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Abstract. Predicting the aerodynamic performance of floating offshore wind turbines
(FOWTSs) proves challenging due to platform motion induced by waves. The effect of wind
and waves results in a six-degree-of-freedom motion of the platform, directly influencing
turbine performance. Understanding the impact of specific degrees of freedom (DOF) motions
on aerodynamics and structural response is crucial for effective wind turbine design. This
research examines the impact of rotor tilt on both aerodynamic performance and structural
response. The investigation employs computational fluid dynamics (CFD) analysis and mapping
aerodynamic loads onto the finite element (FE) mesh for structural analysis. The study employs
a comprehensive 3D simulation, utilizing the moving reference frame (MRF) method for the
NREL 5 MW reference wind turbine CFD simulations. It explores different rotor tilt angles (5°,
10°, 15°, and 20°) encountered by offshore structures during their operation and examines their
impact on aerodynamic performance. Predicted aerodynamic loads were mapped onto the blade
FE mesh using the radial basis function (RBF) interpolation technique and solved using the
open-source FE solver CalculiX. The analysis shows that the turbine performance is relatively
unaffected up to a tilt angle of 10°. However, further increase in rotor tilt angle adversely
impacts turbine performance, leading to notable reductions in thrust and power output. The
fluid-structure coupled analysis provided insights into the deformations and stresses experienced
by the turbine blade, indicating a notable increase in flap-wise displacement for larger tilt angles,
while edge-wise displacement is not as significantly affected. The maximum stress location on
the blade generally correlates well with actual observations.

1. Introduction

Wind power has experienced rapid growth and has become an essential form of renewable energy.
In 2021, electricity production from wind sources witnessed a substantial increase of nearly
273 TWh, marking a 17% rise [1]. This growth surpassed the previous year’s achievement by
55% and stands as the highest among all power generation technologies [2]. Floating offshore
wind turbines (FOWT) offer several advantages over fixed offshore wind power. They could
be installed in deep waters and access richer wind resources, enhancing their potential for
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energy generation [3]. According to research conducted by the US National Renewable Energy
Laboratory (NREL), it is projected that the cost of FOWT will decrease at a faster rate compared
to fixed offshore wind turbines [4]. The flow dynamics surrounding a rotating wind turbine blade
are naturally complex due to wind shear, turbulence, and gusts. In the case of a FOWT, the
flow characteristics become even more complex compared to those of a fixed wind turbine. This
is primarily because the platform undergoes both translational and rotational movements [5].

Many researchers have previously investigated the influence of rotor tilt on wind turbine
performance. Kim et al. [6] studied blade-tower interaction in tilted horizontal axis wind
turbines (HAWT) through numerical simulations, finding a notable impact on aerodynamic
loading. They noted significant interaction at the blade root, influenced by yaw error and wind
shear, with tower radius variations having a greater effect than clearance variations. Narayana
et al. [7] investigated using simpler, passive controls like the tilt-up method in small-scale
wind turbines. They observed that this system relies on wind rotor drag to tilt the rotor
upward during high winds. Their findings underscored that changing the tilt angle can improve
the aerodynamic performance of small-scale wind turbines. Wang et al. [8] investigated the
aerodynamic performance of a wind turbine at various tilt angles using STAR-CCM+ CFD
software. They explored angles from 0° to 12° under uniform wind speed and shear. Using sliding
mesh for blade rotation, they analyzed thrust, power, lift, drag, tip vortices, and velocity profiles.
Results showed optimal performance at 4° tilt, affecting the angle of attack and thus thrust and
power. The study aimed to assess tilt angle’s impact on fixed wind turbine aerodynamics.
Santo et al. [9] studied the impact of a 5° tilt angle on a large HAWT within a sheared
wind velocity atmospheric boundary layer (ABL). They found that the tilt angle increased
tip deflections due to gravitational load while reducing axial force oscillation. This led to larger
tip displacements at specific azimuth angles, impacting internal stresses in blade structures and
mitigating moments exerted on the hub. Based on the literature review presented, numerous
researchers have dedicated their attention to investigating the aerodynamic performance of wind
turbine blades under the tilt effect. However, there is a relatively limited exploration of the
impact of adverse tilting (that could be possible in a floating scenario) on the aerodynamic
characteristics and elastic deformations of the turbine blades. Therefore, this paper addresses
this research gap by focusing on two key aspects. The first aspect involves conducting CFD
analysis on a FOW'T, considering different tilt angles. The second aspect entails mapping the
aerodynamic loads obtained from the CFD analysis onto a finite element (FE) turbine blade
model. This mapping process quantifies the extent of structural deformation and stress levels
experienced by the blade. The subsequent section provides a comprehensive overview of the
methodologies employed in this study. Following a detailed discussion of the methods, the
geometric details of the NREL 5 MW turbine blade are presented, including specifics regarding
the CFD and FE meshes. The subsequent section focuses on research outcomes, discussing
the impact of rotor tilt angle variation through CFD simulations and analyzing the structural
response of the turbine blade. The final section concludes with a summary of key findings and
outlines potential areas for future work.

2. Methodology

In the present work, the three-dimensional, unsteady Reynolds averaged Navier-Stokes
equations, coupled with the k-w SST turbulence model, were implemented using the STAR-
CCM+ software package [10]. The primary methodologies employed are the MRF and radial
basis function (RBF) interpolation methods. The internal rotating frames were modeled using
the MRF approach within a stationary computational mesh and reference frame. The RBF
interpolation method plays an important role in facilitating data transfer from the fluid surface
to the FE model of the wind turbine blade, ensuring an accurate and reliable exchange of
information between two domains.
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2.1. MRF method

There are different techniques to account for turbine rotation [11], with the chosen approach
being the Moving Reference Frame (MRF) method based on the steady-state approximation [12].
This method involves translating fluid motion into a rotating frame. Its computational efficiency
is notable due to the steady-state solution, making it less costly than alternatives such as the
Sliding Mesh Interface (SMI) [13]. In the context of an inertial reference frame (i) and a rotating
reference frame (r), the relationship between absolute velocity (;) in the inertial frame, rotating
velocity (i, ), and angular velocity (2) is defined as follows:

@ =iy + Q%7 (1)

This equation expresses the absolute velocity in the inertial frame as a combination of the
rotating velocity and the contribution from angular velocity. The compressible Reynolds-
Averaged Navier-Stokes (RANS) equations, considering the inertial frame, and the mass
conservation and momentum equations are given by:

V- (pt;) =0 (Mass Conservation) (2)

V- (t®@U;) =-V (i) + V- (uVid;) (Momentum Equation) (3)

These equations express mass conservation and momentum balance in the inertial frame,
accounting for pressure, density, and viscous effects. The momentum equation in the rotating
frame is then extended to include the Coriolis force (Q x ,.):

V(@ ) + QX i) = —V (];) LV (Vi) (1)

This equation introduces the Coriolis force resulting from the rotation of the reference frame into
the balance of pressure, viscous forces, and turbulence effects influencing the absolute velocity.
The variables p, i, and p represent density, dynamic viscosity, and pressure, respectively.

2.2. RBF interpolation method

An enhanced point selection method employing RBFs was previously developed and validated
[14, 15]. The method, rooted in a multi-level subspace RBF interpolation approach utilizing
the ’double-edge’ greedy algorithm, was developed to address the limitations of inaccurate
interpolation inherent in single-point position correction processes. Through this approach, the
method facilitates precise and high-quality data interpolation while minimizing computational
costs. The expression for the necessary interpolation utilizing RBF's can be represented as:

N
F(r) =) ¢i(llr —ri) - wi ()
=1

The expression F'(r) signifies the interpolated function at the point r. Here, ¢; refers to the
RBF associated with the ¢-th control point, and r; represents the coordinates of this control
point. The term ||r — r;|| denotes the Euclidean distance between the point of interest (r) and
the i-th control point. Additionally, w; corresponds to the weights or coefficients assigned to
each control point in the interpolation process. For a more comprehensive understanding and
thorough validation of the method, readers are encouraged to refer to the work by Wang et
al. [14]. The interpolation problem is described in the following universal form:

AS = oW (6)
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Position(m) Twist(deg) Chord (m) Section

Culinder 1 0.00E+00 1.33E+01 3.386 Cylinder 1
y 1.37E400 1.33E+01 3.386
Cylinder 2 4.10E+00 1.33E+01 3.854
DU99-W.A05 6.83E+00 1.33E+01 4.167 Cylinder 2
DU99-W-350 1.03E401 1.33E+01 4.557 DU99-W-405
DU97-W-300 1.44E+01 1.15E+01 4.652 DU99-W-350
DUILE.250 1.85E+01 1.02E+01 4.458
DU91-W-210 2.26E4-01 9.01E4-00 4.249 DU97-W-300
2.67E+01 7.80E+00 4.007 DU91-W-250
3.08E+01 6.54E+00 3.748
3.49E+01 5.36E4-00 3.502 DU93-W-210
NACA-64-618 3.90E+01 4.19E+00 3.256
4.31E401 3.13E400 3.010 NACA-64-618
5 4.72E+01 2.32E400 2.764
5.13E+01 1.53E+00 2,518
C, « 5.47E+01 8.63E+01 2.313
7 5.74E+01 3.70E+01 2.086
6.01E+01 1.06E+01 1.419
6.15E+01 0.00E+00 1.085

Figure 1. NREL 5 MW: The turbine Table 1. Blade parameters (section

geometry is created with eight different sections position, twist angle, chord length, and

blended to create the complete turbine blade.  section profile) for the NREL 5 MW
reference wind turbine [16].

3. Geometry and computational meshes

3.1. Turbine geometry and specifications

The NREL 5 MW turbine blade [17, 18] is designed to produce the necessary power output
under typical wind conditions. Figure 1 shows the geometry of the reference wind turbine, which
comprises eight different section profiles combined to generate the complete blade geometry. The
geometric details for the NREL 5 MW wind turbine blade are given in Table 1. The rotor has a
diameter of 126 m, a hub diameter of 3 m, and a hub height reaching 90 m above ground level.
This turbine exhibits a cut-in wind speed of 3 m/s, ensuring early energy capture, while the
rated wind speed stands at 11.4 m/s, maximizing power generation. The cut-out wind speed is
set at 25 m/s to ensure safe operation. Additionally, the turbine’s rated rotor speed is specified
at 12.1 rpm.

3.2. CFD mesh and boundary conditions

All the CFD simulations in the present work have been performed using the Star CCM+ solver
[19]. There are several possible models for mesh generation within the solver. A trimmed cell
model was employed to generate volume mesh. Different mesh and domain sizes have been
tested to make the results independent of these parameters. Figure 2(a) shows the complete
computational domain, with a size of eight million cells, generated for the NREL 5 MW wind
turbine with specified velocity inlet and pressure outlet boundary conditions. The section cut
of the domain is Figure 2(b), showing a dense region defined to capture the turbine’s wake.
Figure 2(c) shows the surface mesh for the turbine blades with blade refinement patches defined
using the surface remesher option.

3.3. FE mesh of the blade

The turbine blade’s FE model is generated and solved using an open-source FE solver,
CalculiX [20]. The numerical model and the FE mesh are shown in Figure 3(a) and (b),
respectively. The turbine blade is divided into 18 sections, and the material properties of each
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Pressure Outlet

\elocity Inlet

y:

Turbine rotor
(b)
Blade Refinement patches

Figure 2. (a) CFD mesh of the NREL 5 MW showing complete fluid domain (b) Section cut to
show the mesh refinement region for the wakes (c) Blade surface mesh with defined refinement
patches at the leading edge curvatures.

(a) (b)

Figure 3. Numerical model of wind turbine blade structure for NREL 5 MW (a) Surface area
with highlighted shear web defined at the center of the turbine blade (b) FE mesh generated for
the turbine blade

section are defined. The materials employed include Gelcoat, unidirectional fibers, and foam.
These materials, specific properties, and details have been adopted from the reference [17]. The
FE model resulted in 28560 elements. The blade is fixed at the root, and the pressure data is
mapped from the CFD mesh to the FE mesh using the RBF interpolation method. Figure 4
shows the variation of the FE model by comparing the total displacement of the turbine blade
with the reference numerical model [21]. The maximum total displacement achieved in the
current FE simulation is 2.503 m, in contrast to the reference total displacement of 2.596 m,
which compares fairly well, indicating that the model is acceptable for subsequent analyses.
Furthermore, Table 2 compares the modal frequencies of the blade obtained from CalculiX with
reference values [17]. The modes include flapwise and edgewise bending as well as torsion. The
results agree with a maximum percentage difference of 7.7% for mode 1.
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(a) (b)

Figure 4. Comparison of the total displacement for the NREL 5 MW wind turbine blade (a)
Present study (b) Reference FE results [21]

Mode CalculiX Ref [ [17]] Percentage Difference (%) Description
1 0.803 0.87 7.701 1st flapwise bending
2 1.111 1.06 4.811 1st edgewise bending
3 2.535 2.68 5.410 2nd flapwise bending
4 3.945 3.94 0.127 2nd edgewise bending
5 5.602 5.57 0.575 3rd flapwise bending
6 6.125 6.45 5.039 1st torsion

Table 2. Comparison of CalculiX results with reference data and percentage differences

4. Results and discussion

4.1. Rotor tilt angle variation

To investigate the rotor tilt angle variation for the NREL 5 MW wind turbine blade, the initial
analysis was conducted at a tilt angle of 0°. This study considered additional parameters,
including a rated wind speed of 11.4 m/s and a rotor speed of 12.1 rpm, aligning with the
NREL conditions [22] and used by several studies in literature [23, 24, 25]. This will facilitate
the validation of the case setup, ensuring its suitability for subsequent analyses. The turbine
rotations were specified through the implementation of the MRF method.

Different rotor tilt angles (0°, 5°, 10°, 15°, and 20°) have been simulated, and the turbine
performance has been evaluated for comparison. Figure 5 (a) and (b) show the velocity contours
and the vorticity magnitude, respectively, for different tilt angles. The rotor’s tilt angle affects
the blade’s aerodynamic performance and, consequently, its interaction with the surrounding
fluid. Figure 5 (c¢) compared the vorticity contours at 0° and 15° tilt angles. For a large
tilt angle, the turbine blade rotates in the wake of the other blade affecting the aerodynamic
characteristics of the rotor and leading to conditions such as wake interference, blade-blade
interactions, and increased turbulence. Figure 6 shows the turbine performance plots for thrust,
torque, and power produced for different rotor tilt angles. The results suggest that the turbine
performance remains relatively stable up to a tilt angle of 10°. However, beyond this point,
there is a notable degradation in performance. The rotor tilt angle also plays a critical role in
influencing the distribution of loads on the turbine structure. Figure 7 compares the velocity
profiles extracted from the near vicinity of the rotor at seven different sections (shown in Figure 7
(e)). ’Section 0’ is just upstream of the turbine, while subsequent sections are positioned within
the wake of the rotor blade, allowing for the observation of velocity deficit and turbulent flow
effects. It can be seen from the figure that the velocity profile remains stable for tilt angles 0°
and 5°, but some irregularity starts from a tilt angle of 10° which becomes more pronounced
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0° Tilt Angle

0° Tilt Angle
oam s i S

5° Tilt Angle N

10° Tilt Angle [ RS

T @yv 15 Tilt Angle
150 Tilt Angle Ll u'.?‘. - . - e Lx arsozs. 0% 1] 11902 ir.

(@ (b) ©

Figure 5. (a - b) Velocity and the vorticity magnitude for different rotor tilt angles (c)
Comparison of the vorticity field at tilt angles of 0° and 15°, highlighting the impact of rotor
tilt angle variation on the aerodynamic characteristics of the wind turbine blade

900 4 4500 - 6.0
800 3 4000 A L
5.0 4
700 | 3500 A
= 600 £ 3000 S 40 -
<500 4 € 2500 | 2
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£ | g ] - - $20 4
= zgg o 1-;’8[0] —e—Present Simulation & 20 1" _e present Simulation
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Figure 6. Performance plots for NREL 5 MW turbine, illustrating thrust, torque, and power
variation across various rotor tilt angles.

for higher tilt angles. Furthermore, there is a noticeable disturbance in the velocity profile of
the upstream section at higher tilt angles. These observations suggest potential performance
degradation at higher tilt angles.

4.2. Fluid structure interaction analysis

The impact of varying rotor tilt angles on the turbine structure is investigated through a fluid-
structure interaction (FSI) analysis. The approach employed in this study involves a one-way
FSI analysis using the partitioned coupling approach. While a two-way interaction is feasible,
a one-way interaction is selected to manage computational costs effectively. The pressure
distribution estimated from the CFD analysis is mapped on the FE mesh of the turbine blade
(shown in Figure 8 (b)). Due to the applied load, the turbine blade experiences structural
deformation. Figure 9 (a) and (b) show the plots for the flap-wise and edge-wise displacement
of the turbine blade, respectively. The structural response was determined by varying the tilt
angle of the rotor. The results indicate that for rotor tilt angles of 0° and 5°, neither the flap-
wise displacement nor the edge-wise displacement is significantly affected. However, there was
a significant increase in flap-wise displacement for larger tilt angles (10°, 15°, 20°). The total
flap-wise displacement nearly doubled with the tilt angle increasing from 5° to 20°. Although
the edge-wise displacement also increased, the magnitude of this increase was not as pronounced
as the flap-wise displacement.
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1.0
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(b)

-0.25 0.00 0.25
(1-U)/Uref
Tilt Angle: 15

0.50

-0.25 0.00 0.25
(1-U)/uref
Tilt Angle: 20

0.50 0.75

(d)

O Section 0
Section 1
O Section 2
Section 3
Section 4
Section 5
Section 6

-0.25 0.00 025 0.50

(1-U)/uref

-0.25 0.00 0.25
(1-U)/Uref

-0.25 0.00 0.25
(1-U)/Uref

0.50 0.75

Figure 7. Velocity profile for at various locations, one upstream and several downstream of
the rotor blade. (a - e) For different rotor tilt angles (f) data extraction lines showing different

locations

@

FE Mesh

CFD Mesh

Mapped Pressure on FE Mesh

96000 97200,

Star CCM+ Pressure Plot

1.0080e:05 7.0200e:05

(b)

Figure 8. NREL 5 MW: (a) Comparing the CFD and FE mesh to compare the mesh density
of the two models (b) Mapped pressure values from CFD to FE surface mesh

The equivalent stress estimated from this analysis is presented in Figure 10 (a) and (b) for

two different tilt angles, 5° and 20°, respectively.

It’s essential to note that the analysis is

static, and as such, the results may not entirely depict the true stress distribution that could be
observed in a dynamic analysis. Despite this limitation, the equivalent stress contours provide
valuable insights into the location of maximum stress. The identified location aligns with the
typical scenario of blade structure failure, often occurring at approximately 35% to 40% of the
span when measured from the blade’s root. This correlation enhances the significance of the
static analysis in identifying critical stress points in the turbine blade structure.
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Figure 9. Total displacement plot at different rotor tilt angles (a) Flap-wise displacement (b)
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Figure 10. Equivalent stress plot for the wind turbine blade for different rotor tilt angles (a)
5° (b) 20°

5. Conclusion and future work

The research employed computational methods to analyze the impact of rotor tilt angle variation
on both aerodynamic performance and structural response of the NREL 5 MW wind turbine
blade. The FE model was validated against reference results found in the literature to ensure
its suitability for subsequent analyses. Through CFD simulations, the study found that the
turbine’s performance remains stable up to a tilt angle of 10°, beyond which there is a
degradation in the performance. The study also identified the intricate interplay between
aerodynamic performance and structural response. The fluid-structure coupled analysis provided
insights into the deformations and stresses experienced by the turbine blade, indicating a
notable increase in flap-wise displacement for larger rotor tilt angles. In contrast, the edge-wise
displacement is not as significantly affected. Despite the static nature of the stress analysis,
the identified location of maximum stress correlated well with typical blade structure failure
scenarios, enhancing the credibility of the numerical method. For future work, exploring dynamic
FSI analyses could offer a more comprehensive understanding of the turbine’s behavior under
varying tilt angles. Investigating additional design parameters, such as blade material properties
and structural configurations, could present results close to actual behavior.
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