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ABSTRACT

As wind turbine blades increase in size and flexibility, the structural deformation becomes more pronounced and
significantly influences the aerodynamic performance of the wind turbine. This paper introduces a fluid-structure
interaction (FSI) analysis model that employs the actuator line technique and equivalent beam theory to assess
the aeroelastic behaviour of wind turbines under various inflow scenarios. After validating the FSI model, it is
used to simulate the aeroelastic responses of the NREL 5 MW wind turbine under various inflow conditions. The
aerodynamic loads, structural dynamic responses, and wake field characteristics are thoroughly analysed, de-
tailing the effects of various inflow conditions, such as wind speed and inflow type, on the aeroelasticity of the
wind turbine. The findings reveal that blade deformation reduces average aerodynamic loads under various
inflow conditions, with the effect intensifying at higher wind speeds. Blade deformation’s impact is more pro-
found on aerodynamic thrust than on aerodynamic power, and it significantly influences the variation amplitude
of aerodynamic loads rather than their average values. Additionally, with increasing wind speed, blade defor-
mation notably increases wake velocity and reduces wake field turbulence intensity. Under turbulent inflow,
however, the rise in wake velocity due to blade deformation diminishes, while turbulence intensity increases,

comparing with uniform and shear inflow conditions.

1. Introduction

In response to the growing energy crisis and heightened environ-
mental pollution concerns, the wind power industry has witnessed sig-
nificant growth over the past decades, establishing itself as a cornerstone
in the renewable energy landscape. To enhance the economic viability of
wind energy, there is a notable trend towards increasing rotor diameter
(Musial et al., 2018). Concurrently, there is a shift towards lightweight
turbine designs to achieve cost efficiency (Thomas and Ramachandra,
2018). As a result, wind turbine blades have become more slender,
lightweight, and flexible (Bosnjakovi¢ et al., 2022; Micallef and
Rezaeiha, 2021; Enevoldsen and Xydis, 2019). When subjected to wind
forces, the blades undergo significant deformation, profoundly affecting
the aerodynamic performance of the wind turbine and, by extension, its
wake dynamics. Such aerodynamic disturbances, in return, significantly
impact the structural stability and safety of the blades (Della Posta et al.,
2022; Sayed et al., 2019a, 2019b). This intricate interplay between
aerodynamic behaviour and structural dynamics complicates the accu-
rate prediction of the wind turbine’s aeroelastic response. Furthermore,
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the inflow conditions, characterized by altitude-dependent wind speeds
and turbulent flows typical of real-world settings, further amplify blade
instability and the complexity of aeroelastic responses (Guma et al.,
2021; Li et al., 2020). To guarantee the consistent, efficient, and safe
operation of wind turbines, it is essential to delve into the aeroelastic
characteristics of rotor blades under various inflow scenarios.

The study of wind turbine aeroelasticity begins with an examination
of aerodynamics. Extensive research has been conducted on the aero-
dynamic characteristics of wind turbines, utilizing a variety of analytical
approaches. Among them, the blade element momentum theory (BEMT)
stands as a traditional tool. Its inherent simplicity, computational effi-
ciency, and credible accuracy have led to its incorporation into predic-
tive platforms like QBlade (Alaskari et al., 2019), HAWC2 (Larsen et al.,
2005), and FAST (Jonkman and Buhl Jr, 2005). Despite the BEMT facing
challenges with complex flow conditions, the BEMT-based Fluid--
Structure Interaction (FSI) model demonstrates considerable accuracy
compared to Computational Fluid Dynamics (CFD) across various
practically relevant scenarios (Aryan et al, 2023). Additionally,
three-dimensional (3D) panel codes (Boorsma et al., 2022; Greco and

Received 29 January 2024; Received in revised form 12 May 2024; Accepted 19 May 2024
0029-8018/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:dcwan@sjtu.edu.cn
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2024.118235
https://doi.org/10.1016/j.oceaneng.2024.118235
https://doi.org/10.1016/j.oceaneng.2024.118235

Y. Huang et al.

Testa, 2021) offer a relatively rapid and precise means to predict aero-
dynamic characteristics under potential flow conditions, especially for
complex three-dimensional shapes. This capability renders them
particularly suitable for integration with structural dynamics solvers. To
enhance computational precision under challenging flow conditions,
such as asymmetric inflow scenarios, the vortex lattice method (VLM),
augmented with the vortex core model, has been utilized (Kon-
stadinopoulos et al., 1985). While VLM effectively captures wake
structures, its reliance on empirical formulations for distant wake pre-
dictions may result in discrepancies. In contrast, CFD provides detailed
flow information at blade interfaces and comprehensive 3D wake visu-
alizations by solving the Navier-Stokes equations (Shourangiz-Haghighi
et al, 2020). As high-performance computational methodologies
advance, CFD is increasingly utilized for high-fidelity wind turbine
aerodynamic simulations (Cai et al., 2016; Tran and Kim, 2016a; Lei
etal., 2017; Liu et al., 2016), though it requires significant resources. To
reduce computational resource demand, integrative models that
combine CFD with BEMT have been developed (Mikkelsen, 2003;
Sgrensen and Shen, 2002; Shen et al., 2007). Specifically, the actuator
line model (ALM) uses virtual actuator lines to simulate blades, effec-
tively modelling the 3D wake dynamics. Despite the ALM exhibiting
limitations in accurately modelling blade tip flows, necessitating cor-
rections to enhance its model accuracy, its streamlined approach offers
computational economy, solidifying its position in numerous wake field
investigations (Zheng et al., 2023; Ning and Wan, 2019; Duan et al.,
2018; Ai et al., 2017).

Structural simulation is essential for wind turbine aeroelastic pre-
dictions. Predominantly, the 3D Finite Element Method (FEM) and the
one-dimensional (1D) equivalent beam model (EBM) are utilized
(Hansen et al., 2006). While the 3D FEM provides a deeper under-
standing of structural dynamic responses, especially in blades with
complex multi-layer composites, it demands extensive computation re-
sources (Wang et al., 2016). Due to this complexity, rotor blades are
usually modelled as equivalent beams for structural assessments. Within
the EBM framework, modal approach, multi-body dynamics (MBD), and
1D FEM are standard discretization strategies (Shabana, 2020; Borg
et al., 2014). The integration of aerodynamic and structural models has
led to the development of several comprehensive aeroelastic frame-
works (Calabretta et al., 2016; Qu et al., 2018; Jeong et al., 2014a; Dai
et al., 2017; Meng et al., 2018; Ma et al., 2019; Hsu and Bazilevs, 2012;
Li et al., 2015). Calabretta et al. (2016) developed an aeroelastic model
using a modal approach and a nonlinear beam model to study the
aeroelastic behaviour of wind turbine blades. Similarly, Qu et al. (2018)
formulated an analytical model employing a similar method to analyse
nonlinear vibrations in blades of floating offshore wind turbines
(FOWTs). Jeong et al. (2014a) investigated aeroelastic behaviours in
shear and turbulent flows using BEMT and the free-wake method. Dai
et al. (2017) applied Unsteady Reynolds Averaged Navier-Stokes
(URANS) and 3D FEM to examine blade aeroelasticity at different yaw
angles. Meng et al. (2018) investigated wake interactions among wind
turbines using ALM and 1D EBM. Ma et al. (2019) developed ALFMEM,
an aeroelastic analysis tool focusing on wake dynamics influenced by
aeroelastic behaviours, integrating ALM and FEM. Hsu and Bazilevs
(2012) introduced a comprehensive FSI methodology for wind turbine
simulations, integrating CFD for aerodynamics and 1D FEM for struc-
tural responses. Moreover, Li et al. (2015) combined CFD and MBD to
explore the aeroelastic intricacies of wind turbines.

While several coupled models have been developed to analyse the
aeroelastic performance of wind turbines (Zheng et al., 2023; Ponta
et al., 2016; Gebhardt and Roccia, 2014; Yu and Kwon, 2014), those
based on potential flow theory exhibit limited accuracy in complex
inflow scenarios, particularly in wake interactions among multiple tur-
bines. In contrast, the CFD approach, although highly detailed, requires
substantial computational resources. The ALM provides a balanced so-
lution by offering relatively accurate predictions of aerodynamic loads
and wake characteristics while significantly reducing computational
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demands. However, existing ALM-based aeroelastic models fail to ac-
count for blade torsional deformation. This study aims to address and
refine this limitation. Furthermore, there has been scant research on
how blade deformation influences wake field characteristics.

In the present work, an FSI analysis model integrating ALM and EBM
is proposed to investigate the aeroelastic behaviour of wind turbines
under diverse inflow conditions. An improved ALM predicts aero-
dynamic loads considering blade deformations, while the EBM, based on
Euler-Bernoulli beam theory, calculates structural deformations using
two-node elements with six degrees of freedom, covering flap-wise,
edgewise, and torsional deformations for a detailed structural dy-
namics analysis. A two-way coupling strategy effectively links the fluid
and structural analyses. Implemented with large eddy simulation (LES),
this model allows for comprehensive assessments of the NNREL 5 MW
wind turbine’s aeroelastic performance under varying wind speeds and
inflow types. The aerodynamic loads, blade-root-bending moments,
blade-tip displacements, and wake field characteristics are thoroughly
examined to investigate the influence of blade deformation on the
aeroelastic performance of wind turbine.

This paper is structured as follows: Section 2 introduces the proposed
aeroelastic model. Section 3 details the computational setup for the
simulations. Section 4 presents validation results and simulation out-
comes of the wind turbine’s aeroelastic responses to various inflow
conditions. Section 5 discusses the impact of blade deformation on
aeroelastic performance. The conclusions are summarized in the final
section.

2. FSI analysis model
2.1. Aerodynamic model

To minimize the computational demands of resolving boundary
layer flows near wind turbine blades, this study employs the ALM,
developed by Sgrensen and Shen (2002), for aerodynamic performance
predictions. In the ALM, blades are modelled as virtual actuator lines,
subdivided into discrete actuator points that simulate airfoil sections.
Aerodynamic forces are represented by body forces at these actuator
points, calculated from bidimensional airfoil data and localized inflow
parameters. The body forces are then projected into the flow field to
reflect the influence of the blades on the flow, thereby enabling the
modelling of the turbine’s three-dimensional vortex and wake devel-
opment. Although the ALM delivers precise aerodynamic predictions
for wind turbine, it does not account for the structural deformations of
blades. Modifications to the original ALM are necessary to include the
effects of velocity and positional variations resulting from blade
deformation.

To clarify the vector relationship of speeds and forces in aeroelastic
calculations, coordinate systems are illustrated in Fig. 1(a). Each blade
operates in a unique rotating coordinate system: Direction 2 aligns with
the blade’s spanwise direction, and Direction 1 corresponds to the
blade’s rotational direction. Additionally, the vector in Direction O is
derived from the cross product of vectors in Directions 2 and 1. Fig. 1(c)
displays the speed vectors for an airfoil section of the blade.

Ui = Uin + Up + Us (1)
Uy =Qxr (2)

where U, is the relative wind speed vector at the blade section,
comprising the vector sum of local wind speed vector Uj,, rotating speed
vector Uy, and the structural vibration speed Us induced by blade
deformation, £ is the angular speed of rotor, r denotes the distance
vector from the hub to the actuator point’s position. It is noted that Uy, is
not the inflow wind speed at the inlet boundary but the flow field ve-
locity at the actuator points, obtained through linear interpolation of the
flow field velocities at the mesh points (Lee et al., 2016).
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Fig. 1. Schematic diagram of modified actuator line model: (a) Definition of different coordinate systems; (b) Discretization of wind turbine blades; (c) Speed vectors

of an airfoil section.

The local angle of attack (AOA) a can be obtained using following
equations:

a=¢— 6 3
@ =arctan(U, / Uy) “4)
0 =0, + 0y + 0 5)

where ¢ is local inflow angle, Uy and U; are velocity components of U,
projected to the blade coordinate system, 6, 6y, and 6; represent the
blade pitch angle, local twist angle, and structural torsional angle
induced by blade deformation, respectively.

Furthermore, the lift and drag coefficients at the blade cross-section
can be obtained by interpolating the AOA in the blade aerodynamic
database. Then, the aerodynamic forces are determined by:

1
f: (LvD) :ipa|Urel|2(CLeL + CDeD)CdT‘ 6)

where L and D are lift and drag force vectors, respectively, C; and Cp
represent lift and drag coefficients, respectively, p, denotes the air
density, c is chord length, dr is width of airfoil segment, e; and ep stand
for the unit vectors of lift and drag forces, respectively.

The body force f is the vector summation of the forces exerted on
each actuator point, which is further modified by Glauert’s tip loss
correction to more accurately reflect the impact of the tip vortices on
blade performance (Shen et al., 2005). These body forces are then in-
tegrated into the flow field through the regularization kernel function ,:

1 d\?
1.(d) = 33n P [ (E) } )

N 2
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As presented in Eq. (8), the aerodynamic force f,(x,y,2,t) generated
by the wind turbine at (x,y,z,t) is the sum of the projected components of
all body forces here, where N denotes the number of actuator points,
with i signifying the index of a specific actuator point, d; indicates the
separation between a position (x,y,2) in flow field and the location of ith
actuator point, and ¢ is employed to adjust the projection width of the
body force. Based on the previous study conducted by Sgrensen et al.
(1998), a recommend value for ¢ is twice of the grid side length and
therefore ¢ is set to 4.0 in the present simulation.

The governing equations of transient and viscous airflow are derived
from Navier-Stocks equations. To effectively capture the multi-scale
vortex dynamics and turbulence distribution within the turbine wake,

this study employs the LES approach. Accordingly, the flow governing
equations are formulated as follows:

o

a—fi_o 9
om 0w o o[ (0w dw\| 9%

s ——wa[ﬂ(fg%)hw 1o

where U represents the filtered velocity vector field. p denotes the
pressure field. p is the kinematic viscosity. 7; = —p (W — ww;) repre-
sents the subgrid-scale (SGS) Reynolds stress in LES, which is dealt with
by the standard Smargorinsky eddy viscosity model (Ning and Wan,
2019) in the simulation. f. is the source term calculated from the
improved ALM.

2.2. Structural model

Owing to their slender design, large wind turbine blades can be
effectively modelled as cantilever beams in structural analysis. An
equivalent beam model based on Euler-Bernoulli beam theory is
employed to calculate the structural deformation of wind turbine blades.
The equivalent beam model is discretized using a two-node beam
element with six degrees-of-freedom (DOF). At each node, three defor-
mation types, including flap-wise deformation (5y) along x»-axis, edge-
wise deformation (6;) along y»-axis, and torsional deformation (&)
around 2-axis, are considered. Fig. 2 illustrates the dynamic equilib-
rium analysis for a representative blade element within the structural
model. There are three types of forces considered in the structural
analysis: aerodynamic loads, which include aerodynamic force (F,) and
aerodynamic torque (M,), gravity force (G), and centrifugal force (N;). It
is noted that the spin-softening effect, induced by the centrifugal force, is
also taken into account.

The structural dynamics equations based on the principle of virtual
work are chosen as the governing equations to predict the dynamic re-
sponses of wind turbine blades. These equations are discretized by the
FEM and are represented as MCK equations.

[MJ + [C% + [Kix = F an
X= [X() X1 XQ]T a2

where [M] represents the total mass matrix, [C] is the damping matrix, [K]
denotes the total stiffness matrix, F is the external force vector, x is the
displacement vector, including the displacement along the flap-wise
direction xy, the displacement along the edgewise direction x;, and
the angular displacement xy. To determine the damping matrix [C],
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Fig. 2. Dynamic equilibrium analysis for a typical blade element in structural model.

Rayleigh damping is introduced in the structural model. The damping
matrix is assembled according to the damping ratio &, the first and
second natural frequencies of the blade (fn1, fu2)-

[C]=a[M] + pK] a3
{Z } " fn 2+§fn2 [2’1%{:2 } a4

2.3. Fluid-structuring coupling

The aerodynamic and structural models are integrated through a
two-way coupling strategy, formulating a FSI model for the flexible
blades of wind turbines. As depicted in Fig. 3, the calculation of struc-
tural deformation incorporates the effects of aerodynamic forces.
Moreover, the alterations in position and additional velocity due to
blade deformation are accounted for during aerodynamic force com-
putations. It should be noted that this FSI model is grounded in a weak
coupling approach, which is more efficient than a strong coupling
strategy. When determining the aerodynamic loads for the subsequent

time step, the blade deformation from the current step is factored in.
This model is developed as a C++ class based on OpenFOAM (Jasak
et al., 2007). Additionally, this class is embedded to the pimpleFoam
solver within OpenFOAM to facilitate aeroelastic simulations of wind
turbines.

3. Computational set up
3.1. Physical model

In this study, the NREL 5 MW wind turbine is selected as the subject
of analysis, a model that has been extensively investigated (Dose et al.,
2018; Yu et al., 2018; Chow and Van Dam, 2012). The rotor diameter is
126 m. The rated wind speed for the wind turbine is 11.4 m/s, and the
corresponding rotor speed is 12.1 RPM (Revolutions Per Minute). More
detailed specifications of this wind turbine including structural prop-
erties can be found in References (Jonkman et al., 2009; Bazilevs et al.,
2011). As indicated by Fig. 4, the wind blade blades are discretized into
a series of actuator points in the present aerodynamic model.

Fig. 3. Solving procedure of the coupled aeroelastic model.
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Fig. 4. Schematic diagram of NREL 5 MW wind turbine using actuator
line model.

Additionally, the simulation emphasizes the modelling of the wind
turbine blades, excluding the nacelle and tower components. It is noted
that the title angle of main shaft and pre-cone angle of the wind turbine
blade are considered in the numerical simulation.

3.2. Computational domain

A computational domain with dimensions of 2020 m (x) x 630 m (y)
x 470 m (2) is established. The wind turbine is positioned at the centre of
the domain, 3D (where D = 126 m represents the rotor diameter) away
from the inlet boundary. To capture the fully developed turbine wake, a
wake region extending 13D in length is incorporated. Furthermore, to
account for the wake’s expansion, the gap between the blade tip and the
top boundary is set at 2.5D. Fig. 5 provides a detailed depiction of the
computational domain. To balance computational accuracy and effi-
ciency, various mesh resolutions are utilized throughout the domain. As
depicted in Fig. 6, the turbine wake region features a finer mesh to
effectively capture detailed wake dynamics. Near the wind turbine
blades, the grid has a side length of 2 m, while the surrounding back-
ground mesh adopts an 8 m grid size.

The boundary conditions are defined as follows: the inlet boundary
velocity is determined by the inflow wind conditions. The outlet
boundary is assigned to a zero-gradient condition. The top and bottom
boundaries are both treated as free-slip surfaces. The sidewalls employ
symmetric conditions.

3.3. Inflow condition

Three distinct inflow scenarios, uniform, shear, and turbulent, are
examined in this study. For the uniform inflow scenario, three different
inflow wind speeds (u;,) are considered. To achieve the optimal tip speed
ratio, the rotational speed of the wind turbine varies with different wind
speeds, as listed in Table 1. The shear inflow utilizes an exponential
model (Dolan and Lehn, 2006; Spera, 1994) to represent the
height-dependent wind speed. The magnitude of the wind speed (u,) at a
given height (2) is defined by:

Fig. 5. Schematic diagram of computation domain.
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u, = Uy <I%) (15)

where uy is wind speed at hub height Hy. For the turbulent inflow sce-
nario, a varying wind speed is chosen. The turbulence intensity (It) is
defined as:

=2 a6)
u

where o represents the standard deviation, u denotes the time-averaged

wind speed.

To investigate the impact of blade deformation and inflow condition
on the aerodynamic performance of wind turbines, numerical simula-
tions are performed for the NRRL 5 MW wind turbine under varying
inflow conditions, both with and without considering blade deforma-
tion. All simulation scenarios are summarized in Table 1.

This study conducted all numerical simulations on the Cirrus UK
National Tier-2 High-Performance Computing (HPC) Service at EPCC,
utilizing Cirrus standard compute nodes. Each node is equipped with
two 18-core Intel Xeon E5-2695 (Broadwell) series processors, operating
at 2.1 GHz. The simulation time for each case is set to 420 s, and each
case utilizes one node. The computational time ranges from 14.7 to 16.4
h per case. Additionally, the computational time per timestep of the
present FSI model, incorporating modified ALM and EBM, is compared
with the blade-resolved CFD-CSD approach from Yu and Kwon’s study
(Yu and Kwon, 2014), as detailed in Table 2. The proposed FSI model
demonstrates a significant reduction in computational time relative to
the blade-resolved CFD-CSD method.

4. Numerical results

This section begins with the validation results of the FSI model,
followed by sensitivity analyses related to grid resolution and time step
size to identify the optimal computational parameters. The exploration
of the aeroelastic behaviour of the wind turbine under uniform inflow
across various wind speeds is then presented, concluding with an anal-
ysis of the turbine’ aeroelastic performance under different inflow
conditions.

4.1. FSI model validation

The current FSI model integrates both aerodynamic and structural
components. Our previous research has confirmed the reliability of the
aerodynamic model employing ALM (Zheng et al., 2023; Ning and Wan,
2019; Ai et al., 2017; Huang et al., 2021). Therefore, the present veri-
fication focuses on the structural model and the coupled aeroelastic
model.

4.1.1. Structural model

Fig. 7 depicts a cantilever beam simulated using the structural
model, initially set with a specific velocity, mirroring the setup
described by Khayyer et al. (2018). The initial velocity distribution
along the cantilever beam is detailed in Eqgs. (17) and (18), and the
primary structural parameters of the cantilever beam are summarized in
Table 3. The structural simulation employs a time step size of 0.005s and
utilizes 40 beam elements. Fig. 8 shows the predicted displacement at
the free end of the cantilever beam. In the absence of damping, the
displacement exhibits sinusoidal oscillations over time. The deformation
predicted by the structural model closely aligns with the theoretical
estimate, demonstrating its effectiveness in representing structural
deformations.

vy (x) :0.0lcoj%, Co = \/g a7)
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Fig. 6. Grid distribution in computation domain, where ‘WT’ represents the wind turbine: (a) xz plane; (b) yz plane.

Table 1
Inflow conditions for aeroelastic modelling of NREL 5 MW wind turbine.

Case  Inflow Wind speed (m/s) Rotor speed Blade

type (RPM) deformation
1/2 Uniform ui, = (11.4, 0, 0) 121 On/Off
3/4 Uniform uj, = (8,0,0) 9.13 On/Off
5/6 Uniform uj, = (5, 0, 0) 7.48 On/Off
7/8 Shear u, = (11.4,0,0), a = 12.1 On/Off
0.15
9/ Turbulent u=(11.4,0,0),Ir = 12.1 On/Off
10 (0.2, 0.16, 0.16)
Table 2
Computational time per time step for different FSI methods.
Grid number ~ CPU clock CPU Computational
(million) speed number time (s)
(GHz)
Yu and Kwon ( 5.93 2.8 120 12.0
Yu and Kwon,
2014)
Present 6.62 2.1 36 2.8
f(x) = (cos kl+ cosh kl)(cosh kx — cosh kx)
+ (sin kl — sinh kl)(sinh kx — sin kx) (18)

Additionally, the natural frequencies of a single blade of the NREL 5
MW wind turbine, absent aerodynamic loads and at zero rotation speed,
are calculated using the current structural model. These results are then
compared with data obtained from FAST and previous studies (Li et al.,
2020; Jeong et al., 2014b), as detailed in Table 4. Furthermore, the ef-
fects of rotation and gravity on the structural dynamics of blades are
considered. As detailed in Table 5, the first six natural frequencies of a
rotating blade at 12.1 RPM are presented and compared with existing
literature (Paraskeva, 2018). It is observed that, regardless of blade
rotation, resonant agreements are achieved, demonstrating the accuracy
and reliability of the current structural model in simulating wind turbine
blades.

4.1.2. Aeroelastic model

To validate the accuracy of the current aeroelastic model, numerical
simulations are conducted for the NREL 5 MW wind turbine operating
under different wind speeds and uniform inflow conditions. The

simulation results, including aerodynamic loads and blade

Table 3

Structural parameters of the cantilever beam.
Parameter Value Unit
Structural density p° 1 x 10° kg/m?
Elastic module K° 3.25 x 10° pa
moment of inertia 6.67 x 1077 m*
Initial velocity of free end 0.01 m/s
Damping coefficient a 0 -
Damping coefficient g 0 -

Fig. 8. Time history of the displacement at the free end of cantilever beam.

Table 4
Natural frequencies of a non-rotating blade of the NREL 5 MW wind turbine.
Mode FAST Jeong et al. (Jeong Lietal (Lietal.,  Present
(Hz) et al., 2014b) (Hz) 2020) (Hz) (Hz)
fm (1st flap- 0.68 0.67 0.68 0.67
wise)
fa2 (Ist 1.10 1.11 1.10 1.10
edgewise)
fa3 (nd flap-  1.94 1.93 1.98 1.97
wise)
fna (2nd 4.00 3.96 3.99 4.01
edgewise)
fas (3rd flap-  4.43 4.43 4.66 4.67
wise)
fne (st 5.77 5.51 5.53 5.73
torsion)

Fig. 7. Sketch of cantilever beam with initial velocity: (a) Geometry shape; (b) Initial velocity.
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Table 5
Natural frequencies of a rotating blade at 12.1 RMP of the NREL 5 MW wind
turbine.

Mode Paraskeva (Paraskeva, 2018) Present (Hz)
fm1 (st flap-wise) 0.737 0.721
fnz (1st edgewise) 1.150 1.141
fn3 (2nd flap-wise) 2.048 2.013
fna (2nd edgewise) 4.124 4.013
fns (3rd flap-wise) 4.668 4.785
fae (1st torsion) 5.592 5.735

deformations, are benchmarked against data from prior studies (Li et al.,
2020; Yu and Kwon, 2014; Jonkman et al., 2009; Jeong et al., 2014b;
Kim and Kwon, 2019).

The distribution of time-averaged blade deformation along span-
wise direction under rated wind speed (uj, = 11.4 m/s) is depicted in
Fig. 9. It is observed that the predicted blade bending deformation (5o
and 61) and torsional deformation (5p), closely aligns with results from
other numerical methods. Additionally, the unsteady aerodynamic load
and aeroelastic responses of blade #1 at a wind speed of 8 m/s also show
reasonable agreement with the numerical results from Kim and Kwon
(Yu and Kwon, 2014), as present in Fig. 10. Furthermore, the mean
aerodynamic loads and blade tip deformations at different wind speeds
are listed in Table 6. Compared with the data from existing literature,
our numerical findings exhibit minimal discrepancies, thereby demon-
strating the accuracy of the proposed aeroelastic model.

4.2. Sensitivity analysis of grid size and time step

The grid sensitivity analysis in this study is performed by employing
three distinct mesh resolutions, as detailed in Table 7. The medium mesh
is configured with dimensions of 2 m x 2 m x 2 m, resulting in a total
grid number of 6.62 million. In comparison, the fine mesh’s grid number
is scaled up to 2 /2 times that of the medium mesh, while the coarse
mesh’s grid number is reduced to 1/2+/2 times. For the grid convergence
test, a time step of 0.02 s is selected, based on findings from a previous
study (Ning and Wan, 2019). This specific time step allows the wind
turbine blade to rotate approximately 1.5° per step, which aligns closely
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with recommendations from existing literature (Tran and Kim, 2016b).
To evaluate time step sensitivity, three different time steps are analysed:
0.01 s, 0.02 s, and 0.03 s, each in conjunction with the medium mesh.
The details of these time steps are outlined in Table 8. All sensitivity tests
are carried out under uniform inflow conditions, with a rated wind
speed of 11.4 m/s. Additionally, the rotor speed is consistently main-
tained at 12.1 RPM throughout these tests.

The FSI model is utilized to simulate the aeroelastic responses of the
NREL 5 MW wind turbine under three distinct mesh resolutions. Fig. 11
presents the comparison of the root mean square (RMS) values of
aerodynamic loads and blade deformation, expressed as percentage
differences relative to the results from the fine mesh. The findings
indicate that the discrepancies in aerodynamic loads between the fine
and medium meshes are minimal. However, a more significant variation
is observed when comparing the fine mesh with the coarse mesh.
Similarly, the pattern of blade deformation aligns with the trends noted
in aerodynamic loads across different grid densities. Specifically, the
deviation in all deformations remains below 1.3% when comparing the
fine and medium meshes. In contrast, these deviations all escalate to
above 3.1% when the fine mesh is compared with the coarse mesh. It
suggests that the medium mesh offers reliable accuracy in predicting the
aeroelastic responses of the wind turbine.

The results of the time step sensitivity analysis, which examines
aerodynamic loads and blade tip movements at varying time steps, are
illustrated in Fig. 12. The aeroelastic responses of the wind turbine,
encompassing aerodynamic loads and blade tip displacements, exhibit
minimal discrepancies when compared between time step sizes of 0.02 s
and 0.01 s. The observed differences are less than 1%, indicating that a
time step of 0.02 s effectively meets the convergence criteria.

4.3. Aeroelastic responses under various wind speeds

The aeroelastic behaviours of the wind turbine at varying inflow
wind speeds (5 m/s, 8 m/s, 11.4 m/s) are examined in this section,
focusing on the aerodynamic loads, structural deformation, and wake
field characteristics. Additionally, the influence of blade deformation on
the aeroelastic responses of the wind turbine is investigated.

Fig. 9. Time-averaged blade deformation along the span-wise direction under rated wind speed (ui, = 11.4 m/s): (a) Flap-wise deformation; (b) Edgewise defor-
mation; (c¢) Torsional deformation (R = 63 m is the rotor radius of NREL 5 MW wind turbine).
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Fig. 10. Aeroelastic responses and aerodynamic load of blade #1 at a wind speed of 8 m/s: (a) Flap-wise deformation &y; (b) Torsional deformation &y; (c) Aero-
dynamic thrust (T represents the rotational period of the rotor).

Table 6
Mean aerodynamic loads and blade tip deformations of the NREL 5 MW wind turbine under different wind speeds and uniform inflow condition.
ujn (m/ No. Flap-wise deformation Edgewise deformation Torsional deformation Aerodynamic power Aerodynamic thrust
s) (m) (m) (deg) (MW) (kN)
11.4 Yu and Kwon (Yu and Kwon, 4.72 0.63 3.06 5.22 656.43
2014)
Li et al. (Li et al., 2020) 4.49 0.57 2.96 5.30 678.44
Jeong et al. (Jeong et al., 4.83 0.75 3.00 - —
2014b)
Present 4.50 0.57 2.96 5.23 658.48
8 Kim and Kwon (Kim and Kwon, 2.79 — 1.82 1.81 396.40
2019)
Yu and Kwon (Yu and Kwon, 2.97 - 1.70 1.97 -
2014)
Present 2.88 0.41 1.74 1.89 411.84
5 Kim and Kwon (Kim and Kwon, 1.57 - 1.16 0.49 180.18
2019)
Yu and Kwon (Yu and Kwon, 1.63 - 1.06 0.55 -
2014)
Present 1.67 0.33 1.07 0.53 228.74
4.3.1. Aerodynamic loads
Table 7

Mesh resolution in grid convergence test.

Case Description Side length of grid Total grid number
gl Fine mesh V2 m 18.35 million
g2 Medium mesh 2m 6.62 million
g3 Coarse mesh 2v2m 2.30 million
Table 8
Time step size in sensitivity test.
Case Description Time step
tl Small time step 0.01s
t2 Medium time step 0.02's
t3 Large time step 0.03 s

To better understand the impact of blade deformation on the aero-
dynamic loads of wind turbines across various wind speeds, the ratios of
aerodynamic load coefficients with and without blade deformation are
calculated, as outlined in Eq. (19).

Rep =Cp/Cp',Rer = Cr/Cr 19)

where Cp and Cr denote the aerodynamic power coefficient and aero-
dynamic thrust coefficient, respectively, with the prime symbol * indi-
cating scenarios without considering blade deformation. The outcomes
of this comparative analysis are presented in Fig. 13. Observations
reveal that with differing inflow wind speeds, incorporating blade
deformation results in a reduction of the RMS values of Cp and Ct, with
the magnitude of this reduction growing as wind speed increases. This
trend underscores the escalating significance of blade deformation on
aerodynamic loads with higher wind speeds. Notably, the reduction in
RMS values for aerodynamic thrust outstrips that for aerodynamic
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Fig. 11. Comparison of the wind turbine’s aeroelastic responses across varied mesh resolutions: (a) Aerodynamic power coefficient (Cp) and aerodynamic thrust
coefficient (Cr); (b) Blade tip flap-wise deformation (5y), edgewise deformation (6;), and torsional deformation (5p).

Fig. 12. Temporal trends of the aeroelastic behaviours of wind turbine based on time step variations are shown as: (a) Aerodynamic power coefficient (Cp); (b)
Aerodynamic thrust coefficient (Cr); (c) Flap-wise deformation (5) at the blade tip; (d) Edgewise deformation (5;) at the blade tip; (f) Torsional deformation () at

the blade tip (Tr = 4.96s).

power, implying that blade deformation exerts a more substantial in-
fluence on aerodynamic thrust.

Moreover, our analysis indicates that the effect of blade deformation
on the variation amplitude of aerodynamic load coefficients is contin-

gent upon wind speed. At the low inflow wind speed (uj, = 5 m/s), blade
deformation contributes to a 33% decrease in the standard deviation
(STD) of Cp. Conversely, at higher wind speeds (uj, = 8 m/s and 11.4 m/
s), blade deformation incites an increase exceeding 23% in the STD of
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Fig. 13. Comparative analysis of aerodynamic loads on the wind turbine with and without blade deformation across different inflow wind speeds: (a) Aerodynamic

power coefficient; (b) Aerodynamic thrust coefficient.

Cp. Across all wind speeds assessed, blade deformation markedly di-
minishes the STD of Cr, highlighting its profound impact on the stability
of aerodynamic thrust.

Here, the reasons behind changes in the aerodynamic loads of the
wind turbine caused by blade deformation are further investigated. As
indicated by Eq. (6), there are two critical factors affecting aerodynamic
responses: the AOA and the magnitude of the relative wind speed (Unag)-
Figs. 14 and 15 present the temporal and spatial distribution of AOA and
Umag for blade #1 under rated wind speed (uj;, = 11.4 m/s). It is
observed that considering blade deformation, there is a notable decrease
in AOA from the mid-section to the tip of the blade (0.5< x/ L <1), while
Unmag experiences a slight increase. The reduction in AOA can lead to a
decrease in the lift coefficient, thereby reducing aerodynamic loads,
whereas the increase in Upag tends to augment aerodynamic loads.
Given the significant reduction in wind turbine aerodynamic loads with
blade deformation as depicted in Fig. 13, it can be inferred that blade
deformation primarily influences the aerodynamic loads of wind tur-
bines by altering the AOA of the blades.

Furthermore, the impact of blade deformation on blade root bending
moments at different wind speeds is investigated, including the out-of-
plane moment (M,op) and the low-speed-axis moment (Ms,). The ra-
tios of blade root bending moments with and without structural defor-
mation at varying wind speeds are calculated using Eq. (20), and the
results are presented in Fig. 16.

RMoop = Moop/Moop,7 RMlsa = Mlsa/Mlsa, (20)
where the prime symbol * indicates scenarios excluding blade defor-
mation.

Across three distinct inflow wind speeds, blade deformation results
in a notable decrease in both the RMS and the STD of My, and Mig,. This
trend highlights that blade deformation effectively reduces the blade
root bending moments, offering a substantial advantage in diminishing
the fatigue loads on the blades. Notably, as the inflow wind speed es-
calates from 5 m/s to 11.4 m/s, the decrease in the RMS of M,
broadens from 7% to 14%, while for Mg,, it enlarges from 1% to 7%.
This pattern underscores the amplified impact of blade deformation on

blade root bending moments with an increase in wind speed, particu-
larly highlighting that its effect on Mj,, is smaller than on M,. More-
over, as the wind speed rises, the reduction in the STD of M, attributed
to blade deformation progressively expands from 14% to 40%, in
contrast, the reduction in the STD of Mjs, contracts from 24% to 7%. This
variation signifies that the influence of blade deformation on the STD of
M,op and Mg, diverges as wind speed changes.

A deeper examination into the decrease in RMS and STD of blade root
bending moments at varying wind speeds due to blade deformation re-
veals a consistent pattern: the reduction in STD invariably exceeds that
in RMS. This observation suggests that blade deformation exerts a more
pronounced effect on the variation amplitude of blade root bending
moments than on their average magnitude.

4.3.2. Blade deformation

The structural deformation of wind turbine blade #1, including flap-
wise deformation (8y), edgewise deformation (8), and torsional defor-
mation (), is examined to investigate the aeroelastic performance of
the wind turbine under varying wind speeds. As illustrated in Fig. 17, 8o,
81, and &y all exhibit similar periodic trends, with the period of variation
matching the rotor’s rotation period. Compared to &y, §; has a smaller
mean value but significantly larger variations. Such pronounced
changes in §; can adversely affect the structural stability and fatigue life
of the wind turbine blades. Additionally, it is observed that &y reaches an
average of about 3° at rated wind speed, significantly reducing the
blade’s AOA as indicated by Egs. (3)-(5), thereby leading to a decrease
in aerodynamic loads.

Moreover, the RMS and STD values of blade deformation in different
directions across various wind speeds are compared, as illustrated in
Fig. 18. With the increase in wind speed, the aerodynamic loads acting
on the wind turbine blades rise, leading to an increase in the RMS of all
blade deformations, including &y, 51, and . As the inflow wind speed
increases from 5 m/s to 11.4 m/s, the RMS values for §y and 5y increase
by 1.7 times and 1.8 times, respectively, while the RMS for §; increases
by 0.8 times. This indicates that, compared to §;, §o and &y are more
sensitive to changes in wind speed.

Fig. 14. AOA for wind turbine blade #1 under rated wind speed (ui, = 11.4 m/s): (a) Temporal and spatial distribution of AOA; (b) Time history of AOA at x/R =
0.8, where R is the rotor radius, Ty is the rotational period, and BD signifies “Blade Deformation™).
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Fig. 15. Magnitude of relative wind speed (Unag) for wind turbine blade #1 under rated wind speed (ui, = 11.4 m/s): (a) Temporal and spatial distribution of Upag;
(b) Time history of Unag at x/R = 0.8, where R is the rotor radius, Tr is the rotational period, and BD signifies “Blade Deformation”).

Fig. 16. Comparison results of blade root bending moments of blade #1 with and without blade deformation across different inflow wind speeds: (a) Out-of-plane
moment Mo,p; (b) Low-speed-axis moment Mig,; (c) Schematic diagram of the blade root bending moments.

It is noteworthy that the trend in STD of blade structural deformation
in different directions varies with wind speed; the STD of , significantly
increases with wind speed, whereas the STDs of §, and §; decrease as
wind speed rises. In terms of variability, the STD of &y is most sensitive to
changes in wind speed, followed by &y, and then &;.

4.3.3. Wake field characteristics

To investigate the impact of blade deformation on the wake char-
acteristics of a wind turbine, the ratios of time-averaged wake velocity
(uw) and turbulence intensity (TI) with and without considering blade
deformation are calculated using Eq. (21):

Ryw= uw/uw,, Ry = TI/Tr (21)

’

Here, the prime symbol ’ indicates scenarios that exclude blade
deformation.

As depicted in Fig. 19, the wake velocity distribution at hub-height in
the horizontal plane (z = 90 m) is presented, with white lines repre-
senting the position of the wind turbine and black lines indicating the
boundary where R,y = 1. It is evident that considering blade deforma-
tion results in a significant increase in wake velocity (Ry, > 1) behind
the blades, with a more substantial increase at lower inflow wind speeds
than at higher speeds. Moreover, as the inflow wind speed increases, the
region exhibiting an increase in wake velocity due to blade deformation
gradually extends from x/D = 4 to x/D = 12.

In terms of turbulence intensity, as shown in Fig. 20, within the near
wake region (x/D < 3), considering blade deformation leads to an
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increase in turbulence intensity. However, in the region from 3< x/D <
6, blade deformation tends to decrease the turbulence intensity. Beyond
x/D > 6, the change in turbulence intensity due to blade deformation
varies with the inflow wind speed. Specifically, at an inflow wind speed
of 5 m/s, blade deformation significantly increases the turbulence in-
tensity in the wake region beyond x/D > 6. At a wind speed of 8 m/s, the
region of significant turbulence intensity increases shifts to beyond x/D
> 9, whereas at 11.4 m/s, blade deformation does not enhance turbu-
lence intensity within the wake region between 6 < x/D < 13. Overall,
with the increase in wind speed, the enhancement of wake turbulence
intensity resulting from blade deformation becomes increasingly subtle.
As depicted in Fig. 21, the Q-criterion is employed to visualize the
vortex structures of the wind turbine at various wind speeds, with the
vortex structures coloured by the dimensionless velocity deficit Uy =
(Uin-Uy)/ Uin. The Q value is calculated by the following equation:

1
Q=5 (I2l* - 1sl’) (22)

where 2 represents the rotation tensor, S denotes the strain rate sensor.
|2||? quantifies the rotational strength of the flow, while ||S||* measures
the shear strength.

The helical tip vortices generated by the blade tips are clearly
captured, and these vortices gradually dissipate as the wake distance
increases. It should be noted that the vortices do not truly “disappear”;

rather, the Q values fall below the threshold of 5e-3 used for visualizing
the wake structures. This phenomenon can be attributed to the evolution
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Fig. 17. Structural deformation of wind turbine blade #1 under rated wind speed (ui, = 11.4 m/s): (a) Time and spatial distribution of §; (b) Time history of 5, at
the blade tip; (c) Time and spatial distribution of 5;; (d) Time history of §; at the blade tip; (e) Time and spatial distribution of &p; (b) Time history of &y at the blade

tip (R is the rotor radius, Ty is the rotational period).

Fig. 18. Blade tip deformation of blade #1 of the wind turbine under varying wind speeds: (a) RMS; (b) STD.

of the wake. In the near wake region, immediately behind the tip
vortices, the flow is often chaotic and heavily influenced by strong shear
forces due to proximity to the object and immediate wake effects.
Therefore, the dominance of the shear component ||S||? over the rota-

tional component [|2||* leads to reduced Q values, which indicates the
“disappearance” of vortex structures. As the flow progresses into the far
wake, the influence of shear forces diminishes, allowing the rotational
component to regain dominance. Consequently, the Q value increases to
above 5e-3, enabling the vortex structures to “reappear”. It is observed
that blade deformation causes the wake structure to “reappear” at a
greater distance in the far wake region, which may be related to the
reduction of the rotational strength of the flow due to blade
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deformation.
4.4. Aeroelastic responses under different inflow types

Compared to uniform inflow conditions, shear and turbulent inflow
more closely mirror the actual operating environments of wind turbines.
To deepen our understanding of how these different inflow conditions
affect the wind turbine’s aeroelastic behaviours, this section analyses
the turbine’s aeroelastic responses to both shear and turbulent inflow
conditions.
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Fig. 19. Comparative analysis of wake velocity in hub-height horizontal plane (z = 90 m): (a) uj, = 5 m/s; (b) uin = 8 m/s; (¢) uin = 11.4 m/s (White line indicates

the wind turbine’s position).

Fig. 20. Comparative analysis of turbulence intensity in hub-height horizontal plane (z = 90 m): (a) uj, = 5 m/s; (b) ui, = 8 m/s; (¢) uj, = 11.4 m/s (White line

indicates the wind turbine’s position).

4.4.1. Aerodynamic loads

To visually compare different inflow conditions, the instantaneous
inflow velocity distribution at a cross-section (x = —50 m) upstream of
the wind turbine position is plotted, as shown in Fig. 22. Compared to
uniform inflow, shear inflow significantly increases the variability of
wind speed across the span of the rotor, while turbulent inflow notably
enhances the non-uniformity of velocities across the rotor disk. These
variations in inflow conditions can significantly affect the aerodynamic
loads on the wind turbine. The RMS and STD values of aerodynamic load
coefficients are summarized in Table 9. It can be seen that compared to
uniform inflow, under shear and turbulent inflow conditions, the STD of
aerodynamic loads increases significantly, regardless of whether blade
deformation is considered. This means that the instability in the wind
turbine’s power output and structural response is heightened, which
adversely impacts the performance of the wind turbine.

The ratios of aerodynamic load coefficients, with and without
considering blade deformation, are calculated using Eq. (19) and shown
in Fig. 23 to explore the effect of blade deformation on aerodynamic
loads across different inflow types. Under different inflow types, blade
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deformation consistently reduces the RMS of both Cp and Cr, with the
reduction in Ct being greater than in Cp. Interestingly, the reduction in
RMS for Cp is 7% across all inflow conditions, while for Cp, it is 11%,
indicating that the impact of blade deformation on the mean aero-
dynamic loads is relatively consistent across different inflow types. In
contrast to the RMS, the effect of blade deformation on the STD of
aerodynamic loads varies significantly with the type of inflow. Under
uniform inflow, blade deformation increases the STD of Cp but decreases
the STD of Cr. However, under shear and turbulent inflow conditions,
blade deformation leads to a notable decrease in the STD for both Cp and
Cr, especially under shear inflow, where the STD of Cp and Ct decreases
by 53% and 31%, respectively.

Table 10 presents a comprehensive comparison of the RMS and STD
of blade root bending moments across various inflow conditions,
considering both scenarios with and without blade deformation.
Notably, under shear or turbulent inflow, the RMS values of blade root
bending moments show minimal variation compared to uniform inflow,
irrespective of blade deformation. However, a significant increase in
STD is observed, particularly under shear inflow conditions. This
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Fig. 21. Vortex structures (Q = 5e-3) of the wind turbine under varying wind speeds: (a) ui, = 5 m/s; (b) uin = 8 m/s; (c) uin = 11.4 m/s (BD signifies “Blade

Deformation”).

Fig. 22. Instantaneous inflow velocity at the cross-section (x = —50 m) upstream of the wind turbine under different inflow conditions: (a) Uniform inflow; (b) Shear

inflow; (¢) Turbulent inflow.

pronounced rise in STD can be attributed to the considerable variations
in inflow wind speed, as depicted in Fig. 22.

Additionally, the ratios of blade root bending moments with and
against scenarios without blade deformation are elevated using Eq. (20),
with findings illustrated in Fig. 24. Across the different inflow conditions
analysed, blade deformation led to a reduction in the RMS values of Moo
and M, by 14% and 7%, respectively. This indicates a more pronounced
impact of blade deformation on My.p,. The influence of blade deforma-
tion on the RMS of blade root bending moments exhibits minimal
variance across inflow types. In contrast, the effect of blade deformation
on the STD of blade root bending moments is contingent upon the
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specific inflow condition. Under turbulent inflow, blade deformation
contributes to a decrease in the STD of Moo, and Mg, by 28% and 16%,
respectively. Conversely, in shear inflow conditions, the reductions are
modest, at only 2% and 3%, respectively. This highlights that blade
deformation’s impact on the STD of blade root bending moments is
relatively minor under shear inflow, as opposed to its more significant
influence under uniform and turbulent inflow conditions.

4.4.2. Blade deformation
The blade tip deformation of wind turbine blade #1 under various
inflow types is depicted in Fig. 25. Across different inflow types,
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Table 9
Aerodynamic load coefficient of the wind turbine under different inflow types.
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Inflow condition Blade deformation

Aerodynamic power coefficient Cp

Aerodynamic thrust coefficient Cr

RMS STD RMS STD
Uniform On 0.518 2.93e-4 0.743 1.83e-4
Off 0.555 2.29e-4 0.835 2.58e-4
Shear On 0.511 4.13e-4 0.737 3.72e-4
Off 0.547 8.76e-4 0.830 5.42e-4
Turbulent On 0.522 6.63e-3 0.745 5.18e-3
Off 0.559 8.28e-3 0.838 5.85e-3

Fig. 23. Comparative analysis of aerodynamic loads on the wind turbine with and without blade deformation under different inflow conditions: (a) Aerodynamic

power coefficient; (b) Aerodynamic thrust coefficient.

Table 10
Blade root bending moment of blade #1 of the wind turbine under different
inflow types.

Inflow condition  Blade deformation = Out-of-plane

bending moment

Low-speed-axis
bending moment

Moop (kNm) Misa (KNm)
RMS STD RMS STD
Uniform On 8212 76 1275 15
Off 9508 128 1367 16
Shear On 8156 374 1264 124
Off 9445 382 1352 128
Turbulent On 8240 118 1286 39
Off 9533 163 1378 47

deformations in various directions exhibit similar periodic trends, with
the period of change corresponding to the rotor’s rotation period.
Comparing the time history curves of blade deformation in different
directions, it is observed that, across various inflow types, the most
significant variation occurs in flap-wise deformation &y, while edgewise
deformation §; and torsional deformation & are minimally affected by
the inflow type. As shown in Fig. 26, under different inflow types, the
RMS of 8y varies by less than 2%. Compared to uniform inflow, under
shear inflow and turbulent inflow conditions, the STD values of §y in-
crease by 4 times and 0.83 times, respectively.

4.4.3. Wake field characteristics

The ratios of time-averaged wake field characteristics, including
wake velocity (uy) and turbulence intensity (TI), with and without
considering blade deformation, are calculated using Eq. (21) and
depicted in the hub-height horizontal plane (z = 90 m), as illustrated in
Figs. 27 and 28. In these figures, white lines mark the position of the
wind turbine, and black lines delineate the boundaries where Ry = 1
and RTI =1.

It is observed from Fig. 27 that, under different inflow types,
considering blade deformation significantly increases the wake velocity
in the near wake region (x/D < 3) behind the wind turbine blades. In the
case of uniform inflow, the increase in wake velocity caused by blade
deformation extends up to x/D = 12. For shear inflow, the increase in
wake velocity induced by blade deformation is limited to the vicinity of
x/D = 9, while under turbulent inflow, this increase in wake velocity
persists only up to x/D = 4.

Regarding turbulence intensity, the effect of blade deformation
changes depending on the inflow condition, as shown in Fig. 28. Under
uniform inflow, blade deformation increases turbulence intensity within
the near wake region (x/D < 3), while under shear inflow, this increase
in turbulence intensity due to blade deformation is confined even closer
to the turbine, affecting only the region of x/D < 1. However, under
turbulent inflow, turbulence intensity behind the wind turbine is
significantly enhanced by blade deformation. Additionally, the wake
vortices of the wind turbine are visualized using the Q-criterion and are

Fig. 24. Comparison results of blade root bending moments of blade #1 with and without blade deformation under different inflow conditions: (a) Out-of-plane

moment Mop; (b) Low-speed-axis moment M.
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Fig. 25. Time history curves of the blade tip deformation of blade #1 under different inflow conditions: (a) Flap-wise deformation &y; (b) Edgewise deformation 6;;
(c) Torsional deformation &y.

Fig. 26. Blade tip deformation of blade #1 of the wind turbine under different inflow conditions: (a) RMS; (b) STD.

Fig. 27. Comparative analysis of wake velocity in hub-height horizontal plane (z = 90 m): (a) Uniform inflow; (b) Shear inflow; (c) Turbulent inflow (White line
indicates the wind turbine’s position).
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Fig. 28. Comparative analysis of turbulence intensity in hub-height horizontal plane (z = 90 m): (a) Uniform inflow; (b) Shear inflow; (c) Turbulent inflow (White

line indicates the wind turbine’s position).

Fig. 29. Vortex structures (Q = 5e-3) of the wind turbine under different inflow conditions: (a) Shear inflow; (b) Turbulent inflow (BD signifies “Blade

Deformation”).

coloured by the dimensionless velocity deficit Uy, as presented in
Fig. 29. It can be observed that the helical tip vortices shed from the
blades gradually dissipate as they move downstream. As previously
explained, the “disappearance” of structured wake vortices is induced by
reduced Q values, resulting from the dominance of the shear component
[IS||? over the rotational component ||| in the wake flow. As the
downstream distance increases and flow instability intensifies, the in-
fluence of shear forces diminishes, thereby increasing the Q value and
causing sheet-like vortices to “reappear” in the far wake region. Under
the turbulent inflow condition, the shear component within the wake
flow is significantly weakened, consequently shortening the distance at
which vortex structures “reappear”.

5. Discussions

Based on the numerical results presented above, this discussion ex-
plores the aeroelastic responses of wind turbines under varied inflow
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conditions, emphasizing blade deformation and its impact on the aero-
dynamic loads and wake field characteristics at different wind speeds
and inflow types.

5.1. Blade deformation under different inflow conditions

The analysis of three blade deformation types shows that flap-wise
deformation has a large mean value with limited variations, whereas
edgewise deformation present a small mean value but high variations.
Torsional deformation notably alters the blade’s AOA, thereby signifi-
cantly impacting the wind turbine’s aerodynamic loads. Generally,
blade deformation reduces the aerodynamic loads, particularly affecting
aerodynamic thrust more than aerodynamic power. Blade deformation
also more profoundly affects the variation amplitude of aerodynamic
loads than their mean values. As wind speed increases, mean values for
all blade deformation types rise, with torsional deformation amplitude
also increasing, while deformation amplitudes in both flap-wise and
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edgewise decreases. Furthermore, the inflow type primarily influences
the variation amplitude of flap-wise deformation, with minimal impact
on the edgewise and torsional deformations.

5.2. Influence of blade deformation under various wind speed

As wind speed increases, blade deformation causes the reduction in
the mean aerodynamic loads to become more pronounced. However, at
lower wind speeds (uij, = 5 m/s), the impact of blade deformation on the
variation amplitude of aerodynamic loads is more significant. Similarly,
the reduction in the mean value of blade root bending moments due to
blade deformation intensifies with increasing wind speed. Interestingly,
the effect of blade deformation on the variation amplitude of Mo, and
Misa changes with wind speed: as it rises, the reduction in the variation
amplitude of My, caused by blade deformation increases, whereas that
of Mjs, decreases. Additionally, higher inflow wind speeds extend the
region of increased wake velocity caused by blade deformation further
downstream, simultaneously reducing wake turbulence intensity.

5.3. Influence of blade deformation under different inflow types

Compared to uniform inflow, shear and turbulent inflow conditions
significantly increase the variation amplitude of the wind turbine’s
aerodynamic loads, while minimally affecting their average values.
Across different inflow types, blade deformation has a consistent impact
on mean aerodynamic loads and blade root bending moments, with the
primary differences manifesting in the variation amplitudes. Blade
deformation most notably affects aerodynamic load coefficients under
shear inflow and has the greatest impact on blade root bending moments
under turbulent inflow. Among the different inflow conditions, the
increased wake velocity region caused by blade deformation is shortest,
and turbulence intensity increase is most pronounced under turbulent
inflow.

6. Conclusions

In this study, an FSI model is developed by integrating an improved
ALM with an equivalent beam model. Using this model in conjunction
with LES, numerical simulations are then conducted on NREL 5 MW
wind turbine under various inflow conditions. The aeroelastic behaviour
of the wind turbine has been comprehensively analysed. From the re-
sults, the influence of blade deformation on aeroelastic responses of the
wind turbine is investigated, leading to several conclusions derived from
our findings.

Blade deformation leads to a decrease in the aerodynamic loads on
wind turbines, a trend that becomes more pronounced with increasing
wind speeds. Compared to aerodynamic power, the impact of blade
deformation is more significant on aerodynamic thrust. Moreover, blade
deformation has a more noticeable effect on the variation amplitude of
aerodynamic loads than on their mean values. Compared to uniform
inflow, shear and turbulent inflow conditions primarily increase the
variation amplitude of aerodynamic loads significantly while having a
small impact on their average values. The influence of blade deforma-
tion on the mean aerodynamic loads shows little change with changing
inflow conditions. Furthermore, as wind speed increases, the increase in
wake velocity caused by blade deformation becomes more significant,
and the turbulence intensity in the wake field is lower. Compared to
uniform and shear inflow conditions, under turbulent inflow, the in-
crease in wake velocity caused by blade deformation is reduced, and it
leads to an increase in turbulence intensity within the wake field.

This study enhances our understanding of how blade deformation
impacts the aeroelastic performance of wind turbines at different wind
speeds and under various inflow conditions. Additionally, the aero-
elastic model developed holds potential for broader application in
simulating and analysing large wind farms. Future research will aim to
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refine our knowledge of complex wake dynamics by incorporating wind
farm modelling and more realistic inflow conditions, such as those from
the atmospheric boundary layer.
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