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Abstract: This paper investigates the aeroelastic behaviour of a full wind turbine model
with realistic blade vibration amplitude (9% span) using a nonlinear frequency-domain
solution method. The primary objective is to demonstrate the computational efficiency
of this method for an aeroelastic analysis compared to resource-intensive time-domain
approaches. The underlying CFD model was validated against experimental data and
benchmark simulations. The frequency-domain method was then validated against a con-
ventional time-domain method, comparing aerodynamic damping and unsteady pressure
distributions, with strong agreement observed. Results show a more complex unsteady
pressure distribution at 324.5 RPM compared to 424.5 RPM, directly affecting aerodynamic
damping. While aeroelastic stability was observed at both speeds, aerodynamic damp-
ing was significantly lower at 324.5 RPM. Flow field analysis reveals a clear relationship
between relative velocity, static pressure, and blade vibration. Critically, the frequency-
domain method achieved comparable accuracy to the time-domain method but with a
significantly reduced computational cost (9 h versus 120 h), making it highly attractive for
routine aeroelastic analyses and design optimisation.

Keywords: wind turbines; renewable energy; aerodynamics; aeroelasticity; computational
fluid dynamics; fluid–structure interaction

1. Introduction
The transition to a 100% decarbonised electricity system is crucial for the UK, as set

out by the government’s ten-point plan, which aims for net-zero greenhouse gas emissions
by 2050 [1]. Wind power plays a vital role in this transformation, and the UK’s ambition
to double onshore wind and quadruple offshore wind by 2030 [2]. This global trend is
evidenced by the Global Wind Report 2024, which revealed a record 117 GW of new
wind capacity installed worldwide in 2023; however, the world still needs to accelerate
wind energy installations to approximately 320 GW annually. Continuous research and
development in wind energy technologies led to an increase in the sizes of wind turbines,
with the largest wind turbine to date reaching 260 m in rotor diameter [3]. While large
rotor diameters produce more electricity, they can also potentially introduce aeroelastic
instabilities including flutter and vortex-induced vibration [4].

Numerical modelling and simulation are crucial for advancing wind power research,
particularly given the challenges of conducting experiments on large-scale turbines [5]. The
Blade Element Momentum (BEM) method [6] remains a widely used tool in wind turbine
design and optimisation to provide reasonable results without excessive computational
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demands, based on sufficient aerofoil data. While computationally efficient and commonly
employed for predicting aerodynamic loads [7,8], the BEM method typically relies on
quasi-steady assumptions and empirical corrections to account for tip loss, dynamic inflow,
and stall [9,10]. Consequently, it is often considered a low-fidelity model, primarily suited
for the initial design stages of modern wind turbines due to its inability to resolve detailed
flow structures [11].

Vortex models offer advantages over the BEM method by providing a better under-
standing of wake development and flow structures around wind turbines. Lee et al. [12]
developed an unsteady vortex-lattice method for the wake analysis, while Rodriguez
et al. [13,14] employed a free-wake method for the aeroelastic modelling of offshore wind
turbines. Breton et al. [15] explored a prescribed-wake method for similar analyses. How-
ever, a typical key limitation of most vortex models is their simplifications of viscous effects.

Actuator-type methods, such as the works of Refs [16,17], offer another approach to
the aerodynamic analysis of wind turbines. These methods represent a rotor or blade as a
disk (actuator disk method) or line (actuator line method) with varying load distributions.
While conceptually similar to the BEM method in calculating aerodynamic loads, actuator-
type methods are typically coupled with a flow solver, such as the Navier–Stokes equations,
to analyse wake development. Sørensen et al. [18] employed an actuator disk method with
a finite difference Navier–Stokes solver for unsteady wind turbine simulations. Troldborg
et al. [19] used an actuator line method to study wind turbines operating in unsteady
turbulent wakes. Although actuator-type models provide valuable insights into turbulent
wake structures and reasonably accurate loading predictions, these methods, similar to
the BEM models, require sufficient aerofoil data. Furthermore, the inclusion of a flow
solver makes them significantly more computationally expensive than BEM methods, as
discussed in [20].

Computational Fluid Dynamics (CFD) methods, often termed “high-fidelity” ap-
proaches, solve the Navier–Stokes equations and, with appropriate turbulence modelling,
can not only compute aerodynamic loads but also resolve detailed flow structures. Liu
et al. [21] developed a fully coupled CFD method for the analysis of floating offshore wind
turbine aerodynamics. CFD is frequently coupled with structural models such as Finite
Element Analysis (FEA) methods or Computational Structural Dynamics (CSD) methods
for the aeroelastic analyses of wind turbines, as demonstrated by Wang et al. [22], and Dose
et al. [23,24]. The primary disadvantage of CFD-based methods lies in their substantial
computational cost and resource requirements, particularly for fully unsteady simulations.

The development of efficient numerical tools that balance accuracy with reduced
computational cost has become a key focus in the fields of aerodynamics and aeroelastic-
ity, including wind turbines. Frequency-domain methods, such as the harmonic solution
approach explored by Rahmati et al. [25], have emerged as promising solutions for aeroelas-
ticity modelling. Win Naung et al. [26] recently introduced a nonlinear frequency-domain
method for wind turbine aerodynamic and aeroelastic analysis, incorporating different
sources of flow unsteadiness such as inflow wake and turbulence, blade vibration, and
rotor–tower interaction.

From the literature review conducted, it is clear that the computational resources and
costs are the main challenges for the aeroelastic modelling of turbomachinery including
wind turbines. It is also highlighted that the frequency-domain methods are highly efficient
and innovative by reducing the computational costs significantly without compromising
the required accuracy, compared to traditional time-domain CFD methods. This paper
aims to address the computational challenges associated with the aeroelastic analysis
of wind turbines by demonstrating the effectiveness of a nonlinear frequency-domain
solution method. Aeroelastic analyses of a wind turbine with a relatively large amplitude
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blade structural oscillation at different rotational speeds are performed using the nonlinear
frequency-domain method in this paper. The results obtained from the frequency-domain
solution method are compared to that of the time-domain method to validate the reliability
of the method. This paper is built on the authors’ previous works [26] by exploring a
complete wind turbine model with a realistic and large amplitude of blade structural
oscillation at different rotational speeds.

The paper is structured as follows. Section 2 presents the physical description of the
wind turbine used in this study, followed by Methodologies in Section 3, which includes
computational domain and grid, numerical methods employed and validation. Section 4
(Results and Discussion) discusses the results obtained from this study, and Section 5
concludes the overall findings of the paper.

2. Physical Description
The numerical modelling focuses on the MEXICO (Model Rotor Experiment in Con-

trolled Conditions) wind turbine model, a recognised benchmark model, in wind turbine
aerodynamic studies. This three-bladed rotor has a 4.5 m diameter, with each blade measur-
ing 2.04 m in length. Simulations are performed at a wind speed of 15 m/s and rotational
speeds of 324.5 RPM and 424.5 RPM, corresponding to tip speed ratios of 5.1 and 6.7,
respectively. The details of the MEXICO turbine can be found in Refs [27,28].

Blade oscillation is incorporated into the flow modelling. Modal analysis conducted
prior to the flow simulation provides the blade’s natural vibration frequency and structural
mode shapes. In a forced response and flutter analysis of turbomachinery, the structural
motion of the blade is typically dictated by the natural frequencies and the corresponding
mode shapes of the blade structure. To be consistent with the authors’ previous studies, the
first natural frequency, obtained from the modal analysis, is employed as the vibration fre-
quency. The first natural frequency corresponds to the fundamental vibration mode, which
typically carry the highest energy and is most susceptible to resonance, posing a significant
risk of structural failure. In particular, the first vibration mode, which includes primary
blade motions, is highly influenced by operational and environmental conditions. These
modes are crucial for assessing aeroelastic stability to ensure structural integrity. Consistent
with previous work [26], the first natural frequency of 15.611 Hz and its corresponding
mode shape are selected to represent the blade’s vibration. A realistic vibration amplitude
for a modern offshore wind turbine which is equivalent to 9% of the blade span is used
in the flow simulation. Since the blades of offshore wind turbines are getting longer and
more flexible, the structural deformation can be significantly large. Studies suggest that
the deflection of the blade can be as large as 9% of the blade radius, which is a significant
figure for modern offshore wind turbines [29]. Therefore, the amplitude of 9% span is
selected for this study. The blades are considered to be vibrating out of phase with each
other, and the phase angle between the blades is 120◦. The tower structure is also included
to model the interaction between the stationary structure and the rotating blade. A detailed
description of the MEXICO wind turbine and the model used in this study is presented in
Figure 1. The figure shows the physical model of the wind turbine with blades oscillating
at an amplitude of 9% span and a frequency of 15.611 Hz.
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Figure 1. Illustration of the MEXICO wind turbine model and the blade used in the simulation
(Presented in [30]).

3. Methodologies
An aeroelastic analysis involves aerodynamic modelling and structural modelling,

and they are coupled together to model the interaction between the fluid flow and the
structural responses. Table 1 summarises some of the widely used methods for the aeroe-
lastic modelling of wind turbines. A novel nonlinear frequency-domain solution method
has been explored for the aeroelastic modelling of wind turbines, integrating CFD for
the aerodynamic modelling and FEA for the structural modelling to efficiently capture
the interaction between the unsteady aerodynamic flow field and the turbine structures.
This approach enables accurate prediction of aerodynamic loads and turbine response to
varying wind conditions while significantly reducing computational costs compared to
traditional time-domain simulations. Another distinctive feature of this study is to evaluate
the aerodynamic and aeroelastic performances of a complete wind turbine model with the
blades experiencing a flutter behaviour under different operating conditions using a non-
linear frequency-domain solution method. CFD simulations are conducted using Cadence
Fine Turbo 2024.1 and FEA simulations are performed using ANSYS Mechanical 2024R2.

Table 1. Numerical methods used for the aeroelastic modelling of wind turbines.

Numerical Methods Refs

Aerodynamic modelling
1. Blade Element Momentum (BEM) model [31,32]
2. Vortex model [12,33]
3. Actuator-type model [16,34]
4. Computational Fluid Dynamics (CFD) model [21,35]

Structural modelling
1. Beam model [36,37]
2. Multi-body dynamics (MBD) model [38,39]
3. Computational Structural Dynamics (CSD) model [23,24]
4. Finite Element Analysis (FEA) model [40,41]

3.1. Flow Governing Equations

Flow modelling is carried out using a three-dimensional, density-based, finite-volume
flow solver. The Navier–Stokes equations governing the flow can be expressed in a Carte-
sian domain as follows:

∂

∂t

∫
V

QdV +
∫

A

→
F I . d

→
A +

∫
A

→
F V . d

→
A =

∫
V

SdV (1)
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where V is the volume, A is the surface, S is the source term, Q is the vector of the flow

variables, and
→
F I and

→
F V are the inviscid and viscous flux vectors, respectively. The

equation can be simplified as follows:

∂

∂t
(Q) = R(Q) (2)

In this equation, R represents combined residual and source terms. The Spalart–
Allmaras or SA model, proposed in [42], is used for the turbulence modelling. The Spalart–
Allmaras turbulence model is selected due to its established suitability for external aerody-
namic flows using a structured gird, especially those dominated by wall-bounded shear
layers, a characteristic of the present wind turbine simulations. This choice is further
supported by prior experience with similar wind turbine analyses [26], where the model
has yielded good agreement with experimental data and reliably predicted aerodynamic
loads and aeroelastic behaviour.

In this study, the modelling of the flow and aeroelasticity analysis of wind turbines is
carried out using a nonlinear frequency-domain method. By using the frequency-domain
solution approach, the Fourier series can be applied to represent the conservative flow
variables Q based on a specified fundamental frequency ω and a prescribed number of
harmonics n as described below:

Q = Q +
n

∑
harmonic=1

[
αQsin(nωt) + βQcos(nωt)

]
(3)

In this equation, Q is the time-averaged or mean parameter, and the Fourier coefficients
of the conservations are represented by αQ and βQ. The applied numerical methods use
the order of the Fourier series or number of harmonics in this case, as an input parameter
and the accuracy of the unsteady solution can be achieved by controlling the order of the
Fourier series. To model the unsteady flow in the frequency domain, the above Fourier
decomposition is substituted into the original Navier–Stokes equation (i.e., Equation (2))
to generate the new set of unsteady Navier–Stokes equation in the frequency domain
as follows:

ω
n

∑
harmonic=1

[
nαQcos(nωt)− nβQsin(nωt)

]
= R (4)

The new sets of Navier–Stokes equations (Equation (4)) are solved simultaneously
in the frequency domain using the frequency-domain solution method. The unsteady
period is divided evenly into N = (2n + 1) time intervals and an iterative method is used
to solve the system of nonlinear equations coupling all N levels. The fundamental mode
(one harmonic) is used in this paper as the source of flow unsteadiness mainly due to the
periodic blade displacement. By using one harmonic, the above Equation (3) becomes
the following:

Q = Q +
[
αQsin(ωt) + βQcos(ωt)

]
(5)

The detailed formulation of the nonlinear frequency-domain solution can be found
in [25,26].

3.2. Fluid–Structure Interaction

The modal coupling method is then applied to integrate the vibration of the blade into
the flow modelling to carry out the aeroelastic analysis of the wind turbine. The equation
governing the solid mechanics of the blade structure can be expressed as follows:

m
..
u + c

.
u + ku = f (6)
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where m is the mass matrix, c is the damping matrix, k is the stiffness matrix, u is the
displacement, and f is the external load acting on the structure.

The global displacement of the structure can be expressed by the following:

u =
nmodes

∑
i=1

di θi (7)

where di is the generalised displacement of the structure and θi is the mass normalised
mode shapes.

By incorporating Equation (7) into the modal equation, assuming Rayleigh damping,
and choosing a suitable scale factor for the mode shape, a set of independent equations for
each mode can be expressed as follows:

..
di + 2ξiωi

.
di + ωi

2di = θi
Tf (8)

In this equation, ωi and ξi are the natural frequencies and the damping coefficients for
each mode, respectively.

Before the flow simulation is carried out, the modal analysis is conducted using an
FEA method to calculate the natural frequencies and structural mode shapes. The results
of the modal analysis are then transferred to the flow simulation to compute the vibration
of the blades. di can be written as follows:

di(t) = d + dAcos(ωit) (9)

where d is the mean value, and dA is the amplitude of the generalised displacement.

3.3. Computational Domain and Grid

Figure 2 shows the three-dimensional domain and grid structure developed for this
study. The rotor and the tower are modelled in separate domains that are meshed individu-
ally. The computation domain of the complete wind turbine is created by connecting these
two domains using a rotor-stator interface. A structured multi-block grid, suitable for the
present computations, is generated with Cadence AutoGrid using an O4H topology. This
topology refers to a specific type of structured multi-block grid, and it typically combines
the advantages of two simple grid topologies such as an O-grid which wraps around an
aerofoil or a blade with a circular or elliptical shape grid and an H-grid which is a more
rectangular or block-like grid and often used for the regions away from the blade. The
employed gird in this study comprises five blocks: an O-mesh skin block surrounding
the blade; H-mesh inlet and outlet blocks positioned upstream of the leading edge and
downstream of the trailing edge, respectively; and H-mesh upper and lower blocks located
above and below the blade section, as shown in Figure 2. The thickness for the first cell
layer at the boundaries of the rotor and the tower is set at 1 × 10−5 m ensuring that y+

value is less than one to accurately compute the flow at the boundary layer.
In the traditional time-domain solution method, the flow needs to be modelled at all

three blades using a 360◦ domain, while the frequency-domain solution method requires
only one rotor blade (120◦ domain) and the flow harmonics for the remaining blades can
be phase-shifted between periodic boundaries. The inlet of the domain is set at 4R (where
R is the rotor radius) upstream of the rotor and the outlet at 8R downstream of the rotor.
The far-field or external boundaries are located at a distance of 3R from the centre of the
rotor. 4.5 × 106 elements are used to generate a 120◦ domain for each rotor passage and
14 × 106 elements are used to generate the tower domain. Therefore, the combined number
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of elements for the time-domain method and the frequency-domain method are 27.5 million
and 18.5 million, respectively.
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Figure 2e illustrates the effect of the combined rotor with a single blade and tower
grid resolution on the blade load calculations, specifically torque. The results show that
increasing the grid size beyond 17 million points yields less than a one percent improvement.
Therefore, the final grid resolution of 18.5 million, which corresponds to 27.5 million with
all three blades, employed in this study is considered adequate for the present analysis.

3.4. Boundary Conditions and Numerical Scheme

The surfaces of the rotor blade, the tower, and the hub are set as solid wall boundaries
with a no-slip condition. The deforming wall boundary condition having a periodic
displacement is applied on the blade in this analysis to facilitate an aeroelastic analysis.

A far-field boundary condition is applied to the external boundaries of the compu-
tational domain to simulate the external flow. While all three blades are modelled in the
time-domain approach, it is unnecessary with the frequency-domain method where a
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periodic boundary condition is employed. The rotor and tower domains are connected
using a non-matching rotor-stator interface to create the complete wind turbine model. The
interface is implemented using a nonlinear harmonic method in the frequency-domain
approach and a sliding-plane method in the time-domain approach. The time-domain
method requires a full three-bladed rotor model to simulate the blades vibrating at a phase
angle of 120◦. The frequency-domain method, however, calculates the mean unsteady flow
and harmonic components for a single blade and then phase-shifts these values across
periodic boundaries using an Inter Blade Phase Angle (IBPA), as described in [25].

The spatial discretisation and the temporal discretisation of the flow governing equa-
tions are carried out using a second-order accurate central scheme and a four-step Runge–
Kutta scheme, respectively.

3.5. Validation

The validation of the CFD model was rigorously performed by comparing the pre-
dicted pressure coefficient (Cp) distributions with the experimental measurements and the
data from an established reference simulation [43], as shown in Figure 3. The MEXICO
rotor is a well-documented and widely studied benchmark case in wind energy research,
providing a robust dataset for comparison. Bechmann et al. [43] presented detailed aerody-
namic load predictions against experimental data, including pressure coefficients, which
are directly relevant to the focus of our current work on aerodynamic load calculations.
Their study offers a comprehensive set of data across a range of operating conditions,
enabling a thorough assessment of the accuracy and reliability of our numerical approach.
The comparison of Cp was conducted at multiple blade span sections, specifically at 25%,
35%, 60%, 82%, and 92% of the span to provide a comprehensive assessment of the per-
formance of the model across the entire blade geometry. Examining Cp distributions at
these diverse spanwise locations allows for a detailed evaluation of the ability of the model
to capture variations in flow behaviour along the blade. While an excellent agreement
between the CFD-predicted Cp values, the reference simulations, and the experimental data
were observed at the 35%, 60%, 82%, and 92% span sections, slight variations were noted at
the 25% section between the experiment and the simulations. These minor discrepancies
are attributed to potential uncertainties associated with the pressure transducers used in
the experimental setup at these specific locations, as discussed in [27,43]. Despite these
localised variations, the strong correlation observed at the majority of spanwise locations
indicates that the CFD model accurately captures the dominant pressure field and associ-
ated flow physics over the blade surface, including key features such as pressure gradients
and stagnation points. The consistent agreement across the majority of sections validates
the overall accuracy of the model and enhances confidence in its predictive capabilities for
further analysis involving blade structural vibration at different operating conditions.
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reference simulation of Bechmann et al. [43], and the present simulation.

4. Results and Discussion
4.1. Aeroelastic Analysis of the MEXICO Wind Turbine

After an agreement between the CFD model and the experiment is achieved, the
numerical simulations of a complete wind turbine with blades experiencing a relatively
large amplitude of oscillation are carried out. The vibration frequency of 15.611 Hz is
integrated into the simulations. This study discusses both aerodynamic and aeroelastic
characteristics of wind turbines subjected to the effect of the interaction between the
unsteady flow and the oscillation of turbine blades. The aeroelastic analysis of the complete
wind turbine is conducted using the nonlinear frequency-domain solution method. The



Energies 2025, 18, 1195 10 of 20

results of the proposed frequency-domain method are also validated by conducting a
similar complete simulation in the traditional time domain. The resulting displacement
contours of the turbine blades are shown in Figure 4. The figure, which is obtained from
the frequency-domain solution, shows that only a single blade needs to be modelled in
the frequency-domain solution method as the displacements are phase-shifted between
periodic boundaries by an IBPA of 120◦.
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4.1.1. Unsteady Pressure Distribution

Blade vibration is a significant factor contributing to the formation of unsteady pres-
sure fluctuations on the blade surface. Understanding these unsteady pressure dynamics
is crucial for predicting blade fatigue, noise generation, and overall aerodynamic per-
formance. This behaviour is analysed by examining the unsteady pressure amplitude
coefficient, which quantifies the magnitude of these pressure fluctuations. Figure 5 presents
the unsteady pressure amplitude coefficient at 25%, 60%, and 92% span sections for ro-
tational speeds of 424.5 RPM and 324.5 RPM. These specific span sections were chosen
to represent the flow behaviour near the blade root (25%), mid-span (60%, and tip (92%),
providing a comprehensive understanding of the unsteady pressure distribution along
the blade.

The aeroelastic simulations of the MEXICO wind turbine are mainly conducted using
the frequency-domain solution method. The accuracy of the method is validated against
the time-domain solution method as the experimental data are not available. Since the
blade undergoes vibration, the fluctuations of the unsteady pressure are observed over
the blade surfaces. The unsteady pressure can be expressed based on the Fourier series
as below.

P = P + PAsin(ωt) + PBcos(ωt) (10)

In this equation, P is the time-averaged pressure, and PA and PB are the Fourier
coefficients. The unsteady pressure amplitude ( PAmp

)
can be calculated from the Fourier

coefficients. PAmp is expressed as follows:

PAmp =

√
PA

2 + PB
2 (11)
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25% span at the blade root region where the local angle of attack of the aerofoil is large. 
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Figure 5. Distribution of unsteady pressure amplitude coefficient (CPl) at (a) 25% span at 324.5 RPM,
(b) 25% span at 424.5 RPM, (c) 60% span at 324.5 RPM, (d) 60% span at 424.5 RPM, (e) 92% span at
324.5 RPM, and (f) 92% span at 424.5 RPM.

The unsteady pressure amplitude coefficient, Cp1, can be calculated by dividing the
amplitude by the dynamic pressure. Figure 5a,b present the unsteady pressure amplitude
coefficient, computed by both the frequency-domain and time-domain solution methods,
at the rotational speeds of 324.5 RPM and 424.5 RPM, respectively. The analysis of the
blade reveals unsteady pressure fluctuations at both 324.5 RPM and 424.5 RPM due to the
blade structural oscillation. While unsteady pressure implications are strongly present
at 324.5 RPM, the distribution at 424.5 RPM is more consistent across the blade span,
except 25% span at the blade root region where the local angle of attack of the aerofoil
is large. Notably, the unsteady pressure magnitude is stronger in the blade tip region
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where the oscillation amplitude of the blade is higher with a displacement of 9% span. This
concentration of unsteady pressure at the tip suggests susceptibility to the unsteady flow
phenomena, potentially related to tip vortex shedding and aeroelastic effects. Despite the
fact that the unsteady pressure amplitude is higher at 424.5 RPM due to its higher tip speed,
the distribution of pressure is more complex and inconsistent over the blade surfaces at
324.5 RPM which causes implications for the unsteady aerodynamic load which directly
contributes to the aerodynamic damping which will be discussed next in this paper.

A key aspect of this study is the comparison of results obtained using the proposed
frequency-domain method with those from the traditional time-domain method. Time-
domain methods, while accurate, can be computationally expensive, particularly for com-
plex geometries and transient simulations. Frequency-domain methods offer a more
efficient alternative by analysing the unsteady pressure response in the frequency domain.
The close agreement observed between the two approaches, as shown in Figure 5, validates
the accuracy and applicability of the frequency-domain method for capturing the unsteady
pressure distribution on the blade surfaces caused by blade vibration. This is particularly
advantageous for parametric studies and design optimisation processes as it provides an
efficient and reliable alternative to time-consuming time-domain methods.

The contours of instantaneous pressure on the pressure and suction surfaces of the
turbine blades are shown in Figure 6. It can be seen that all three turbine rotor blades
possess similar pressure distributions on the blade surface. However, one of the blades is
observed to have a relatively higher pressure difference compared to the other two blades.
This phenomenon is detected due to the blade vibration at an inter-blade phase angle
causing different pressure distributions on the surfaces of each blade. In the frequency
solution domain, this behaviour is captured by modelling only one blade and phase-shifting
the flow quantities between periodic boundaries by 120◦.
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Figure 6. Contour showing pressure distribution over the blade at (a) pressure surface, and (b) suction
surface (presented in [30]).

Figure 7 demonstrates the unsteady pressure amplitude contours exported from
the frequency-domain solutions at the rotational speeds of 324.5 RPM and 424.5 RPM,
respectively. These contours provide a visual representation of the spatial distribution
of unsteady pressure fluctuations across the blade surface to provide insights into the
dynamic loading experienced by the blade. At the lower rotational speed of 324.5 RPM, the
unsteady pressure amplitudes are relatively low compared to that of 424.5 RPM. However,
an increase in unsteady pressure amplitude is observed at the higher rotational speed of
424.5 RPM. As expected, the highest amplitudes are concentrated within the blade tip
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region where the blade oscillation amplitude is higher with the tip displacement of 9%
span. This concentration of unsteady pressure at the tip strongly indicates that this region
is particularly vulnerable to unsteady flow phenomena, such as tip vortex shedding and
strong vortex generation, which are exacerbated at higher rotational speeds. Although the
amplitude of the unsteady pressure is higher at 424.5 RPM, it was seen in Figure 5 that the
distribution of the unsteady pressure is more complex and inconsistent at 324.5 RPM than
at 424.5 RPM. The observed complication in unsteady pressure amplitude has important
implications for both structural integrity and aerodynamic performance of the blade.
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4.1.2. Aerodynamic Damping

The aerodynamic power of a wind turbine blade is a crucial factor in the analysis of
aeroelastic stability. Figure 8 indicates that the wind turbine blade exhibits a dominant
stability effect at 424.5 RPM, particularly notable at the tip region where the oscillatory
amplitudes are the largest. This stability is intrinsically linked to the aerodynamic power
generated by the blade. The negative aerodynamic power in the figure suggests that the
aerodynamic forces acting on the blade effectively dampen vibrations, especially at the tip,
where the linear velocity is highest and even small changes in the angle of attack can impact
the aerodynamic damping forces. At 324.5 RPM, a similar distribution in the aerodynamic
power is observed; however, the magnitudes are relatively less than that of 424.5 RPM.
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However, it is crucial to recognise that the overall aerodynamic damping is a critical
parameter to identify sources of instability under certain conditions. For instance, rapid
changes in wind speed or direction can induce fluctuations in aerodynamic loading, poten-
tially leading to resonant vibrations and aeroelastic instability. Therefore, a key emphasis
of the present study is to determine the aerodynamic damping, quantified as the work
performed per vibration cycle, to assess the aeroelastic response of the blade to varying
operational conditions, and to detect potential instabilities. This is typically achieved by
establishing a transient periodic solution. This approach allows for the assessment of
system stability across various blade vibration frequencies. The work per vibration cycle,
representing the energy exchanged between the blade and the surrounding airflow during
one oscillation, can be calculated as follows:

W =

t0+T∫
t0

∫
A

p
→
v.n̂dAdt (12)

where W is the aerodynamic work per cycle, T is the period of one oscillation cycle, p is
the fluid pressure,

→
v is the velocity due to imposed oscillational displacements, n̂ is the

unit vector, and A is the surface area. The aerodynamic damping can then be calculated
by normalising the aerodynamic work per cycle by mmω2

vD2
max where mm is the modal

mass, ωv is the vibration frequency, and Dmax is the maximum displacement amplitude as
discussed in [26]. Table 2 shows the aerodynamic damping computed from the time-domain
and frequency-domain methods for two rotational speeds while the blade is oscillating
at an amplitude of 9% span. The results demonstrate positive aerodynamic damping
values for both rotational speeds considered (324.5 RPM and 424.5 RPM), which indicate
aeroelastic stability within these operational regimes. However, a notable difference in
damping magnitude is observed between the two rotational speeds. The aerodynamic
damping at 324.5 RPM is considerably lower than that for 424.5 RPM, which suggests a
strong correlation between the unsteady pressure distribution seen in Figure 5 and the
aerodynamic damping. A complex and inconsistent distribution of unsteady pressure
amplitude was observed for the case of 324.5 RPM compared to the 424.5 RPM case. This
difference in unsteady pressure distribution directly correlates with the observed variation
in aerodynamic damping. The more complex and inconsistent pressure distribution at
324.5 RPM likely results in less effective energy dissipation from the vibrating blade,
leading to lower aerodynamic damping values compared to the pressure field at 424.5 RPM.
Furthermore, the close agreement between aerodynamic damping values computed using
both time-domain and frequency-domain methods provides strong validation for the
accuracy and reliability of the frequency-domain approach employed in this study.

Table 2. Aerodynamic damping obtained by the frequency-domain method and the time-domain method.

Case Frequency-Domain Method Time-Domain Method

At 324.5 RPM 0.237 0.225
At 424.5 RPM 0.108 0.103

4.1.3. Flow Visualisation

The relative velocity vector around the wind turbine rotor blade, with the contours
of instantaneous pressure distribution is plotted in Figure 9. The figure clearly shows the
relation between the velocity vector and the static pressure distribution around the turbine
blade surface. When the incoming flow with the relative wind velocity encounters the
aerofoil of the turbine blade, it causes the airflow to be diverted from the leading edge of the
aerofoil and the flow is distributed across the blade pressure and suction surface. As seen
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in Figure 9, the suction surface of the blade has a higher velocity distribution. However,
the high-pressure distribution is observed on the pressure surface of the blade, particularly
near the leading and trailing edge of the turbine blade. This behaviour indicates the blade
generating a lift force as it rotates. Moreover, the presence of blade vibration further
intensifies the velocity vector distortion, leading to a noticeable fluctuation of pressure and
velocity around the surface of the aerofoil.
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Figure 9. Velocity vector distribution in the surroundings of the rotor blade (presented in [30]).

The aerodynamic characteristics of the flow around the wind turbine are affected
noticeably by the presence of the turbine structure. This impact can be seen clearly in
the velocity distribution around the turbine blades and the formation of wake patterns
as shown in Figure 10. In this figure, the distortion of the flow due to the presence of
blade vibration is clearly seen. Moreover, the presence of the tower causes the distortion
of the flow forming the vortex patterns along the length of the tower. The rotor hub also
caused the formation of vortex structures as observed in Figure 10. The hub vortices formed
are then combined with the rotor vortices as the flow passes through. The wake region
downstream of the rotor is affected by the presence of vibration in the blade structure
which introduces turbulence and energy to the flow surrounding the turbine blade.
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The interaction between the rotating and stationary components of the turbine causes
the formation of unsteady flow around the turbine. The formation of tip vorticity around
the rotor blade and the flow streamlines surrounding the turbine can be observed in
Figure 11. The rotation of the rotor blades generates the vortices at the tip of the rotor and
can be observed in Figure 11a. The vorticity diffusion and advection are clearly observed
in this figure. As those tip vortices interact with the stationary tower, the vortex structures
deform, leading to the formation of additional wake structures and an increase in flow
turbulence as they progress downstream of the flow. As seen in Figure 11b, the tower
structure affects the velocity streamlines passing through the blades and causes part of the
velocity streamlines to attach to the structure forming the tower vortices downstream of the
tower. Furthermore, the additional disturbances in the flow are caused by the interaction
between the rotating turbine blades and the tower, leading to the formation of unstable
and disorganised flow streamlines in the wake region of the turbine.
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in [30]).

This study is primarily carried out using the nonlinear frequency-domain solution
method and all the flow visualisation figures are exported from the frequency-domain
solution. The figures from the time-domain solutions are not included to keep the pa-
per concise as they are similar. The results proved that the frequency-domain solution
method can be used reliably to model and capture the characteristics of unsteady flow
associated with the interaction between the turbine blades and the unsteady flow. In the
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traditional time-domain solution method, all three blades need to be modelled to capture
this flow behaviour, which requires more computational power and is time-consuming.
The frequency-domain solution method has a great advantage over the time-domain solu-
tion method as it is more computationally efficient without compromising the accuracy of
the results.

4.2. Computational Costs

A computer powered by an Intel (R) Xeon (R) w9-3475X, 2208 MHz CPU with 36 cores
and 72 logical processors is used for modelling and simulation of the wind turbine under
consideration in this study. With the nonlinear frequency-domain solution method, the
simulation only takes around 9 h, compared to more than 120 h of simulations using
the time-domain solution method. By using the frequency-domain solution method, the
computation cost is lowered by one or two orders of magnitude, while maintaining the
required level of accuracy. Therefore, the frequency-domain solution method proved to be a
reliable and efficient substitute for conventional time-domain methods for the aerodynamic
and aeroelastic modelling of wind turbines.

5. Conclusions
This paper investigates the aerodynamic and aeroelastic behaviour of a full wind

turbine model experiencing significant blade vibration at a realistic oscillation amplitude
of 9% span demanding a thorough analysis of coupled fluid–structure interactions. A key
objective is to demonstrate the effectiveness of the proposed nonlinear frequency-domain
solution method for an aeroelastic analysis, as a computationally efficient alternative to
resource-intensive time-domain approaches.

A rigorous validation process ensured the reliability of the employed methodologies.
First, the underlying CFD model, crucial for capturing the complex flow physics, was
validated against both experimental measurements and a well-established reference simu-
lation. Subsequently, the accuracy of the proposed frequency-domain aeroelastic method
was assessed by comparing its predictions with results from a conventional time-domain
method. The comparison focused on key aeroelastic parameters: aerodynamic damping
as a crucial stability indicator, and unsteady pressure distributions on the blade surfaces,
reflecting dynamic aerodynamic loads. The strong agreement between the frequency-
and time-domain results validated the ability of the frequency-domain approach to accu-
rately capture the unsteady pressure distribution and aerodynamic loads for the aeroelastic
analysis of a wind turbine system.

A key finding concerned the influence of rotational speed on unsteady pressure and
aerodynamic damping. At 324.5 RPM, a complex and inconsistent unsteady pressure
distribution was more dominant compared to the pressure distribution at 424.5 RPM. This
nature of unsteady pressure directly impacted aerodynamic damping and the stability of
the wind turbine. While positive damping, indicating stability, was confirmed at both
speeds, the magnitude at 324.5 RPM was significantly lower, which emphasises the crucial
role of operational speed in determining the aeroelastic stability margins.

Analysis of the flow field revealed a clear relationship between relative velocity and
static pressure distribution around the blade, with higher velocities on the suction side
and higher pressures on the pressure side, particularly near the leading and trailing edges.
Blade vibration further intensified velocity vector distortion, leading to noticeable pressure
and velocity fluctuations. The flow interaction between the oscillating blades and the
stationary tower led to complex unsteady flow patterns, including tower vortices and
disorganised wake streamlines.



Energies 2025, 18, 1195 18 of 20

Finally, the study highlighted the computational advantages of the frequency-domain
solution method, which only demands approximately 9 h of computation compared to 120 h
for the time-domain simulation. This substantial reduction in computational cost makes
the frequency-domain approach a highly attractive tool for routine aeroelastic analyses and
parametric studies to enable more rapid design iterations and optimisations.
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