primary interest. The criteria
113 for geometric similarity is abandoned, kinematic similarity is maintained, the deficit in the dynamic
114 similitude is corrected for.

115 As is the case for the two rotor designs discussed, the objective of the experiments in this case
116  was the evaluation of the rotor performance subjected to external influence relative to the normal
117  operating state. Specifically, the quantification of the time varying coefficient of thrust resulting from
118  the periodic motion of a rotor at a number of frequencies and amplitudes typical of floating wind
119 turbine system. As such a similar approach to the scaling criteria has been taken. However, in this
120 case, in addition to the global performance matching model scale rotor design objective, additional
121  objectives have been defined in attempt to maintain the critical local performance measures. The
122 model scale rotor requirements are defined as follows:

123 1. The coefficient of thrust of the model rotor must be similar to the full scale reference for a range
124 of tip speed ratios,

125 2. The chord must be scaled by the same geometric scale factor as the diameter of the rotor,

126 3. The twist distribution along the non-dimensional length of the model blade must be same as
127  full scale reference,

128 4. The axial induction factor along the non-dimensional length of the model blade must be same
129 as the full scale reference for a range of tip speed ratios.
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The full scale reference rotor used for this study is the NREL 5SMW Reference wind turbine [13],
this has been studied extensively and has been extensively reported in literature. This was also the
basis for the design of the MARIN Stock Wind Turbine. The diameter of the scaled model of the rotor
has been chosen to be 1.0m in order to minimize experimental blockage effects resulting in a
geometric scale factor of 126.0. As aerodynamic coefficients largely influence the rotor
performance, a new methodology has been adopted to match the scaled airfoil Re to the full-scale
airfoil Re. Significant effort has been dedicated to optimize the airfoil profile in order to match the lift
curves even in low Re [7], by retaining the twist of 5 MW NREL rotor blade. As the lift coefficient
heavily influences the non-dimensional rotor thrust and the axial induction factor, the primary
objective is to achieve the required lift coefficients of airfoil sections and in turn complying the
design requirements 1 and 4. Considering the blade length of the scaled rotor, three significant
airfoil profiles are employed in comparison to the six profiles in full scale model. The following
Table.1 indicates the full-scale rotor airfoils and the corresponding airfoils of the scaled rotor. The
shape of SMA (Strathclyde Model rotor Airfoil) series airfoils are shown in comparison to the
full-scale model airfoils in Fig. 2. The methodology followed to accomplish the airfoil profiles and
further analysis on the scaled rotor model performances are described in more detail in [7] and [14].

Scaled rotor parameters are shown in Table 1. The designed scaled rotor blades are similar to
full scale rotor following the procedure of Froude scaling. A comparison of the scaled rotor model
and full scale airfoil geometry is shown in Fig 2.

Table 1. Scaled rotor airfoil details

Element Element *Cross-sectional
Element/Node center Twist(°) center profile
radius (m) chord(m)

1 0.023 13.308 0.028 Cylinder
2 0.044 13.308 0.031 Cylinder
3 0.066 13.308 0.033 Cylinder
4 0.093 13.308 0.036 DU40 (SMA3540)
5 0.126 11.48 0.037 DU35 (SMA3540)
6 0.158 10.162 0.035 DU35 (SMA3540)
7 0.191 9.011 0.034 DU30 (SMA2130)
8 0.223 7.795 0.032 DU25 (SMA2130)
9 0.256 6.544 0.03 DU25 (SMA2130)
10 0.288 5.361 0.028 DU21 (SMA2130)
11 0.321 4.188 0.026 DU21 (SMA2130)
12 0.354 3.125 0.024 NACA64 (SMA64)
13 0.386 2.319 0.022 NACA64 (SMA64)
14 0.419 1.526 0.02 NACA64 (SMA64)
15 0.446 0.863 0.018 NACA64 (SMA64)
16 0.467 0.37 0.017 NACA64 (SMA64)
17 0.489 0.106 0.011 NACA64 (SMA64)

Note: * The name in the bracket is scaled rotor airfoil with corresponding airfoil of 5 MW NREL rotor
airfoils
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Figure 2. Scaled rotor model airfoil shapes in comparison with reference [1]

Lift coefficient for the SMA airfoils are computed using Xfoil for the model Re, while for
the full-scale airfoils, the generated lift coefficients from Xfoil are verified through wind tunnel
tests. The Xfoil result compare well with the experimental curves at lower AoA, but at higher
AoA Xfoil overpredicts the coefficients. This can be attributed to the earlier onset of flow
separation in the experimentation. A 3D rendering of the fully assembled rotor is shown in Fig
3. The blades are fixed to the hub at a fixed pitch angle of 0° using a flange machined in the root
end of the blades; as a result the accuracy of the pitch angle is defined by the machining
tolerance of the stainless steel components and not that of the measurement of the pitch angle
itself as would be the case if a locking bearing type fixture was used. Using this approach
requires that the model scale hub is non-dimensionally larger than the full scale reference to
allow for the sufficient space to make the connection from the blade to hub and hub to shaft.
However, the increased diameter of the hub does not require that the blade geometry is altered
in any section other than that defined with a cylindrical section detailed in Table 1 and as such
will have no impact on the aerodynamic performance of the blades.

-

Figure 3. 3D Model of the scaled rotor.

During the design stage, the global model rotor performance was compared to the full scale
reference for non-dimensional thrust and torque. The thrust force on the rotor is primarily
influenced by the aerofoil lift and as such the match between the model and reference for this
property is favorable. The increased aerofoil drag at the experimental Reynolds number results in a
reduced torque as compared to the full scale rotor. This was an expected result of implementing this
scaling methodology. The local blade performance was assessed for the model scale rotor by
comparing the axial and tangential Induction factors and the angle of attack along the
non-dimensional length of the blade for different tip speed ratios (TSR) by the authors [7]. The scaled

rotor with its surge motion dual carriage is as shown in Fig. 4.
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181

182

183 Figure 4. Physical scaled rotor with a rig setup (for surge motion unsteady effects) on the carriage of the
184 towing tank

Primary
carriage

Scaled rotor
in secondary
carriage

185
186 Figure 5. The tow tank at the Kelvin Hydrodynamics Laboratory and carriage systems

187 In order to achieve Reynold number similarity the model was tested under water at the
188  University of Strathclyde's Kelvin Hydrodynamics Laboratory towing tank (76 m length, 2.5 m
189  depth and 4.6 m in width). The cross-sectional area of the tow tank was sufficiently large compared
190  to the rotor diameter under investigation assuring minimum blockage. The prescribed steady and
191  periodic flow speeds were imparted into the rotor by pulling the rotor through the stationary water
192 using a dual carriage system (primary carriage was for constant motion and secondary carriage for
193 surge cyclic motion) as in Fig.5. The rotor speed was controlled using a DC motor and PID controller
194 directly coupled to the rotor through a shaft fixed to a stiff bedplate using three low-friction
195  bearings. The torque and thrust forces are measured in-line with the shaft using a bi-directional force
196  transducer at a frequency of 137Hz.

197  2.1. Experimental Design of Surge Motion

198 The surge motion of the rotor does not represent a specific floating wind turbine system, but
199  rather a generalized matrix of operating points, from which conclusions can be drawn regarding the
200  rotor thrust loading. The three variables under investigation were the rotor tip speed ratio, the surge
201  amplitude, and the surge frequency. Similar to the static analysis of the rotor, the tow speed was
202  constant and the rotor speed was varied to alter the tip speed ratio. The operating range of values for
203  these parameters were specified such that they mimic the full-scale rotor operating conditions
204  limited to the experimental setup and surge carrier motion.

205 Three prior studies have been conducted with the objective of studying the aerodynamic
206  performance with the surge motion. The initial values for the parameters were set according to these
207  studies for the current unsteady experimentation of the model scale rotor. Liu et al [15] studied the
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NREL 5MW baseline wind turbine at three different wind speeds, surge velocities, and surge
frequencies numerically using a BEM based aerodynamic model with a dynamic inflow correction.
DeVaal et al [16] compared the aerodynamic performance of the NREL 5MW turbine subjected to the
a surging motion using four different numerical approaches; a quasi-static BEM model, a BEM
model with an integrated Pit-Peters dynamic inflow correction, a BEM model with an integrated Stig
Oye dynamic inflow correction, and a CFD based actuator disc model. Similarly, Micallef and Sant
[17] studied the NREL 5MW rotor in surge using a quasi-static BEM model, a generalised dynamic
wake model, and a CFD based actuator disk model. The valuable conclusion that has been arrived
from these studies is that the wake induced effects of the rotor thrust as a result of the rotor surging
into the flow depends upon the tip speed ratio, surge frequency, and surge displacement amplitude.

The experimental surge operational points considered are drawn primarily from the work of
Liu et al [15] and deVaal et al [16], the surge frequency considered by Micallef and Sant [17],
although representative of a full scale operational condition which would be experienced by a
floating wind turbine system, is out with the operational envelope of the experimental apparatus
when scaled to the model scale. The surge frequencies studied by Liu at al and deVaal et al were 0.1,
0.2, and 0.3rad/s, and between 0.127 and 1.0rad/s, respectively; the corresponding surge
displacement amplitudes were, 3.0, 6.0, and 9.0m, and between 2.0 and 16.0m. deVaal considers only
the rotor operating at its rated wind speed (V = 11.2m/s), Liu et al and Micallef and Sant both
consider this same rotor operation in addition to off design points.

The investigated rotor operational states, defined by Liu et al and Micallef and Sant in terms of
inflow wind speed and tip speed ratio, respectively, were 8.0, 11.2 and 16.0m/s and 4.0, 7.0, and
11.0. The tip speed ratio of the NREL 5MW Baseline Wind Turbine at its rated wind speed of
11.2m/s, as defined by Jonkman et al [13], is 7.0.

The model scale surge motion displacement and frequency were derived from the studies
discussed by Liu et al [15] and deVaal et al [16] by applying a suitable scaling methodology. This
was achieved by following the scaling relationships defined by Jain et al [18] for the experimental
analysis of the combined effect of aerodynamic and hydrodynamic force components on a model
floating wind turbine rotor and foundation in a wind and wave basin. The model scale surge
frequency and displacement were scaled following the relationships defined in equations 1 and 2,
respectively.

w(surge, model) = w(surge, full) * VA (D

A(surge, model) = w )

where A is amplitude, w is the angular frequency and A is the geometric scaling factor, 126.0 for the
present set of experiments. A comprehensive static and unsteady test matrix was performed. The
dimensionless parameters Ct and Cq that determine the amount of momentum and energy extracted
from the water was computed for static cases. The coefficient of thrust is defined by equation 3:

T

=W=4a(1—a) (3)

where T is the rotor thrust force, p is the fluid density, A is the rotor plane area and V is the

fluid velocity. The coefficient of torque is defined by equation 4:

_ Q
Cq - O.51l'pR3V2 (4)

where Q is the torque and R is rotor radius. The torque is measured when the scaled rotor is at
constant rotational speed, constant tow speed of primary carriage for the static test as in Table 2.
Time history of thrust and torque are captured in unsteady surge motion test scenario cases (as in
Table 3). During the unsteady test scenario, secondary carriage oscillates while primary carriage is
at constant speed.
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255 3. Numerical Methodology

256 Due to wind shear between ground or sea level to tip of the rotor blade, gust, turbulence, flow
257  field around the rotor and near wake regions are highly complex even in land-based installations. In
258  FOWT, the complexity is further compounded by the additional motions at the rotor plane induced
259 by the floating platform subjected to the three translational (heave, sway, and surge) and three
260  rotational (yaw, pitch, and roll) motions as shown in the Fig. 6. Among these six motions, surge
261  motion and pitch motion are responsible for pushing the rotor to interact with its own wake. This
262  interaction significantly modifies the wind turbine’s operating state and in turn varying the axial
263  induction velocity field and unsteadiness. As the BEM theory is constructed based on the axial
264  induction factor range, it has to be validated to gain sufficient confidence before applying to FOWT.
265  In the current study, scaled rotor surge motion experimental results were exploited for validating
266  the numerical codes.

z (surge)

roll (y,)

pitch (y,)
267 y (sway)
268  Figure 6. Floating platform motions (3 linear and 3 rotational).
269
270 CFD, LR-AeroDyn and LR-uBEM has been chosen for the validation study. CFD simulations

271  are carried out with reasonable accuracy to gain insight on surge motion’s flow field and wake
272  interactions. As AeroDyn is widely employed in industry for its accuracy, Marine and Hydrokinetic
273 code is modified to incorporate the surge motion scenarios (LR-AeroDyn). LR’s research on
274  unsteady aerodynamics of FOWT resulted in the development of LR-uBEM code accounting
275  dynamic in flow model with other unique features. The following sections discuss in detail on these
276  methodologies.

277  3.1. CFD Model

278 The tow tank is defined in the CFD numerical environment as in Fig.7 to solve the unsteadiness
279  on the rotor due to surge motion. The primary or main carriage motion (constant) of the rotor is
280  represented as uniform inlet water boundary condition and the secondary carriage surge motion is
281  represented as MRF (Multiple Reference Frame) and sliding mesh motion on the rotor domain.


http://dx.doi.org/10.20944/preprints201808.0484.v1
http://dx.doi.org/10.3390/en11102578

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2018 d0i:10.20944/preprints201808.0484.v1

Inlet constant water
velocity input in CFD

Depth Water outlet
domain to represent

(open boundary

2.5m o : : .
condition) main carriage velocity
in the experiments
l boundary corditi
Wall boundary conk Lt'on to MRF/Deforming Mesh motion to
represent Tow tank bottom represent secondary carriage surge
motion
282
283 Figure 7. Schematic representation of tow tank in CFD computational domain.
284  3.1.1. CFD Mesh Model
285 As shown in Fig .8, the scaled rigid 3D rotor blade geometry was generated through commercial

286  meshing software Ansys ICEM CFD (Version 16.2) by sweeping through all the 17 aero profiles of
287  the scaled model. The hub is modelled to the dimensions used in the tow tank to eliminate any
288  inaccuracies introduced due to the flow variation near the blade root.

289

290
2901 Figure 8. Scaled rotor 3D model generated in Ansys ICEM CFD environment

292 A multi-block meshing strategy has been employed to create hexahedral mesh in the outer
293  domain. ‘O-grid’ type mesh is chosen for the blade domain. A hexahedral structured mesh around
294 the scaled rotor of one blade and the surrounding water of turbine rotor was generated and for other
295  blades mesh was generated using periodicity option. As shown in Fig. 9-10, the3D model of the
296  scaled rotor model and three kinds of mesh clustering methods (log scale change in near wall and
297  linear towards perpendicular direction) around the rotor were used in the mesh sensitivity study as
298  the thrust force is more sensitive to method of mesh clustering.

299
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300
301

302 o

303 Figure 10. Mesh sensitivity study (a). coarse with 0.59million nodes (b) medium with 1.65million nodes
304 () fine with 2.38million nodes-from left to right).

305 The entire computational domain is shown in Fig. 11. The mesh was sufficiently discretized to
306  capture the near wake and far wake field reasonably. The scaled rotor was refined to yield an y+ of
307  ~1near the tip and less than 2 for the rest of the domain as shown in Fig. 12.

308

309
310

311 (a) (b)
312 Figure 11. CFD computational domain (a) 1/3rd rotor model is swept for 360 deg with near wake
313 domain (b) the complete near wake region mesh model inside the global model

314
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315
316 Figure 12. Scaled rotor - y+ contour.
317  3.1.2. CFD Numerical Solver
318 The mesh mathematical model is imported in to Ansys CEX CFD solver(Version 16.2) to simulate

319  experimental scenario cases of the rigid 3D scaled rotor. The K-Omega SST (Shear Stress Transport)
320  turbulence scheme was employed without transition modeling. A high order advection scheme and
321  first order numerical method were chosen for turbulence modelling. The k-w based SST model
322  employs the k- model for the near surface treatment and the k-¢ model in the free-shear layers. In
323 this methodology a blending function is adopted to bridge these two models. The SST k- model
324 accounts the transportation of the turbulent shear stress and capable of accurately predicting the
325  onset and the magnitude of flow separation under adverse pressure gradients in the rotor blade,
326  near wake and far wake regions.

327 For the aforementioned reasons, the two-equation SST k-w model is widely exploited in wind

328  industry for their accurate predictions of flow over blunt body.

329 The K-Omega SST model has a similar form to the standard K-Omega model:
330
2 2 2 d ~
331 = (pK) +a—xi (pxu;) :a_x,- (FKa_:j) + G — Y + S¢ 5)
332
333 And
334
2 a 2 2 ~
335 52 (P0) + 5= (pow;) = o, (rwa—Z) +6G,-Y,+D,+DS, (6)
336
337 Gk in the Equations 5 and 6 represents the generation of turbulence kinetic energy due to mean

338  velocity gradients. Gw represents the generation of w. I'k and I'w represents the effective diffusivity
339 of kx and w respectively. Yk and Yw represent the dissipation of k and w due to turbulence. Dw

340  represents the cross-diffusion term. Sk and Sw are user-defined source terms.

341  3.1.3. Mesh sensitivity study, static case simulation and validation

342 The CFD simulations were carried out with uniform water velocity at the inlet boundary for the
343  static case scenarios (without surge motion) as shown in Table 2 before carrying out the unsteady
344 test case simulations. For mesh sensitive study, the rotor thrust co-efficient was compared against
345  the chosen case of 14 rad/s with 7 TSR and 1 m/s water speed, which is the representative of 1m/s
346  tow speed of the carriage mounted with scaled physical rotor as in Table 2 and the results were
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published by the authors [1]. Medium size mesh model was used in CFD for the validation purposes
of static and unsteady test experimental cases due to the reasonable accuracy and computational
time. Thrust force alone was considered for comparison as the scaled rotor was developed based on
the thrust force related parameter function used in the optimization function [7]. The overall
medium mesh model domain had 7.32 million nodes. The chosen mesh model yielded the y+ of
less than 1 near the tip and less than 2 everywhere else as shown in Fig. 10. Multiple Reference
Frame (MRF) and sliding mesh simulation methodology was used in the CFD simulations to
validate the thrust and torque predictions of the scaled rotor model. The CFD predicted values were
then validated against the measured values of the experiments as in the Table 2.

Table 2. Static state test condition

Tow

Rotational
speed, TSR Speed (rad/s)
m/s
1.000 3.000 6
0.931 4.500 9
1.000 7.000 14
0.822 8.519 14
0.735 9.522 14

The static runs were carried out to obtain the Ct and Cq in relation to TSR as benchmark values
to compare the rotor subjected to static test case conditions. In order to allow the rotor to rotate at
different TSR, the rotor was subjected to various tow speeds and rotational speeds (rad/s) facilitating
a smooth distribution over the operating range. The TSR of the rotor was allowed to vary from 3 to
9.5 though a constant TSR should be achieved for static scaling. The model rotational speed of 14
rad/s corresponds to the rated rotational speed of the NREL 5MW of 12.10 rpm. Other model
rotational speeds linearly correspond to full-scale rpm. Thus, for a model rotational speed of Qm in
rad/s, the full scale rotational speed Qf in rpm is given by Equation 7:

nm
Qf =——=x12.1 7
f = g+ 12.1rpm )

The full-scale wind speed, Vf is found from the TSR of the experiment:

_ 63n0f g
"~ 30TSR ®)

vf

since the rotor radius is 63m. The rated conditions of 12.10 RPM and 11.4m/s wind speed were
modelled at a rotational speed of 14.0 rad/s and a tow speed of 1m/s. It is aimed to validate the
static state conditions. Hence, the coefficient of thrust Ct and the coefficient of torque Cq in relation
to the TSR are computed analytically (designed values), numerically (CFD) and experimentally. The
results are plotted as shown in the Fig. 13.

The thrust coefficients from all the three methods were comparable and difference was within
10%, while the torque coefficient displays a notable difference in analytical prediction (design
values) from the well correlated experimental and CFD results. Xfoil predictions of lift coefficient
Cl and drag coefficient Cd would have contributed significantly to the deviation. It was
experimentally verified that the Xfoil over predicts the drag in the low Re range as the flow over the
airfoil is extremely complex and nonlinear to compute the drag by panel method. The over

prediction is exacerbated by the extrapolation for higher angle of attack from the initial set of lift and
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382  drag coefficients computed at lower angle of attack. A possible way of curtailing the error is to
383  experimentally obtain the initial set of Cl and Cd from the wind tunnel test and extrapolate by
384  Viterna or Montgomerie method. Considerable effort has been dedicated in refining the mesh for
385  improved near wall treatment to compute the boundary layer separation and to achieve accurate
386  rotor drag. Since optimization of the airfoil for the operating Re of the scaled rotor is not in the scope
387  of the current study, the effect of low Re are anticipated. The discrepancies due to drag is inevitable
388  especially for the scaled prototype due to premature flow separation on airfoils induced by low Re
389  because of smaller chord length.

12 0.080

0.060
1.0 A
0.040

- 2%
08 - 0.020

& o6 ‘/ 0.000
-#-Ct- Experiment 2 4 6 8 12
0.4 -0.020
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-0.040

. 48Cqg- Design values
Ct- CFD -0.060
0.0 #Cq- CFD

2 4 6 8 10 12 -0.080
3 90 TSR TSR

Cq

391 (@) ®)

392 Figure 13. static state validation curves for CFD (a) Comparison of thrust co-efficient (b) Comparison of
393 torque co-efficient.

394  3.1.4. CFD model for unsteady experimental scenarios

395 The surge motion methodology was developed in Ansys-CFX (Version 16.2) software. Medium
396  size with 7.32 million node mesh model was used for the unsteady simulations. The unsteady runs
397  include sinusoidal surging motions of the rotor from low to extreme frequencies (3 - low, medium,
398  and high) and amplitudes (2 - lower and higher), to demonstrate the effect on the rotor unsteady
399  aerodynamics as experimentally simulated. Simulations were carried out with MRF and deforming
400 mesh setup in the CFD environment, constant water velocity from the inlet (with a turbulence
401  intensity of 5%) of the computational domain represented constant primary carriage motion. The
402  deforming mesh was setup up such that the mesh in the blade and near-wake regions was given a
403  high rigidity, so that deformation is limited to the outer region with bigger cells, so negative
404  volumes would not occur. A high resolution scheme was used for advection and turbulence
405  numerics, a second order backward Euler scheme was used for time stepping. Pressure-velocity
406  coupling was solved using a fourth order Rhie-Chow interpolation. The surge motion is defined by
407  the Equation 9:

408

409 —A+ Acos 2nf 9

410

411  where A is the amplitude of motion and f is the frequency

412 The entire blade and near-wake regions were set to oscillate as defined by Equation 9. The
413  equation assumes that the mesh starts at the forward-most position, since there are more cells
414 downstream of the rotor, thus it would facilitate smoother deformation. As per the Table 3,

415  simulations are carried out to compare against the experimental values.
416
417
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Table 3. Unsteady experimental test case scenarios chosen for numerical validation at the rotor
rotational speed of 14 rad/sec.

Tow Surge . Scenario
Amplit A
TSR speed, frequency(f), mp 11\:[1de( ) name for
m/s rad/s reference
1.12 (0.18Hz) 0.0238 SFA1
1.12(0.18Hz) 0.1190 SFA2
8.5 0.824 3.37(0.54Hz) 0.0238 SFA3
3.37(0.54Hz) 0.1190 SFA4
5.61(0.89Hz) 0.0238 SFA5
5.61(0.89Hz) 0.0952 SFA6
1.12(0.18Hz) 0.0238 SFA7
1.12(0.18Hz) 0.1190 SFAS8
3.37(0.54Hz) 0.0238 SFA9
7.0 1.000 3.37(0.54Hz) 0.1190 SFA10
5.61(0.89Hz) 0.0238 SFA11l
5.61(0.89Hz) 0.0952 SFA12
1.12(0.18Hz) 0.0238 SFA13
1.12(0.18Hz) 0.1190 SFA14
3.37(0.54Hz) 0.0238 SFA15
6.0 1.167 3.37(0.54Hz) 0.1190 SFA16
5.61(0.89Hz) 0.0238 SFA17
5.61(0.89Hz) 0.0714 SFA18

For unsteady test cases, the sinusoidal surging motions for the model rotor were designed to be
based on the work by [15] and [16]. As the surge motion is predominant in floating offshore wind
turbine applications [17], a detailed surge motion experiments were carried out with scaled rotor.
The scenarios were chosen carefully to validate the effects of unsteadiness by the various numerical
simulations. Mean thrust and torque values were considered for validation purposes initially. For
each of the three different TSRs, three different surge frequencies and two amplitudes (minimum
and maximum) were chosen to capture the unsteady behavior. For the scenarios given in the Table
2, the steady state MRF simulations were first carried out with the rotational speed of the rotor and
towing speed as water inlet velocity in CFD simulations. The results of the steady state calculations
were used to initialize the solutions for a complete transient case involving the surge motion of the
scaled rotor unsteady test case scenario. The domains were structured in such a way that both the
blade rotations and rotor surging motions could be handled smoothly by the solver. The rotor
domain had a sliding mesh interface for blade rotations and the mesh motion (deforming mesh)
applied for surging motion had an extremely high stiffness in this domain which was relaxed
gradually towards the outer domain to preserve the fine boundary layer mesh. This high stiffness
ensured that the mesh in the rotor domain had almost no relative nodal displacement, as the mesh
on the blade had the first node on the order of microns to yield a y+ ~1.

3.2. LR —AeroDyn Model for unsteady experimental scenario

AeroDyn (V15.04) is an open source (NREL) time-domain wind turbine aerodynamics module
[19] that has been tailored for Marine Hydorkinetic Turbines (MHT). MHT AeroDyn module is
customized for scaled rotor performance prediction of unsteady experimental test case runs as
shown in Table 3 as the model was refined to cover the whole scenario.
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FAST model settings:

AeroDyn calculates aerodynamic loads on both the blades and tower. Aerodynamic
calculations within AeroDyn are based on the principles of actuator lines, where the
three-dimensional (3D) flow around a body is approximated by local two-dimensional (2D) flow at
17 cross sections. The distributed pressure and shear stresses are approximated by lift forces, drag
forces, and pitching moments lumped at a node in a 2D cross section. Analysis of 17 nodes are
distributed along the length of each blade, the 2D forces and moment at each node are computed as
distributed loads per unit length, and the total 3D aerodynamic loads are found by integrating the
2D distributed loads along the length.

The MHK based model customized for the scaled rotor calculates the influence of the wake via
induction factors based on the quasi-steady Blade-Element/Momentum (BEM) theory, which
requires an iterative Brent's method to nonlinear equation. By quasi-steady or equilibrium wake
(EQUIL) model, it is meant that the induction reacts instantaneously to loading changes. The
induction calculation, and resulting inflow velocities and angles, are based on flow local to each
analysis node of each blade, based on the relative velocity between the fluid and structure (including
the effects of local inflow skew, shear, and turbulence). This method has no time lag which means no
dynamic inflow. The Glauert’s empirical correction (with Buhl’s modification) is used in the linear
momentum balance at high axial induction factors. In the BEM solution, Prandtl tip-loss, Prandtl
hub-loss models are applied.

Angle-of-attack calculations in AeroDyn assume that the axial induction factor(a) only applies
to the free-stream wind velocity(Va). To calculate the total relative wind speed(Vr) normal to the
rotor disc, each blade element’s structural velocity is added to the free-stream wind velocity at the
rotor disc, as shown below.

Vrel = Va(l - a) + Vrotor (10)

Vrotor, is the structural velocity of the blade element normal to the disc (measured positive
when pointing upwind).

The assumption in AeroDyn is that the structural velocities are the product of structural
vibrations at high frequencies, which would results in relatively small induced velocities. However,
when considering floating offshore wind turbines (FOWT), low-frequency motions, particularly, in
surge, pitch and yaw degrees of freedom, which induce change in the free-stream velocity, could
lead to high induced velocities. In low-frequency motion, a better way of expressing the relative
wind speed normal to the rotor disc would be:

Viee=Va+ Vrotor)(1 -a) (11)

3.3. LR -u BEM Model for unsteady experimental scenario

The LR uBEM code was developed to address the issue of uncertainty in predicting the
aerodynamics of floating offshore wind turbines. The development of the uBEM code included
several features vital to an accurate assessment of floating offshore wind turbine aerodynamics.
These include:

1. An improved tip-loss model which accounts for changes in tip speed ratio and changes in loss
distributions in different wake states.

2. An unsteady airfoil model including a modified Beddoes-Leishman model which models the
unsteady circulation using the suction surface shape-dependent time constants

3. A combined unsteady airfoil and stall delay model, accounting for changes in stall delay due
to changes in wind and rotational velocities in real-time.

4. An extension of the Gluaert correction by Buhl to the propeller and propeller-brake wake
states.

5. A dynamic wake model to account for the time-lag between aerodynamic forces on the rotor
and wake velocities
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In addition, uBEM predicts the forces on each blade section separately, taking into account local
velocity changes at any position on each blade. The development of the code was based on CFD
simulations of the NREL 5MW virtual wind turbine, used for code comparison studies in OC3, OC4,
and OC5. The CFD simulations were carried out for a static wind turbine and for a surging wind
turbine under various surge conditions, with a fixed rotor RPM. The code was developed completely
in MATLAB, and is modularized to allow for changes to the various corrective models implemented.

The unsteady blade element momentum method (UBEM) used in the present study, is based on
the method presented in [20]. The relative velocity vector is given by:

0
Vier=Vo+ W+ (—.Qr cos(@c)> (12)
0

where Vo is the blade-specific wind speed at the blade element including relative speed due to rotor
motion, 2 is the rotor rotational speed in rad/s, r is the local blade segment radius. The flow angle,
@, is the angle between the relative velocity and the normal of the rotor plane.

¢ = arctan (%) (13)

relz
The normal (z) and tangential (y) induced velocities are then given by:

—|Vyetl? €; cos(¢)cB

w, = 5 (14)
8F (V0+A)+fg< 0 >n’r
W,
—|Vyeil? €y sin(¢)cB
W, = el s (15)
8F (V0+A)+fg(u(/l )m‘

Where B is the number of blades, F is the tip-loss factor, fg is the Glauert correction for high axial
induction factors and Cl is the coefficient of lift computed using the Du & Selig stall-delay model [21]
and the shape-specific modified Beddoes-Leishman model with the angle of attack equal to the flow
angle less the blade twist [22]. Wx is set to 0. At every time step, for each blade element in each
blade, equations (1) to (2) are iterated until there is no change in the induced velocity vector. When
the steady-state induced velocity vector is computed, it is corrected for the dynamic wake effect
using the dynamic wake model [23]. The force coefficients are then recomputed to determine the
unsteady forces at each blade element. The LR-uBEM model is customized and simulated for scaled
rotor model unsteady simulations as per the experimental scenarios.

4. Results and discussion of unsteady test cases

Comprehensive static and unsteady experimental scenarios were performed and results were
obtained for numerical evaluation and validation. For the unsteady experimental scenario cases, the
last two cycles of six cycle surge motion simulation results were extracted for comparison and
further analysis. This is to ensure that all the initial transient factors were eliminated. Results of CFD,
LR-AeroDyn and LR-uBEM model computations were compared against the experimental results to
comprehend their ability in predicting the aerodynamic forces due to unsteady effects. The variation
in time mean thrust values of different numerical simulation methods would determine the
capability and limitation to predict the unsteady aerodynamic loads on the scaled rotor. Albeit,
thrust is the only significant parameter for the comparison between the numerical methods in this
case (as the scaled rotor is designed against lift curve or thrust of full scale reference rotor), torque
comparisons will further establish their capabilities.
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532 4.1.Hydrodynamic thrust

533 One of the main aerodynamic performance parameters is thrust force which is used for axial
534  induction factor computation in BEM and unsteady based BEM methodologies. Hence, thrust force
535  was chosen for the model evaluation and validation purposes. Moreover, the axial induction factor
536  was used to predict the type of the wind turbine operating wakes states as well. Validity of BEM
537  models are pretty much depending on wind turbine operating wake states and appropriate
538  correction factors involved. A detailed investigation on thrust force prediction by numerical codes
539  and comparison is made against the experimental prediction for 8.5, 7.0 and 6.0 TSR unsteady
540  scenarios. For numerical simulation of the unsteady scenarios with LR-AeroDyn and LR-uBEM are
541  typically taking a few minutes to complete each scenario, whereas it take 34 hours for the each CFD
542  simulation cases with 36 core parallel processing computing workstation .

543 4.1.1. TSR 8.5 Scenario

544 In order to understand the unsteady flow behavior at the below rated wind speed which is
545  about 16% lower than the rated wind speed (11.4m/s) of full scale FOWT, scaled rotor was
546  subjected to experimental and numerical simulations at 8.5 TSR. With a constant angular speed of 14
547  rad/s for the different prescribed surge amplitude frequency motions the experiments were carried
548  out at a constant primary carriage motion of 0.824m/s. Owing to the unsteadiness triggered by
549  prescribed surge motion, both thrust and torque fluctuate with time. Lower amplitude surge motion
550  based numerical models were over predicting mean thrust force within 5% error against
551  experimental results as shown Fig.14 h. Higher amplitude surge motion based numerical models
552 were predicting mean thrust within 10% error except at the high surge frequency motion. Mean
553  thrust slightly increases as surge motion frequency and amplitude increases. As in Fig 14 a-f,
554  backward and forward motions in surge oscillations causing the maximum thrust to vary from
555  almost 8-100% higher than the mean value while the minimum thrust is about 8-100% lower at TSR
556  85. Its essential to consider the large difference between the extremes for structural stress and
557  related fatigue issues during full scale design of wind turbines rotor and its pitching control for
558  floating applications. The possible source of errors: 1) Experiments — It is estimated to be around
559  2-4% error from various sources of uncertainties from measurement system, random error and
560  systematic error as the model is very similar to [24] and yet to be quantified in detail 2) CFD —
561  numerical discretization, error due to mesh deformation techniques and time step selection for high
562  frequency and larger amplitude motions 3) LR-AeroDyn and LR-uBEM - Load computations are
563  completely based on the design data of scaled 2D airfoil airfoil lift and drag data, not with scaled 2D
564  airfoil experimental data and 3D correction errors. A detailed investigation is needed to quantify the
565  uncertainties of these methods.
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Figure 14. TSR 8.5 Cases: (a) SFAl-Low f & lower A; (b) SFA2-Low f & higher A; (c) SFA3-Medium f &
lower A; (d) SFA4-Medium f & higher A; (e) SFA5-High f & lower A; (f) SFA6-High f & higher A; (g) Mean
trust-comparison for all TSR 8.5 cases; (h) Mean trust-percentage error comparison for all TSR 8.5 cases.

4.1.2. TSR 7 Scenario

In order to understand the unsteady flow behavior at the rated wind speed of full scale FOWT,
scaled rotor is subjected to different prescribed surge amplitude frequency motions at 7.0 TSR, 14
rad/s inside the tow tank water experimentally when the primarily carriage constant motion is 1m/s.
The same scenario is simulated for all three chosen numerical simulation tools. Lower amplitude
surge frequency motion based numerical models were predicting mean thrust force within 5% error
against experimental results as shown Fig 15 h. Higher amplitude surge frequency motion based
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numerical models were predicting mean thrust within 5 % error except at the high frequency surge
motion and close to 10 % error at higher amplitude scenario. In experiments, mean thrust gradually
reduces as surge motion frequency and amplitude increases whereas mean thrust gradually
increases in LR-uBEM. Mixed trend is found in both LR-AeroDyn and CFD. As in Fig 15 a-f,
backward and forward motions in surge oscillations causing the maximum thrust to vary between
4-110% higher than the mean value while the minimum thrust is about 4-110% lower at TSR 7.0.
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610 Figure 15. TSR 7 Cases: (a) SFA7-Low f & lower A; (b) SFA8-Low f & higher A; (c¢) SFA9-Medium f & lower
611  A; (d) SFA10-Medium f & higher A; (e) SFA11-High f & lower A; (f) SFA12-High f & higher A; (g) Mean
612 trust - comparison for all TSR 7 cases; (h) Mean trust - percentage error comparison for all TSR 7 cases.

613  4.1.3. TSR 6 Scenario

614 In order to understand the unsteady flow behavior above the rated wind speed (13.2m/s), which
615 is 16 % higher than the rated wind speed of full scale FOWT, scaled rotor is subjected to
616  experimental and numerical simulations at 6.0 TSR, 14 rad/s for the different prescribed surge
617  amplitude frequency motions when the primary carriage velocity is 1.167m/s. As shown Fig 16 h, all
618  surge frequency motions were under predicting the mean thrust force within 8% error against
619  experimental results except at the high frequency motion for higher amplitude scenario. Mean thrust
620  slightly increases as surge motion frequency and amplitude increases. As in Fig 16 a-f, backward
621  and forward motions in surge oscillations causing the maximum thrust to vary between 5-60%
622  higher than the mean value while the minimum thrust is about 5-60% lower at TSR 6.0.
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637  Figure 16. TSR 6 Cases: (a) SFA13-Low f & lower A; (b) SFA14-Low f & higher A; (c) SFA15-Medium f &
638  lower A; (d) SFA16-Medium f & higher A; (e) SFA17-High f & lower A; (f) SFA18-High f & higher A; (g)
639 Mean trust-comparison for all TSR 6 cases; (h) Mean trust-percentage error comparison for all TSR 6 cases.
640  4.2. Hydrodynamic torque comparison
641 As power is calculated from the torque values, the torque predictions are compared between
642  the numerical models, though the scaled rotor design is based on the lift curve. In order to
643  understand the torque characteristics at the operating wind speed (11.4m/s) of full scale FOWT,
644  scaled rotor experimental and numerical model results were compared for the prescribed surge
645  amplitude frequency motions at 7.0 TSR , 14 rad/s rotational speed at primary carriage constant
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motion of 1m/s. Mean torque value predictions by all numerical models are close to each other, but

differs by maximum of 45% error compared with experimental measurement. As in Fig 17 a-f,

backward and forward motions in surge oscillations causing the maximum torque to vary between
10-150% higher than the mean value while the minimum torque is about 10-150% lower at TSR 7.0.
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Figure 17. TSR 7 Cases: (a) SFA7-Low f & lower A; (b) SFA8-Low f & higher A; (c¢) SFA9-Medium f & lower
A; (d) SFA10-Medium f & higher A; (e) SFA11-High f & lower A; (f) SFA12-High f & higher A; (g) Mean
torque - comparison for all TSR 7 cases; (h) Mean torque - percentage error comparison for all TSR 7 cases.

4.3. Evaluation of wind turbine operating state

As shown in Fig .18, when the axial induction factor exceeds 0.4, the turbine rotor will no longer be in
wind mill state and will be operating in turbulent wake state until the induction factor exceeds 1. Two wake
states are predominantly developed during normal wind turbine operation based on the drop of the wind
speed in the wake. The primary state is the windmill state during medium to high winds, in which the rotor
follows the momentum theory with coefficient of thrust as indicated in the equation 9.

Glauert
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Figure 18. Axial induction factor Vs Thrust/thrust co efficient [25].

At lower wind speeds, the wind velocity between the freestream wind and the wake differs by a higher
magnitude. This leads to the low energy wake with recirculation leading to the turbulent wake state. The free
shear layer between the wake and freestream is unstable, producing eddies that carry momentum from the
freestream into the wake. Hence the BEM theory following the idealized momentum principle is not able to
predict the drop in the thrust force. As rated wind speed differs for each turbine, the occurrence of the turbulent
wake state can be represented by using an axial induction factor. Based on the experimental data shown in Fig
18, Glauert recommended an equation to model the relationship between Ct and axial induction factor in the

turbulent wake state.

Ct=4aF(1—G)(5—3a)a),a>%

(16)
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683 where F is the tip-loss factor.

684 Even with the inclusion of F in (16), discontinuities nonetheless existed at a = 0.4 between the momentum theory
685 and Glauert equation, at values of F other than 1. Correction has to be introduced as suggested by Buhl [26], in
686 an equation 16, that can eliminate the discontinuities at a = 0.4 and have a value of Ct =2 when a=1, for all
687  values of F.

8 40 50
688 ce=(g)+ @F - () a+ (5 -4F)axa 17)
689
690 The current study bolsters the fact that the surge cyclic motions are pushing the rotor under investigation

691 to the turbulent wake state of SFA10 scenario as depicted in Fig. 19. From the scaled rotor blade element
692 number 14 to 17(the last four elements upto scaled rotor tip of total 17 elements as in Table 1), the turbulent
693 wake state is clearly identified by the axial induction factor, a. CFD based induction factor derivation [6] is
694 obtained at 1.25 sec of the last 2 cycles and compared against LR-AeroDyn model prediction as shown in Fig.19.
695 LR-AeroDyn prediction is within 6% error on these elemental nodes when compared to CFD predictions.
696 Hence, BEM based engineering models like LR-AeroDyn and LR-uBEM are able predict the surge motion
697 responses on the rotor loading reasonably well.
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699 Figure 19. Axial induction factor of element 14-17 of the scaled rotor for the SFA10 scenario with LR-AeroDyn
700 model simulation and corresponding point wise CFD based axial induction factor comparison at 1.25sec.
701
702 CFD simulation results are exported to Ansys CFD Post (V16.2) to visualize the velocity and
703 vorticity contour profiles. These profiles are plotted in Matlab, which clearly demonstrates how the

o

AIF-N16
AlF- N1 7

704 scaled rotor is interacting with its own wake and the near wake distortion by surge motion
705  frequencies. The Fig 20-21 show the velocity contour profiles. In addition, these contours display the
706  surge oscillations behavior and corresponding rotor loading.

707
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710 Figure 20. SFA10 mean rotor position at the end of 6 cycle of surge motion, velocity (a) Line plot; (b)
711 contour plot showing tip vertices and compressed and elongated wake in the near wake field by CFD
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713 Figure 21. SFA10 mean rotor position at the end of 6t cycle of surge motion, near wake field velocity
714 contour plots at 0.5m intervals from rotor plane in the rotating domain by CFD

715 5. Conclusion

716 The flow characteristics on a FOWT is a highly complex phenomenon as it is simultaneously subjected to
717 aerodynamic and hydrodynamic forces from wind and ocean waves. The study on sensitivity of the
718 aerodynamic behavior with respect to the changes in platform motion is indispensable, as small changes in
719 platform motion will be amplified due to the tower height. The current study focused on the investigation of
720 unsteady aerodynamic loading due to surge motion through various numerical codes. A scaled floating rotor
721 has been successfully designed with necessary instrumentation and imparted with hydrodynamic motions,
722 similar to a FOWT operating conditions. The experimental outcome is compared with CFD model results in
723 addition to the selected engineering simulation codes, LR-AeroDyn and LR-uBEM. Almost in all the selected
724 unsteady scenarios, numerical codes predict mean thrust values within 10% error level against the experimental
725 results. Backward and forward motions in surge oscillations leading to the maximum and minimum thrust
726 variation in the range of 4% to 110% from mean thrust. The detailed CFD visualization of complex flow field
727 around the rotor unfolded the fact that the windmill changes its operating state due to the strong interaction of
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728 rotor with its own wake instantaneously at higher amplitudes and surge frequencies. Though LR-AeroDyn is
729 equipped with quasi-steady state BEM method, utmost care has to be dedicated when using for higher surge
730 frequencies and amplitudes. LR-uBEM code predicts comparatively well at higher surge frequencies and
731 amplitudes as it is based on dynamic in flow modeling methods, yet variation of 10-15% do exist in some cases.
732 Turbulent wake state of wind turbine operation is identified and compared against CFD based induction factor
733 derivation.

734 6. Future work

735 The computational mesh quality will be further refined around near wake regions with smaller time steps
736 for accurate predictions of unsteady rotor loading results at higher frequency surge motions. Time history of
737 velocity and vorticity data from CFD will be exported to Matlab for enhanced visualization of wake
738 interactions. Lift and drag co-efficient of scaled rotor airfoils will be experimentally obtained to improve the

739 LR-AeroDyn and LR-uBEM model accuracy. A detailed investigation will be performed to quantify the
740 uncertainty analysis for these methods. The numerical models will be further refined for full scale 5 MW NREL

741 turbine at its operating conditions of TSR, surge frequencies and amplitude and will be compared with scaled
742 rotor results. The computed results will be used in digital twin approach, in which the remaining useful life of
743 key components such as power converters will be predicted. The proposed approach will curtail the

744 maintenance and inventory cost especially for FOWT.

745 Author Contributions: “CFD and LR-AeorDyn, Krishnamoorthi Sivalingam; Scaled Rotor Design,
746 Development and Tow Tank Steady and Unsteady Experiments, Steven Martin.; LR-uBEM, Abdulqadir Aziz
747 Singapore Wala”.

748 Acknowledgments: Authors gratefully acknowledges the great support of Lloyds Register and University of
749 Strathclyde University for the numerical simulation and experiments. This research was supported by Lloyds

750 Register.

751 Conflicts of Interest: Declare

752  References

753 1.  Krishnamoorthi Sivalingam, Peter Davies, Abdulqadir Aziz Singapore Wala, Sandy Day; “CFD
754 Validation of Scaled Floating Offshore Wind Turbine Rotor”. 2nd International Conference on Green
755 Energy and Applications (ICGEA) 2018, DOIL: 10.1109/ICGEA.2018.8356284.

756 2. 2013 Half-Year Report. Technical report, World Wind Energy Association, Bonn, Germany,

757 3. Musial, W et al (2004), “Feasibility of Floating Platform Systems for Wind Turbines”, 23rd ASME
758 Wind Energy Symposium

759 4. Burton, T. et all, “Wind Energy Handbook”, ISBN 13:978-0-471-48997-9.

760 5. Matha, D et al, “Challenges in Simulation of Aerodynamics, Hydrodynamics, and Mooring-Line
761 Dynamics of Floating Offshore Wind Turbines” - International Offshore and Polar Engineering
762 Conference, 2011

763 6.  Krishnamoorthi Sivalingam et al (2015), “Effects Of Platform Pitching Motion On Floating Offshore
764 Wind Turbine (FOWT) Rotor”, Offshore Technology Conference, Houston, Texas, USA

765 7.  Steven Martin, Sandy Day, and Conor B. Gilmour, “Rotor Scaling Methodologies for Small Scale
766 Testing of Floating Wind Turbine Systems”, Proceedings of the ASME 2015 34th International
767 Conference on Ocean, Offshore and Arctic Engineering

768 8. Jin Chao Liu, Ke Sun, Jian Hua Zhang, Yu Na Zhao, and Mao Hua Pan, “Effects of Surge on Rotor
769 Aerodynamics of Offshore Floating Wind Turbine”, Advanced Materials Research, 1070-1072:177{182,
770 December 2014.

771 9.  E-J de Ridder, W Otto, G-] Zondervan, F Huijs, and G Vaz, “Development of a Scaled-Down Floating
772 Wind Turbine for Offshore Basin Testing”, In Proceedings of the ASME 2014 33rd In- ternational
773 Conference on Ocean, Offshore and Arctic Engineering, pages 1{11, San Francisco, California, 2014.
774 American Society of Mechanical Engineers.

775 10. Heather R. Martin, Richard W. Kimball, Anthony M. Viselli, and Andrew J. Goupee, “Methodology
776 for Wind/Wave Basin Testing of Floating Offshore Wind Turbines”, Journal of Offshore Mechanics

777 and Arctic Engineering, 136(2):021902, March 2014.


http://dx.doi.org/10.20944/preprints201808.0484.v1
http://dx.doi.org/10.3390/en11102578

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2018 d0i:10.20944/preprints201808.0484.v1

778 11. Timothy A Burdett and Kenneth W Van Treuren. “Scaling small-scale wind tubrines for wind tunnel
779 testing”, In Proceedings of ASME Turbine Expo 2012, pages 1{10, Copenhagen, Denmark, 2012.
780 12. J I Whelan and T Stallard, “Arguments for modifying the geometry of a scale model rotor”, In
781 Proceedings of 9th European Wave and Tidal Energy Conference, Southampton, United Kingdom,
782 2011.

783 13. ] Jonkman, S Butterfield, W Musial, and G Scott, “Definition of a 5-MW Reference Wind Turbine for
784 Offshore System Development”, Technical Report February, National Renewable Energy Laboratory
785 (NREL), Golden, CO, 2009.

786 14. Steven Martin and Sandy Day, “A Multi-point Performance Matched Aerofoil Design Algorithm for a
787 Scaled Wind Turbine Rotor Model”, Proceedings of the 50th 3AF International Conference on
788 Applied Aerodynamics, Toulouse, France, 2015.

789 15.  Jin Chao Liu, Ke Sun, Jian Hua Zhang, Yu Na Zhao, and Mao Hua Pan, “Effects of Surge on Rotor
790 Aerodynamics of Offshore Floating Wind Turbine”, Advanced Materials Research, 1070-1072:177{182,
791 December 2014.

792 16. ].B. de Vaal, M.O. L. Hansen, and T Moan, “Effect of wind turbine surge motion on rotor thrust and
793 induced velocity”, Wind Energy, October 2012.

794 17.  Daniel Micallef and Tonio Sant, “Loading effects on floating offshore horizontal axis wind turbines in
795 A surge motion. Renewable Energy, 83:737(748, 2015.

796 18. Anant Jain, Amy N Robertson, Jason M Jonkman, Andrew ] Goupee, Richard W Kimball, and
797 Andrew H P Swift, “FAST Code Verification of Scaling Laws for DeepCwind Floating Wind System
798 Tests”, In Proceedings of 22nd International Offshore and Polar Engineering Conference, number
799 April, Rhodes, Greece, 2012.

800 19. ].M. Jonkman, G.J. Hayman, B.J. Jonkman, R.R. Damiani, R.E. Murray, “AeroDyn v15 User’s Guide
801 and Theory Manual”. NREL document.

802 20. Abdulgadir Aziz Singapore Wala, “Aerodynamics Modelling of Floating Off shore Wind Turbines”,
803 PhD Thesis, Nanyang Technological University, May 2017.

804 21. Z. Du and M.S. Selig, “A 3-D stall-delay model for horizontal axis wind turbine performance
805 prediction”, In 1998 ASME Wind Energy Symposium, pages 9{19, Reno, NV, USA, 1998.

806 22. Abdulgadir Aziz Singapore Wala, Eddie Y K Ng, and Narasimalu Srikanth, “A
807 Beddoes-Leishman-type model with an optimization-based methodology and airfoil shape
808 parameters”, WindEnergy. 2018;21:590-603.

809 23. Abdulqgadir Aziz Singapore Wala, Eddie Yin-Kwee Ng, Anand Bahuguni, and Narasimalu Srikanth,
810 “Quantification and modelling of the dynamic wake effect for floating offshore wind turbines”, In
811 Offshore Technology Conference, Houston, TX, USA, May 2017.

812 24. Darrel A. Doman, Robynne E. Murray, Michael J. Pegg, Katie Gracie, Cameron M. Johnstone, Thomas
813 Nevalainen, “Tow-tank testing of a 1/20th scale horizontal axis tidal turbine with uncertainty
814 analysis”, International Journal of Marine Energy, Volume 11, 2015, Pages 105-119, ISSN 2214-1669,
815 https://doi.org/10.1016/j.ijjome.2015.06.003.

816 25. David M. Eggleston, Forrest S. Stoddard, “Wind turbine engineering design”,1987

817 26. M. L. Buhl, “A New Empirical Relationship between Thrust Coefficient and Induction Factor for the
818 Turbulent Windmill State”, Technical Report NREL/TP-500-36834, National Renewable Energy

819 Laboratory, Golden, CO, USA, 2005.


http://dx.doi.org/10.20944/preprints201808.0484.v1
http://dx.doi.org/10.3390/en11102578

