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Abstract. The proper orthogonal decomposition has been applied on a full-scale horizontal-axis wind turbine to shed light on the
wake characteristics behind the wind turbine. The blade tip experiences high deflections even at the rated conditions which
definitely alter the wake flow field, and in the case of a wind farm, may complicate the inlet conditions of the downstream wind
turbine. The turbine under consideration is the full-scale model of the National Renewable Energy Laboratory 5 MW onshore wind
turbine which is accompanied by several simulation complexities including turbulence, mesh motion and fluid-structure
interaction. Results indicated an almost similar modal behavior for the rigid and flexible turbines at the wake region. In addition,
more flow structures in terms of local vortices and fluctuating velocity fields take place at the far-wake region. The flow structures
due to the wake shed from the tower tend to move towards the center and merge with that of the nacelle leading to an integral
vortical structure 2.5 diameter away from the rotor. Also, it is concluded that the exclusion of the tower leads to missing a major
part of the wake structures, especially at far-wake positions.

Keywords: Proper Orthogonal Decomposition, Horizontal-Axis Wind Turbine, Wake Analysis, Fluid-Structure Interaction.

1. Introduction

Clean energies are considered to be a suitable substitute for conventional carbon-intensive energy resources to decrease
environmental disasters such as climate change, global warming and acid rain. In this matter, a great portion of the global energy
demand due to the world population surge in the last decades can be addressed with renewable energy resources [1, 2]. Therefore,
more investments have been drawn to the development and optimization of utilization of these energy sources [3].

Wind energy is characterized as a feasible substitute owing to its availability, reliability and cleanness. Wind Turbines are one
of the major sources of energy production burdening low impact on the environment and are associated with high efficiency and
performance [4]. This led to a great rise in the installation of wind turbines around the world and it is predicted that the share of
wind turbines in electricity production will rise to 5% by 2030 [5]. To meet the increasing demand for energy production, large-scale
wind turbines are going to be clustered in more extensive areas with condensed configurations to ensure enough energy production.
In fact, two challenges are always highlighted among the vital design factors of the large-scale offshore wind farm [6]: (i) the wake
shed by the upstream turbines which can decrease the amount of power generated by the downstream turbines and (ii) the
probability of failure of the wind turbine structures including nacelle and blades. An efficient and reliable design of wind turbine
heavily depends on the identification of the dynamics of wind turbine wakes and their effects associated with neighboring wind
turbines for optimization and development of next-gen wind turbines and wind farms [7]. Moreover, a full analysis of the near and
far-wake regions of the wind turbine is necessary to accomplish the performance assessment of the blades and further acoustic
analysis. The wake region behind a wind turbine can exhibit flow structures ranging from millimeters to hundred meters which
correspond to the size of wind turbine components [8].

Although large-scale offshore wind turbines undergo severe aerodynamic and weight forces, they have attained a lot of attention
during recent years due to their high ability in power production, less visual and environmental impacts, and abundance of wind
in offshore areas [9-11]. To overcome this complication, manufacturers aim to produce lighter blades to mitigate the problem of
large loads applied to the tower and mechanical connections [12]. As a result, the larger and lighter blades lead to more flexible
structures which alter the performance of the wind turbine and render the assumption of rigid blades invalid [13].
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Due to spatial limitations, the future trajectory of wind farms involves deploying wind turbines in proximity within a tandem
configuration [14-18]. Therefore, achieving precise modelling of wake dynamics becomes imperative to optimize layout, operation,
and control. The intricate interplay between wake dynamics and rotor aeroelasticity significantly influences each other.
Conventional aerodynamic theories fall short in adequately capturing the interaction between the fluctuating inflow and the
dynamic aerodynamics of the flexible blades [19]. Blades traversing through the air shed vorticity, typically discharged downstream
and away from a rigid structure. However, when the blades deform out-of-plane, the rotor engages with its vorticity, casting doubt
on the accuracy of design assumptions. Moreover, the structural dynamics of blades, inherent curvature and sweep, and significant
nonlinear deflection (encompassing torsion and bend-twist coupling) further complicate the physics and the evaluation of stability
[20]. Consequently, this study aims to investigate the wake shed phenomenon behind a flexible horizontal-axis wind turbine, with
Proper Orthogonal Decomposition (POD) serving to extract hidden fluid flow structures.

The employment of POD to extract different modes of flow dynamics was first proposed by Lumely et al. [21]. This idea was then
nurtured and developed into more robust methods in different studies namely, Sirovich [22] who put forward the concept of
snapshot POD. Consequently, in recent years, the advances in Reduced Order Modelling (ROM) techniques have led to plenty of
studies intended to enlighten the hidden flow characteristics by employing methods like POD [23-26]. For instance, Premaratne et
al. [27] investigated coherent vortices embedded in the turbulent wake flow behind a prototype Horizontal Axis Wind Turbine
(HAWT) experimentally. A high-resolution Particle Imaging Velocimetry (PIV) system was used to quantify the evolution of the
unsteady wake vortices. The POD analysis was conducted followingly to identify energetic vortex patterns in the turbulent near
wake. They concluded that the wake region adjacent to the turbine accounts for a high percentage (62%) of the modal energy. While
highly stretched fluctuations, especially in the vertical direction, were observed at the end of the wake region.

Due to the large dimensions of such turbines, the experimental study regarding the blades’ flexibility effects is impractical. In
addition, it is hard to establish a complete similarity between the actual model and the prototype. For instance, in the existence of
sea waves, an equal value of the Froude number should be maintained to ensure hydrodynamic similarity. However, maintaining
similar aerodynamic dimensionless numbers such as the Tip Speed Ratio (TSR) and Reynolds Number at the same time is almost
impossible [28, 29]. As a result, the numerical methods may yield more reliable outcomes for offshore wind turbines owing to the
fact that all the details are taken into consideration.

In recent years there has been an increasing interest in studies aimed at understanding the advanced working conditions of
the wake of the flexible wind turbine. To illustrate, Zhang et al. [30] proposed a novel two-way fluid-structure interaction (FSI) model
for the simulation of a flexible HAWT taking the effect of inflow conditions into consideration as well. As one of the main findings,
it was demonstrated that the tower has a profound effect on the wake of the wind turbine causing the vortical behavior of the
flexible blades to undergo considerable alterations. Farrell et al. [31] performed a numerical simulation to study the wake of a wind
farm of flexible HAWTSs under atmospheric turbulent oscillation conditions. The results proved that the wake affects the vibration
dynamics of the wind turbines located downstream significantly. Trigaux et al. [32] employed the flexible actuator line method
implementing the Large Eddy Simulation (LES) technique to investigate the aeroelasticity of a 15 MW offshore HAWT. It was reported
that in general, an assumption of a rigid blade is sufficient to capture the wake dynamics. Yu et al. [33] utilized the elastic actuator
line method which regards the blade as an elastic beam for the FSI application to study the performance and wake of two wind
turbines in an aligned configuration. It was shown that the flexibility of the blades along with the wake of the tower can lead to
instability occurrence on the downstream turbine. Liu et al. [9] studied a flexible offshore wind turbine with platform surge-induced
motion. The results proved that the blade flexibility without considering the effect of platform motion does not change the
performance of the wind turbine by more than 5%. Leng et al. [34] employed the actuator line method to perform a two-way FSI
study of large HAWTSs. It was reported that blade flexibility can help the wake recovery process compared to rigid cases.

From the numerical perspective, to take the effect of blade flexibility into consideration, the structural and fluid dynamics
phenomena need to be modelled by independent solvers followed by an interface to transmit the results from one to the other [35].
Obviously, accuracy and computational cost are the two main factors which govern the FSI simulations, and one needs to strike a
balance to conduct a cost-efficient study. For instance, Blade Element Momentum (BEM) oriented techniques are mainly employed
to reduce the cost of the computational cost associated with the flow simulation [36]. The FAST code was first developed by the
National Renewable Energy Laboratory (NREL) to extend the aerodynamic calculation of horizontal off-shore wind [37]. The code
utilized a variety of packages to address fluid and structure models, and more inclusively BEM method for simulating the fluid flow.
Several research studies were reported on the utilization of the FAST package to model FSI in wind turbines [38].

Due to the simplifications related to the BEM theory, many attempts have been made to modify and improve the accuracy of
such simulations. To illustrate, Mo et al. [39], and Rajan et al. [40] modified the BEM theory by considering the fluxional fluctuations
and torsional deformations for each element. Yu and Kwon employed a non-linear Euler-Bernoulli beam model coupled with an in-
house incompressible flow solver in their analysis [41]. They demonstrated that the aeroelastic deformation of the NREL 5 MW wind
turbine, boasting a rotor diameter (D) of 126 m, decreases aerodynamic loads through torsional deformation. Rajan et al. [40]
developed the Dynamic Rotor Dynamics (DRD) — BEM models to capture the three-dimensional effects of blade deformation more
accurately by constantly altering the point of element equilibrium. Sayed et al. [42] conducted a numerical study on a DTU 10 MW
HAWT by combining Unsteady Reynolds Average Navier-Stokes (URANS) with a structural solver called Carat++ which calculates
the deformation of the blade a non-linear Timoshenko beam assumption. In this work, an increase in the wind turbine power due
to the blade flexibility by 1% was reported. On the other hand, the discrepancy between the rigid and flexible simulations has been
reported to be more significant for other HAWT types. For instance, Badshash et al. [43] showed almost a 5% difference in the power
coefficient of a two-bladed HAWT by considering the effect of blade flexibility. Generally, the effect of blades’ flexibility plays an
important role in larger turbines.

In the field of wind turbine analysis, accurate perception of flow characteristics in the wake region is critical yet challenging,
requiring the integration of advanced numerical methods and powerful analytical tools. While cost-efficient methods like BEM have
achieved high accuracy in predicting output power, they fall short in accurately modeling the complex wake dynamics. This paper
aims to address these shortcomings by introducing several innovative approaches:

e High-Fidelity FSI Simulation: We implement a fully coupled high-fidelity FSI simulation to thoroughly examine the wake
characteristics behind a large-scale HAWT, i.e. NREL 5 MW. This approach allows for a more detailed and realistic analysis
of the far-wake flow, which is essential for optimizing turbine performance and layout implementations.

e POD Analysis: Employing the reduced-order model-based POD, this study aims to comprehensively assess the transient
behavior of the flow in all spatial directions in the far-wake, providing a more thorough analysis than previous efforts. POD,
as a powerful analytical tool, simplifies complex flow dynamics into more manageable components, allowing for a deeper
understanding of the evolving flow structures over time. This is crucial for accurately capturing and analyzing the dynamic
processes governing the wake’s development behind the turbine.

e Comparison of Blade Flexibility: Finally, we explore the impact of blade flexibility on both near and far-wake dynamics. By
comparing rigid and flexible blades, we assess how blade deformations influence the flow immediately around the blades
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as well as the overall wake structure and turbine efficiency. This comprehensive analysis enlightens the trade-offs between
blade design and aerodynamic performance, providing insights that can inform future turbine design optimizations.

2. Numerical Method

The rigid and flexible simulations of the wind turbine have been carried out with STAR CCM+ solver. It incorporates Finite
Volume Method (FVM) and Finite Element Method (FEM) solvers, respectively, for the flow and structural simulations. In addition,
mesh motion, overset and mesh morphing techniques were employed simultaneously to address the nodes’ movement through
the simulation. In the following section, the details of the utilized solvers will be discussed.

2.1. Solver Description

a. Fluid Flow

The incompressible fluid flow assumption is often utilized for wind turbines. Especially, in the case of large-scale horizontal
wind turbines, the Mach number is typically low which assures incompressibility conditions. To perform the numerical simulation
of the problem, the URANS was numerically solved. The URANS formulation adopted for the continuity and momentum equations
of the incompressible fluid is as follows [44]:

o O &)
oU, , 00U, _ op o | [o0, OU;) -ow 2
P ot ox;  Ox,  0x K ox;  0Ox, PES D

where U, and p?bl] are the average velocity and Reynolds stress tensor, respectively. The latter can be written as:
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where the mean strain rate tensor is:
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The turbulent viscosity term, y,, can be addressed with common one- or two-equation eddy viscosity models to provide
turbulence closure [44].

The selection of the suitable Reynolds Average Navier-Stokes (RANS) model is vital for HAWT as separation occurs during the
blades’ rotation. Many reports have agreed on both the accuracy and simplicity of k-w Shear Stress Transport (SST) model for
capturing turbulent features of the flow around the wind turbines [45], and hence, was utilized for this research. The implemented
k-w SST in Start CCM+ utilizes “all y* treatment” which resolves near boundary flow with the turbulent formulation in case of y*~1
and uses scalable wall function in case of higher y*. All the spatial and temporal terms in Eq. (2) were discretized by the second-
order method and the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was employed to solve the set of
equations, as suggested by literature.

b. Structural

The deformation of the flexible blades is described using a Lagrangian formulation and is governed by the structural momentum
conservation equation, which can be expressed as follows:

Md+C,d+Kd=F, (5)

where M,, C, and K, represent the mass, damping coefficient and stiffness of the turbine blade, respectively. d,d and d are
acceleration, velocity, and displacement of the structure element, respectively.

On the other hand, F, represents the force vector acting on the solid including pressure, shear, Coriolis, centrifugal and mass
forces:

F;:FP+FT+FCOT1'+FCM+FW' (6)

The solution was derived through time integration by solving the motion equation in the Newmark scheme and the solution to
the solid displacement was formulated in terms of the time history. More details on the implementation of FSI can be found in
Appendix.

2.2. Model Description

The wind turbine model used in the present work is the onshore NREL 5 MW based on the work of Dose et al. [46], as shown in
Fig. 1. The detailed specifications of the turbine model are presented in Table 1. Other geometrical details of the turbine can also be
found in the works of Coulling et al. [47] and Zhang et al. [48].

Table 1. Specifications of the NREL 5 MW onshore wind turbine.

Rotor configuration Upwind, 3 blades
Blade sections Du and NACA airfoils
Blade length 61.5m
Rotor diameter (d) 126 m
Tilt angle () 5°
Precone angle (6y) 2.5°
Hub diameter 3m
Tower height 90 m
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Fig. 1. Geometrical properties of the NREL 5 MW. It is important to note that, although the rotational direction and blade configuration differ from
those of the conventional NREL 5 MW turbine, they do not impact the resulting POD modes.
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Fig. 2. Fluid domain and boundary conditions considered for the onshore NREL 5 MW.

Figure 2 illustrates the computational domain of the fluid. The upstream and sides boundaries are defined as the velocity inlet
boundary condition and the pressure outlet is considered for the downstream boundary. The no-slip wall condition is imposed on
the turbine walls and the bottom boundary. All the boundaries were put far enough from the turbine to ensure flow uniformity.
Thereby, a hexahedral domain with the size of 3000 m x 1000 m x 750 m (length, width, height) was generated.

The rated conditions presented by Jonkman et al. [49] were considered for the wind turbine. In this regard, a uniformly
distributed wind velocity and rotor angular velocity of 11.4 m/s and 12.1 rpm were employed, respectively. A turbulence intensity
of 0.14 was considered at the inlet boundary. The air density and viscosity were set to 1.2 kg/m? and 1.8x10°° Pa.s, respectively.

It is worth mentioning that the current research study only focuses on the effect of blade deformation on the wake properties
behind the wind turbine. While the deformation of the tower and nacelle could influence blade deflection, modeling these
deformations would significantly increase computational costs and exceed our limits. Moreover, the tower structure is considerably
more rigid compared to the blades, making its impact less critical in the context of this study. Similar to other studies that have
focused exclusively on blade flexibility, such as Asareh et al. [50], we have chosen to isolate the blade effects to maintain a feasible
scope. However, it is important to state conclusions with care, as blade deflection due to tower motion could be a factor in real-
world scenarios. Structural properties were considered similar to those of Asareh et al. [50].

2.3. Mesh Generation

Precise considerations need to be taken for the mesh generation of the large-scale blade-resolved simulation of wind turbines.
While it is required to implement either the sliding mesh or overset technique for rigid wind turbines, flexible FSI simulations
impose an additional complexity caused by the blade deformation. To address this difficulty, a combination of the overset technique
with mesh morphing was implemented.

As for Computational Fluid Dynamics (CFD), hexahedral elements are suited for simplified geometries which can guarantee a
better orthogonal quality, and therefore, result in better accuracy, whereas the polyhedral elements are suited for models with
geometrical complexities such as the blade tip and leading edge [51]. For implementing the overset solver, two fluid regions namely
background and overset, as shown in Fig. 3, were created. Hexahedral elements were utilized for the rectangular background and
for the overset region, which encompasses the blades, polyhedral elements with a refined boundary layer mesh were considered.
Figure 3 shows the corresponding meshes for the fluid regions.

The solver supports hexahedral and tetrahedral elements. The latter was utilized for the structural model of the wind turbine,
due to the mentioned reasons. A comparison between the fluid and structural meshes of the blade is depicted in Fig. 4.

2.4. Verification and Validation

The mesh sensitivity analysis needs to be carried out for the output parameters to assess meshing-related numerical error. To
do so, coarse, medium and fine meshes with a total number of 2.4x10°, 4.6x10° and 5.9x10° elements were created and examined.
Table 2 presents a detailed breakdown of the number of elements for each individual region.
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Fig. 3. Mesh of the background and overset regions.

Fig. 4. Polyhedral and tetrahedral meshes for the blade in the fluid and solid regions, respectively.

As for the dimensionless wall distance index, y+, the average value was kept below 40 for all cases, as instructed by Siddiqui et
al. [52], with at least 10 prism layers, as suggested by [53], to capture the near-wall phenomena and optimize the element number,
simultaneously.

A comparison between edgewise deflection and normal force density for three meshes are shown in Fig. 5. The edgewise
deflection shown in Fig. 5a can address solid sensitivity analysis as it is mainly affected by gravity forces. Whilst, aerodynamic
forces mainly affect normal force distribution on the blade, as presented in Fig. 5b. In this regard, the figure presents negligible
differences between the results of the second and third mesh, and hence, the rest of the post-processing including POD extraction
was carried out for the second mesh.
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Table 2. Number of elements for different regions of the model.

Region Mesh #1 Mesh #2 Mesh #3
Structure 305915 593197 794005
Fluid Overset 788520 1436501 2391163
Fluid Background 1362236 2561289 2752772
Total 2456671 4590987 5937940

To validate the flow solver the generated power of the wind turbine for the rigid and FSI cases was compared with the results
of Dose et al. [54], which is shown in Fig. 6. As mentioned earlier, the oscillatory nature of FSI results corresponds to the change of
elastic properties of the blade at the initial times (see section A). After approximately three revolutions (i.e., T = 15 sec), the numerical
results almost reached that of Dose et al. [54]. However, the simulation was extended to 15 turbine cycles, during which the
quantities of interest in the wake region exhibited harmonic behavior.

Table 3 presents quantitative results of edge-wise deflection, rotor power and thrust force reported in the literature as well as
this study. The reported rotor power and thrust force are in range of 4.97~5.48 MW and 490~814 kN, respectively. The time-averaged
value of rotor power and thrust force for the present study are 5.01 MW and 636 kN, respectively, showcasing the acceptable
agreement with the previous works.

The flap-wise deflection and tip torsion were selected to assess the FEM solver. The tip deflection and tip torsion through one
revolution of the turbine are shown in Fig. 7 and compared with those of Dose et al. [54]. These conclude that the FSI solver could
accurately capture the blade deformation through time.
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Fig. 5. Comparison of the (a) edge-wise deflection and (b) normal force density for three meshes.
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Fig. 6. Evolution of the turbine power over the simulation time for rigid and FSI simulations.
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Fig. 7. The flap-wise deflection and tip torsion of a blade through one rotation cycle.
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Table 3. Comparison of the results under the rated working condition of NREL 5 MW wind turbine.

Edge-Wise Deflection (m) Rotor Power (MW) Thrust Force (kN)
Sabale and Gopal [57] -0.57 4.97 490
Dose et al. [54] -0.62 5.49 771
Jonkman et al. [49] -0.61 5.28 814
Yu and Kwon [58] -0.63 5.22 656
Ponta et al. [59] -0.56 5.19 660
Li et al. [60] -0.57 5.3 678
Present Study -0.58 5.01 636

2.5. Proper Orthogonal Decomposition

POD is the most widely used technique to reduce data and extract an optimal set of orthonormal bases. In this formulation,
basis functions are constructed by collecting temporal snapshots for the variable of interest during the full model solution. One
cycle data is considered for snapshot collection. Each snapshot vector, U,, holds the values of the local x-velocity at the center of
computational cells. The sampled values in the snapshot s are stored in the matrix f]z.s with V entries (V being the number of
nodes) to construct the snapshot matrices of U, = (f]zl, e f]zﬁ, o f]zs ) For the sake of simplicity, the details will be provided for
a general snapshot matrix ¢.

The goal of POD is to find a set of orthogonal basis functions {¢g},S € {1,2,..., S}, such that it maximizes:

2

, )

1 S
g;‘< @:‘ﬁs >L’
Subject to:
< ¢i’¢j >L2: 51']'; (8)

where <.,.>,. is the canonical inner product in L2 norm.
The approach introduced by Sirovich et al. [55] seeks to find an optimal set of basis functions ¢ for the optimization problem,
i.e. Eq. (7). This requires performing a Singular Value Decomposition (SVD) of the snapshot matrix ¢ given in the form:

©=UsV". )

The terms U € RV*N and V € RS*S are the matrices that consist of the orthogonal vectors for pp” and ¢, respectively and ¥
is a diagonal matrix of size V x § . The non-zero values of ¥ are the singular values of ¢, and these are assumed to be listed in order
of their decreasing magnitude [56]. Further on, the POD vectors can be defined as the column vectors of the matrix U. These vectors
are optimal in the sense that no other rank N set of basis vectors can be closer to the snapshot matrix ¢ in the Frobenius norm.

A reduced-order approximation of the field can be described as follows:

P Za“ (t).6,- (10)
The loss of information due to the truncation of the POD expansion set to N vectors can be quantified as follows:

>y
D

(12)
where ) denotes singular values.

3. Results and Discussion

To analyze the wake region behind the turbine, as illustrated in Fig. 8, multiple rectangular areas were strategically positioned
for detailed wake analysis. The generated rectangular areas are normal to x-, y- and z-axis that hereafter we call them spanwise,
wall-vertical and wall-parallel planes, respectively. In wall-parallel (XY) direction, three planes were constructed: one immediately
behind the nacelle, another at the turbine tip’s highest z-coordinate (+D/2), and a third at the tip’s lowest z-coordinate (-D/2) to
account for tower effects. Additionally, two planes were created along the wall-vertical (ZX) direction: one aligned with the nacelle
and another at the farthest point in the Y direction (-D/2) at the tip intersection extending one diameter in the inflow direction after
the last wall-parallel plane which corresponds to a total length of 3.5D. This arrangement facilitated a comprehensive examination
of the wake flow field in the wall-vertical direction. For evaluating wake characteristics in the spanwise (YZ) direction, three sets of
planes were established, ranging from 0.5D to 2.5D. The size info of the mentioned planes is presented in Fig. 8. It should be noted
that the green area illustrates the area encompassing the aforementioned planes in Fig. 8 is intended to provide the reader with a
clearer demonstration.

The modal accumulative energy of the velocity magnitude at the wall-vertical plane is shown in Fig. 9. Wake regions of rigid
and flexible blades demonstrated a similar trend and close values, especially after the second mode. The highest difference was
observed within the first mode which corresponds to less than 2%. It is important to highlight that the first mode for both cases
demonstrate a higher difference with the consecutive ones compared to the other modes. More importantly, the first mode of the
flexible case has a lower value than that of the rigid indicating that more vortical structures exist in the former. Nevertheless, the
small difference in the first modes of both cases suggests that this difference is not significant enough to fundamentally alter the
overall behavior of the wake region. Moreover, the value of the first mode of the flexible turbine was less than that of the rigid
turbine due to the blade deflection (harmonic nature of flap-wise and torsional deflections) and corresponding flow alterations.
After all, this result indicates the unnecessity of considering blade deformation for wake analysis behind large-scale wind turbines.
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The modal cumulative energy at different spanwise planes from 0.5D to 2.5D away from the rotor has been presented in Fig. 10.
It is evident that the farthest plane located 2.5D away from the rotor contains the lowest amount of cumulative energy in the first
mode. As a result, it is expected to observe more flow structures at the furthest plane. In addition, the modal energy for the planes
from 0.5D to 2D demonstrated a similar trend to each other. Therefore, the flow structures at the near planes could represent
analogous vortical characteristics. It is evident that the farthest plane located 2.5D away from the rotor contains the lowest amount
of cumulative energy in the first mode. As a result, it is expected to observe more flow structures at the furthest plane. In addition,
the modal energy for the planes from 0.5D to 2D demonstrated a similar trend to each other. Therefore, the flow structures at the
near planes could represent analogous vortical characteristics.

In this regard, to have a deeper insight into the wake, the spatial modes of the wall-vertical component of velocity at planes
located 0.5D, 1.5D and 2.5D behind the rotor have been presented in Fig. 11. Firstly, it should be noted that for Fig. 11, and further
for the POD modes presented in Figs. 15-19, the color bar scale of the first mode (which contains the highest energy) was
intentionally chosen to be of a different range than that of the other modes, as is common practice in similar studies [27, 61, 62].
The first modes as seen, mainly show the area affected by the presence of the rotor which was also found in the work of Cillis et al.
[61]. Additionally, this area is subtly affected by the presence of the tower and nacelle. To illustrate, in the first mode at 0.5D
presented in Fig. 11, the affected area by the energy extraction is distorted towards the lower part due to the wake shedding of the
tower whose trace can be more clearly seen in the consecutive planes. For instance, in the first mode at 1.5D, the wake shed from
the tower becomes more pronounced indicating that moving away from the rotor, the effect of energy extraction is outweighed by
the wake shed. Furthermore, the first mode at 1.5D vividly shows the tip vortices emanating from the blades’ loading. The decay of
this trend can be observed at farther planes at 2.5D. Moreover, the flow structures due to the wake shed from the tower tend to
move towards the center and merge with that of the nacelle leading to an integral vortical structure 2.5D away from the rotor. In
addition, the symmetrical shape of the first mode starts to fade away with the increase in the distance from the rotor proving that
while the work extraction is the main characteristic of the planes near the rotor, the effects of wake shed and tip vortices rise into
importance in the farther planes.

The second mode at 0.5D from the rotor illustrates the structures stemming from the tower wake and the tip vortices which are
the most effective patterns in the wake of the wind turbine. This observation has also been reported in other studies [62, 63]. It
should be noted that with the increase in the distance from the wind turbine, the decay of the structures at the plane in 0.5D is
observed at the same mode number. To illustrate, the flow structures shedding behind the tower are observed at the same positions,
however, at smaller dimensions which are also observed for the tip vortices. Moreover, as also shown for the first modes, the flow
structures due to the flow interaction with the tower begin to move towards the central part forming an integral structure at 2.5D
behind the rotor. However, it should be noted that the central integral structure at 2.5D at the first and the second modes decays
into separate structures in the next modes. In addition, the structures emanating from the flow interaction with the tower prove to
sustain themselves for a longer distance and through higher mode numbers. This observation insinuates that the tower wake along
with those stemming from the blades plays a more important role in the far-wake compared to the tip vortices. Also, it is concluded
that the exclusion of the tower leads to missing a major part of the wake structures, especially at far-wake positions which have
also been reported in the work of Premaratne et al. [27], and Wang et al. [64].

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Fig. 11. POD modes of velocity at different spanwise (YZ) planes behind the turbine with flexible blades.

Journal of Applied and Computational Mechanics, Vol. 11, No. 3, (2025), 826-843 AVA



Modal Analysis of the Wake Shed Behind a Horizontal Axis Wind Turbine with Flexible Blades 835

To investigate the effect of the tower on the downstream wake, the velocity magnitude contours at different sections have been
presented in Fig. 12. It is important to highlight that, given the periodic nature of wake behavior, the instances selected for analysis
in this section were chosen to effectively capture and illustrate the influence of the tower on the wake region. These instances were
carefully chosen to best represent and elucidate this behavior, ensuring a comprehensive investigation into the impact of the tower
on wake dynamics. As seen, the wake behind the tower leaves a significantly more sustainable trace compared to the wake of the
blades.

This is due to the fact that as also evident in the POD modes, the blades at the rated TSR undergo a suitable angle of attack
leading to a less intense wake shed compared to the tower. As a result, it is found that the main elements affecting the wake of the
wind turbine are the tower, tip vortex and to a lesser extent the blades especially, at the mid and tip sections. As for the comparison
of the tower wake and the blade tip vortices which was also drawn in the spatial modes section, the vorticity field colored by the
velocity magnitude has been presented in Fig. 13. It is observed that the tip vortices sustain themselves for a longer distance
compared to the blade wake, while as also previously explicated the tower causes the most significant effect on the wake region
which could be traced for a much longer distance. In addition, the merging of the blade wake with that of the tower in the relatively
farther planes behind the rotor could be observed which was explicitly discussed in the spatial mode section.

To gain a deeper understanding of the wake, the accumulative energy and the POD modes of the vertical component of velocity
in the wall-vertical and wall-parallel planes both on the blade’s tip have been presented in Fig. 14. First, it is evident in the figure
that the accumulative energy of both planes demonstrates quite similar trends and values proving that with three modes almost
all the dominant flow structures could be extracted. In this regard, the wake behavior has been deeply investigated on the wall-
vertical planes at the blade tip, nacelle and the tower depicted in Figs. 15, 16 and 17, respectively.

(a) . Velocity: Magnitude (mls) s (b)

Fig. 12. Contours of velocity magnitude at different wall-parallel (XY) planes for the flexible turbine.
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Fig. 14. Accumulative modal energy on (a) the wall-vertical (ZX) plane with +D/2 distance from the nacelle and (b) The wall-parallel (XY) plane with
+D/2 distance from the nacelle for the flexible turbine.
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As seen, the first mode in all the planes corresponds to the area affected by the presence of the body responsible for the energy
extraction as also reported in the work of Sheidani et al. [44]. However, as shown in Fig. 153, Fig. 16a and Fig. 17a that near the blade
tip, the wake region is much more uniform compared to the other two planes located at a lower altitude for the first mode. This
observation proves that despite the highest deflection which is experienced at the tip in flexible blades, the adversarial effect of the
nacelle and tower is yet significantly more noticeable. In addition, the first mode for the plane at the blade tip and the tower bear
a closer resemblance with respect to that of the nacelle. As a result, the nacelle is expected to leave more remarkable traces in the
wake compared to other parts of the wind turbine. Also, the wake region on the blade tip plane appears to be far more uniform
than the planes corresponding to cross sections of lower aerodynamic efficiency i.e., nacelle and tower.

This finding could be better understood by moving on to the next modes. For instance, the trend in the second modes for all the
cross sections in spanwise planes shown in Fig. 15b, Fig. 16b and Fig. 17b reveals that the dominant structures correspond to the
entrainment stemming from the wake region collapse [65]. However, considering the cross sections of lower aerodynamic
efficiencies i.e., at the tower and nacelle, other structures emanating from the flow separation in congruous with sources of
performance loss are observed. To illustrate, the second mode at the tower plane demonstrates typical structures in the wake of a
cylinder [66] insinuating the importance of the tower on the wake and its modal behavior. Furthermore, regarding the second mode
on the nacelle plane, the structures related to the vortex shedding from the nacelle geometry are analogous to that of the tower
plane, nonetheless, at a lower intensity. In this regard, the flow structures of the second mode at the blade tip plane are mainly
concentrated around the wake region collapse indicating the higher performance of the tip section as the structures due to the flow
separation being of the same modal energy of the expected dominant structure i.e., wake region collapse is not observed. Therefore,
considering the effect of flexibility of the blades does not cause the hindrance against the power production by the blade to
overweight that of the nacelle and tower.

Presented Fig. 15c, Fig. 16c and Fig. 17c demonstrate the third POD modes for the blade tip, nacelle, and tower sections
respectively. The decay of the structures observed previously in the second mode could be observed in all three planes. The third
mode for the blade tip and the nacelle shows similar symmetrical structures near the wake region borders which are more
pronounced near the tip. These structures come into existence due to the velocity difference between the wake region and the area
beyond it as explained in [44, 65]. However, the third mode of the tower plane, as seen in Fig. 17c, shows the structures to be mostly
concentrated near the central part of the wake region. Therefore, as expected, the section with the lowest efficiency cannot bring
about a considerable velocity gradient between the wake and the far-field regions. It should be noted that, as for the nacelle and
tower planes modes, the decay of the structures emanating from the nacelle is still observed, while the flow structures at the blade
tip are more pronounced near the wake region collapse proving the higher efficiency of this section.

0.6
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-0.4

-0.6 1

Fig. 16. POD modes on the wall-parallel (XY) plane behind the nacelle for the flexible turbine, (a) mode 1, (b) mode 2, (c) mode 3.
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Fig. 18. POD modes on the wall-vertical (ZX) plane behind nacelle for the flexible turbine, (a) mode 1, (b) mode 2, (c) mode 3.

Figures 18 and 19 display the spatial POD modes on the wall-vertical plane, illustrating the potential interactions and
phenomena on the wake region. It is important to highlight that two distinct planes are used for evaluation; one intersecting with
the nacelle, called the near plane, and the other positioned farther from the nacelle at +D/2, referred to as the far plane. This allows
for separate assessments of their effects on the wake.

Beginning with the first mode on the near plane presented in Fig. 18a, it is evident that the modal behavior is quite similar to
that of the spanwise plane at the nacelle rather than the tower plane. However, the first POD mode at the far plane exhibits a greater
resemblance with the tower plane. This proves that the effect of the nacelle on the wake could be regarded as even more influential
than the tower. The significant discrepancies between the modal behavior of the spanwise and the wall-parallel planes begin after
the second mode shown in Fig. 18b and Fig. 19b. To illustrate, the second mode of both near and far planes, despite the presence of
similar structures especially, near the point of wake region collapse, the wall-parallel plane suggests more structures emanating
mostly from the tower. Therefore, it is found that the effects of the tower on the wake region could be taken into consideration after
the second mode in the near plane, specifically.

The third mode, while sustaining the main trend, shows the decay of the structure observed in the previous mode as expected
[70]. Nonetheless, the far and near planes reveal a fundamental difference regarding the behavior of the third mode. As seen in Fig.
19¢, the main structures on the far plane are mainly concentrated around four to five times the wind turbine diameter illustrating
the effect of wake region collapse. On the other hand, the third mode on the near plane demonstrates other structures than those
corresponding to the decay of the second mode near the wake region. First, the vortex shedding of the nacelle around the center
line is evident in Fig. 18c which is obviously absent on the far plane due to its distant position from the nacelle.

Moreover, the symmetrical structures near the boundaries of the wake region are observed on the near which is yet another
remarkable difference between the far and near plane’s third modes. It is observed in Fig. 18c that the presence of the symmetrical
structures is more pronounced on the lower part of the part of the wake region. This is attributed to the fact that the lower part is
prone to the flow structures ensuing from the presence of the tower, while the upper part of the wake region is not exposed to a
significant source of vortex shedding upstream. As a result, the symmetrical structures on the lower part are intensified resulting
in an asymmetrical wake region shape on the near plane.
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Fig. 19. POD modes on the wall-vertical (ZX) plane at the blade’s tip (+D/2) for the flexible turbine, (a) mode 1, (b) mode 2, (c) mode 3.
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Fig. 20. Blade deflection at two critical positions, (a) highest blade position, (b) lowest blade position.

To explore when the impact of blade aeroelasticity becomes crucial the deflection contour of the rotor blades at the highest and
lowest positions on the rotor has been presented in Fig. 20. Comparing the displacement contours at the highest and the lowest
points, shown in Fig. 20a and Fig. 20b respectively, it is observed that the blade undergoes the highest amount of displacement at
its lowest point, while at the top the deflection appears to be less considerable. Therefore, moving along the rotor perimeter
beginning from the highest to the lowest position the blade deflection sees an upward trend implying that the most crucial position
where the effect of flexibility may be found at lower altitudes. However, due to the presence of the tower at the lowest altitude, this
blade position is prone to causing the most cruciality in the performance as also demonstrated in the previous section where the
highest density of the structures was found to be associated with the part of the flow field behind the tower. It should be noted that
the variation in blade deflection between the highest and lowest positions stems from the counterbalancing effect of the weight
vector and centrifugal force at higher altitudes, which tend to neutralize each other. Conversely, at lower altitudes, these vectors
align, resulting in increased blade deflection.

In Fig. 21, the difference between the velocity fields of the rigid and the flexible cases at the root, mid and tip sections of the
blade in the relative frame of motion have been presented. It should be noted that as the trend of the difference at the
aforementioned cross sections was almost the same for all the positions of the blade through its course of rotation. Beginning with
the root section shown in Fig. 21a, the velocity difference between the flexible and rigid cases appears minimal compared to other
blade sections. This is because the root experiences the least displacement, so the velocity field in this area remains largely
unaffected. Furthermore, it is observed in Fig. 21a that the difference is mainly pronounced at the leading edge of the blade which
is due to the fact that the blade displacement adds another velocity component to the relative velocity vector causing the relative
angle of attack to undergo an alteration proportional to the amount and the direction of the displacement. As a result, the main
effect of this mechanism is observed at the leading edge of the blade where the angle of attack plays the main role, creating a
velocity difference of up to 2 m/s. Moving to the middle and tip sections, similar to the root, the highest velocity differences occur
near the leading edges, as illustrated in Figs. 21b and 21c. In the middle section, the velocity difference reaches up to 4 m/s, though
the trailing edge shows a relatively similar velocity field. In the tip section (Fig. 21c), the highest velocity difference—exceeding 8
m/s—is observed. This is due to the significant blade deformation in this section, leading to substantial flow alteration.
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Fig. 21. Velocity difference at (a) root section, (b) middle section, (c) tip section.

It is important to note that the findings of this study on the impact of flexibility are applicable only to wind turbines with
traditional designs, as these are associated with a smaller rotor radius and consequently experience less blade deformation. In
recent decades, wind turbines have seen a tremendous rise in their size to harness a greater amount of wind energy causing their
blades to encounter different parts of the atmospheric boundary layer. However, as this study is mainly intended to investigate the
effect of flexibility of legacy wind turbines which are more rampant in industries, NREL 5 MW was selected due to the fact it has
been widely used in practice. Moreover, the flexibility of the tower was not taken into consideration as they are known to be a
considerably more rigid structure compared to the blades and more importantly, the primary objective of this work is to study how
the blade flexibility being the most flexible part of wind turbines may affect the wake. In this regard, a uniform flow was assumed
at the input and the effects of atmospheric boundary layers and turbulent structures which are present in real-world wind turbines
applications were not taken into consideration to focus merely on the impact of blade flexibility.

4. Conclusion

To analyze the wake behavior behind a full-scale onshore HAWT a fully coupled two-way FSI simulation has been implemented.
The proper orthogonal decomposition has been applied in this matter to extract spatial and temporal modes along with modal
energy at the wake region. Results indicate a similar modal behavior for the rigid and flexible turbines at the wake region which
implies the negligible effect of the blade deformation on the wake characteristics. Also, the main source of this deviation is the
harmonic nature of the blade deformation through each rotation cycle. By observing the wake characteristics at wall-parallel planes
behind the turbine, it was concluded that the value of accumulative energy of the first mode (convective mode) decreases as getting
further from the turbine. Consequently, more flow structures in terms of local vortices and fluctuating velocity fields exist at the
furthest plane. The flow structures due to the wake shed from the tower tend to move towards the center and merge with that of
the nacelle leading to an integral vortical structure 2.5D away from the rotor. In addition, the symmetrical shape of the first mode
starts to fade away with the increase in the distance from the rotor proving that while the work extraction is the main characteristic
of the planes near the rotor, the effects of wake shed and tip vortices rise into importance in the farther planes. Also, it is concluded
that the exclusion of the tower leads to missing a major part of the wake structures, especially at far-wake positions.

In summary, the main findings of the paper can be listed as follows:

e A similar modal behavior was observed for the rigid and flexible wind turbines indicating the negligible effect of the blades’
flexibility on the wake characteristics behind the relatively more rigid HAWTs like NREL 5 MW (compared to modern
designs).

e The value of the first mode (convective mode) decreased as getting farther in the wake region.

e The effect of tip vortices caused the elimination of the symmetrical behavior of the first mode of velocity in locations more
than 2D of the rotor.

e The flexibility of the blades still does not affect the far wake as much as the tower and nacelle do.

e The modes on the wall-vertical plane demonstrate different behaviors on the near and the far planes.

e It was demonstrated that, up to the second mode, the near and far planes exhibit modal behavior similar to that of the
nacelle and tower, respectively, on the spanwise plane.

e It was observed that the highest velocity difference happens at the tip due to the largest blade deflection.

¢ The influence of blade flexibility is primarily concentrated within the near-wake region rather than the far-wake.

Appendix A: Two-way Coupling

There exist two numerical methods for FSI simulations in terms of dealing with the system of equations. In the so-called
monolithic approach, the coupled problem is considered as one system of equations, and hence, the flow and structural fields are
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solved simultaneously. Whereas, in the partitioned approach, separate solvers are employed for each of the solid and fluid domains.
In the latter, there will be a need for the transfer of forces and displacements between the solvers through time. In fact, there is still
no comprehensive discretization method to address both fluid and structural problems accurately. Hence, utilization of the
monolithic approach is not common for real-world applications. However, as for the partitioned method, a suitable general-purpose
solver can be utilized for each domain in which case we need to implement inter-communication protocols between solvers.

In a general two-way FSI problem, after the solid equations are solved, the boundary displacements are imported into the fluid
solver and the mesh morpher determines the new locations for the nodes of the fluid domain. Following the flow solution,
aerodynamic forces acting on the body are exported to the structural solver. The data of displacement and force can be passed
between solvers with implicit and explicit methods. As for the explicit, data exchange only happens at the end of the time step. While
it occurs in the inner loop for the implicit method until convergence takes place. An implicit partitioned approach was utilized for
the sake of accuracy and convergence.

The main drawback with the conventional partitioned FSI method is that the convergence decreases dramatically as the density
ratio of solid to fluid decreases (so-called added mass effects [67-69], and divergence is observed regardless of the time step value
in the case of the incompressible flow [70, 71]. To overcome this difficulty, especially in the case of strongly coupled FSI problems, a
stabilization method should be employed. Boundary Interface Added Mass technique has been incorporated in which the fluid domain
traction resulting from the interface deformation and consequently the displaced fluid per unit area is predicted and taken as a
force correction in the solver. More details of this technique can be found in the work of Nordenstrém et al. [72].

In addition, the starting time is typically regarded as the major bottleneck in the convergence of the simulation of FSI problems
with large deflections. To guarantee convergence, almost rigid conditions, i.e., high Young’s modules, were applied to the wind
turbine at the start of the simulation. Then, the elastic properties decreased to that of the actual values. This corresponds to the
oscillatory nature of the initial results as depicted in Fig. 6.

Finally, to enhance the numerical stability of such an FSI problem with large deformations, Aitken’s dynamical relaxation
method is employed [73], in which the values of two previous iterations are used to improve the result of the current iteration to
obtain a better convergence. The full procedure of the FSI simulation is shown in Fig. Al.

Appendix B: Fluid-Structure Interface

The boundary condition at the interface of the solid and the fluid, I, can be defined as follows. Assuming the no-slip condition
at the wall, the displacement of the solid, d is equal to the displacement of the fluid, df. , at the interface:

di =di. (B.1)

Preprocessing Solvers
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Aitken Relaxation l

Map Traction at Interface

Evaluate Fluid l

Velocity at Interface

Solve Selid Equations

Update Fluid Mesh

FSI Residual
Convergence

Tes

[ Update Solid Mesh J

N End Time

Fig. Al. Solution strategy for the partitioned FSI solver.
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This is true for the rate of change of displacement as well. Simply, substituting the fluid displacement at the boundary with the
velocity yields:

od
ot

%)

vl =h. (B.2)

and 7 is the interface normal vector. Moreover, based on Newton'’s third law, a balance of forces exists on the interface between the
fluid and solid:

.ot =n.of (B.3)

where of and of are the solid and fluid stresses at the interface, respectively. In essence, Egs. (B.2) and (B.3) describe the kinematics
and dynamics of the fluid-structure interface, respectively.

Appendix C: Mesh Morpher

For the simulation of the strongly coupled FSI problem, a two-way information exchange across the interface is needed. The
traction forces across the interface, i.e., the pressure and wall shear, are mapped from the fluid domain to the solid domain. This
results in deformations in the solid. The solid deformation across the interface, in turn, is mapped back to the fluid domain. The
solid deformation only specifies how the interface nodes are displaced, and hence, the displacements of the inner nodes of the
fluid domain must then be determined. To accomplish this, a mesh morphing technique known as Radial Basis Function (RBF) has
been employed to propagate nodes’ displacement throughout the whole fluid domain. Accordingly, a couple of control points are
placed on the moving boundary, i.e., fluid-structure interface, at which the displacement is known, and then, the interpolation field
will be constructed to specify the displacements of the inner nodes. A full description of the RBF technique can be found in [74].
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