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ABSTRACT

Although the aerodynamic loading of wind turbine blades under various conditions has been widely studied, the
radial distribution of load along the blade under various yaw conditions and with blade flapping phenomena is
poorly understood. This study aims to investigate the effects of second-order flapwise vibration on the mean and
fluctuation characteristics of the torque and axial thrust of wind turbines under yaw conditions using computational
fluid dynamics (CFD). In the CFD model, the blades are segmented radially to comprehensively analyze the
distribution patterns of torque, axial load, and tangential load. The following results are obtained. (i) After applying
flapwise vibration, the torque and axial thrust of wind turbines decrease in relation to those of the rigid model, with
significantly increased fluctuations. (ii) Flapwise vibration causes the blades to reciprocate along the axial direction,
altering the local angle of attack and velocity of the blades relative to the incoming wind flow. This results in the
contraction of the torque region from a circular shape to a complex “gear” shape, which is accompanied by evident
oscillations. (iii) Compared to the tangential load, the axial load on the blades is more sensitive to flapwise vibration
although both exhibit significantly enhanced fluctuations. This study not only reveals the impact of flapwise
vibration on wind turbine blade performance, including the reduction of torque and axial thrust and increased
operational fluctuations, but also clarifies the radial distribution patterns of blade aerodynamic characteristics,
which is of great significance for optimizing wind turbine blade design and reducing fatigue risks.
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1 Introduction

Wind energy, which is one of the fastest-growing renewable energy sources, relies heavily on
increasing the size of wind turbines to enhance their utilization efficiency [1]. With their increase in
size, wind turbines have become more sensitive to dynamic environmental loads [2]. Yaw, a common
operating condition of horizontal-axis wind turbines, significantly affects their performance [3]. As
complex fluid-structure coupled systems [4], wind turbine blades are prone to nonlinear deformations
and structural vibrations under varying loads, such as gravitational, centrifugal, and aerodynamic
forces, which further affect their effective service life [5,6].

In exploring the aerodynamic characteristics of wind turbines, the academic community has
generally adopted high-precision computational methods that consider the aeroelastic behavior of
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blades. To investigate the impact of blade flapping on the aerodynamics of wind turbines, researchers
such as Li et al. [7] integrated the computational fluid dynamics (CFD) and computational structural
dynamics (CSD) software on a mesh-based parallel code-coupling interface (MpCCI) platform to
study the deformation behavior of wind turbine blades in a coupled environment, emphasizing that
blade flapping significantly reduces the load on blades under high wind speeds. Zhao et al. [8] used an
aerodynamic model developed based on the blade element momentum (BEM) theory, incorporating
the composite material layup structure of blades, and found that blade flapping leads to a decrease
in wind turbine power, which is more noticeable at higher wind speeds. Additionally, Tang et al. [9—
11] applied the geometrically exact beam theory, BEM theory, and the free-vortex wake method to
construct unidirectional fluid-structure coupled nonlinear aeroelastic models of large wind turbines.
They found that, compared to models that account for blade-flapping vibration, traditional rigid blade
models might overestimate power output by 5%-8% and could overestimate blade fatigue damage by
a factor of 1-2, further confirming the significant role of blade-flapping vibration in wind turbine
performance assessment. Li et al. [12] considered the vibration velocity and structural deformation
in the flapping direction of a blade in a bidirectional fluid-structure coupled model for the first time.
Considering blade deformation, they found that the axial and tangential aerodynamic forces decreased
by 19.4% and 63.8%, respectively, highlighting the significant impact of blade-flapping vibration on
the aerodynamic performance of wind turbines. Li et al. [13], using a unidirectional fluid-structure
coupled model, confirmed that with an increase in the yaw angle, the fluctuations in the angle of
attack, blade flapping, and yaw torque increase. Fang et al. [14,15] simulated blade-flapping vibrations
using dynamic grid technology and demonstrated an increase in the fluctuation amplitude of the blade
torque and axial force as the blade tip flapping amplitude increased, proving the profound impact of
blade-flapping vibrations on the aerodynamic characteristics of wind turbines.

The aerodynamic loads experienced by wind turbine blades under yaw conditions are closely
related to the radial positions and azimuths on the blade. Yu et al. [16—-18] used CFD bidirectional
fluid-structure coupled models to verify the significant impact of yaw angle changes on the flow field
characteristics and force performance of wind turbines, particularly the major impact of the angle of
attack and Reynolds number on the power output characteristics [19]. Current research mainly focuses
on the overall aerodynamic performance and power output of wind turbines. However, there is a lack
of in-depth studies on the distribution patterns of aerodynamic loads along the radial direction of
blades and their impact at specific azimuth angles. Although some studies have explored this aspect,
they have been limited to specific angles [20,21]. Wang et al. [22] conducted a detailed analysis of the
radial distribution of aecrodynamic loads on blades but did not consider the impact of blade-flapping
vibration, limiting the applicability of their conclusions. A comprehensive understanding of the radial
and circumferential variations in blade loads is crucial for effectively reducing the uncertainty in
fatigue load prediction during the design stage.

Understanding the aerodynamic characteristics of blades is vital for studying the fatigue loads
in coupled-yaw wind turbines. Variations in these characteristics lead to complex aeroelastic-coupled
behaviors, with the impact of flapping vibrations being the most significant [23,24]. Therefore, in this
study, CFD calculations were primarily used to convert displacement data of blade-flapping vibration
from wind tunnel experiments into time-varying motion equations. The actual movement of blades was
simulated through dynamic grid technology, establishing a fluid-structure coupled model for blade-
flapping vibration. Following the principle of global-to-local analysis, the aerodynamic performance
of the wind turbine rotor, individual blades, and radially segmented blade sections were evaluated
under yaw conditions. By investigating the impact mechanism of applying blade flap vibrations on the
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blade aerodynamic parameters, the research findings can provide valuable references for optimizing
the design of wind turbine blades.

This study is structured as follows: Section 2 discusses the calculation model and validation.
Section 3 discusses the aerodynamic analysis of the wind rotator or blades. Section 4 presents the
analysis of the aerodynamic performance of the blade radial wing sections. Finally, Section 5 presents
the conclusions drawn from this study.

2 Calculation Model and Validation

2.1 Calculation Model

In this study, a small-scale wind turbine with a rated power of 300 W and a three-bladed
NACAA4415 airfoil profile was used. From the results of wind-tunnel experiments, a 1:1 scale model of
the wind turbine was constructed, as shown in Fig. 1. The rotor diameter was 1.4 m, the tower height
was 1.6 m, and the tower diameter was 0.11 m. The rated wind speed was 8 m/s, the rated rotational
speed was 545 r/min, and the tip-speed ratio was 5.
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Figure 1: Computational region and angle definition

In this study, according to the specific dimensions of the B1/K2 wind tunnel at the Inner Mongolia
University of Technology, meticulously constructed stationary, refined, and rotating domains [25] were
used to simulate the dynamic behavior of wind turbines in actual operating environments. The inlet and
outlet sections were extended to 4R and 10R, respectively, to ensure airflow simulation accuracy. The
rotation center of the wind rotator was precisely located at the coordinate origin, with the X-axis along
the direction of the rotational axis of the wind rotator and the Y-axis perpendicular to the ground. To
effectively simplify the process of extracting aerodynamic data from the blades, the stationary and
refined domains were rotated during the simulation of wind turbine yaw while keeping the rotating
domain stationary. Using a yaw angle of 30° as an example, Fig. | illustrates the definition of yaw
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angle y, where the wind rotator rotates clockwise around the X-axis and the stationary and refined
domains rotate counterclockwise around the Y-axis.

2.2 Mesh Generation and Turbulence Model

A tetrahedral, unstructured mesh was created using Analysis Mesh. The mesh was refined in the
rotating and wake regions of the wind turbine. Additionally, boundary layers were added to the blade
surfaces, with the first layer height set to 0.02 mm with a growth rate of 1.2, comprising 15 layers, to
ensure y* < 1[26,27]. This setup aimed to effectively capture the flow details and turbulence variations
while ensuring a smooth mesh motion. The mesh partitioning is illustrated in Fig. 2. For the model
that did not consider yaw, different grid sizes were used to verify the impact of varying the number of
grid cells on the output power of the flapping vibration model, as listed in Table 1. As the number of
grids increased, the power of the wind rotator was close to but still exceeded the experimental values.
This discrepancy is attributed to the instability of the wind speed in the experiments, causing the output
power to be lower than the calculated results. For subsequent calculations, a grid count of 6.47 million
was selected to obtain more accurate simulation results.

Figure 2: Mesh division

Table 1: Rotating power of the wind turbine in different grids

Group 1 2 3 Experiment Design
Grid number (million) 4.07 491 6.47
Power (W) 277 274 270 266 300

A detached eddy simulation (DES) model was employed as the turbulence model, which combines
the advantages of the Reynolds-averaged Navier—Stokes (RANS) and large-eddy simulation (LES)
models. The momentum equations for the RANS and LES models are given by
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The main difference between the two models lies in the last term of the momentum equation, which
blends the Reynolds-averaged and LES approaches to address the limitations of both methods. When
the turbulence scale was relatively large, LES subgrid-scale modeling was used for solving, whereas
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the conventional RANS model was employed when the turbulence scale was relatively small. The DES
momentum equation is
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The DES method can better capture detailed vortex structures and aerodynamic characteristics
than pure RANS. Simultaneously, it reduces the stringent grid requirements of the LES, effectively
reducing computational costs. Using unsteady transient computation, a uniform inlet flow with a
rated wind speed of 8 m/s and a turbulence intensity of 0.5% was set. The boundary conditions
at the outlet were defined as zero velocity and pressure gradients. The computational domain was
surrounded by fixed walls according to the wind tunnel design, with the tower fixed to the ground.
The rotor was simulated to rotate at a rated speed of 545 rpm using a sliding mesh technique, with
data exchange between the rotating and stationary domains facilitated by non-overlapping interface
boundaries. The custom functions controlling the motion of the three blades by the addition of flap-
wise vibration equations were integrated. The time step set to capture the rotation of the rotor by 1° was
0.0003058 s. A simple method and a second-order upwind scheme were used to correct the pressure—
velocity coupling and discretization equations.

2.3 Flapping Vibration Equation

Fig. 3 shows the schematic diagram of the sensor layout and experimental testing platform.
The B&K vibration testing software was used for experimental testing. The sensors were accurately
positioned along the nodal lines through multiple adjustments. After establishing the appropriate
experimental boundary conditions, data regarding nodal displacements were collected. The sensor
data gathered from these specific locations were imported into the signal processing software. This
process facilitated the extraction of the modal vibration parameters of the blades, which are crucial
for understanding their dynamic behavior and responses under operational conditions. Based on
experimental data, the vibration mode diagrams corresponding to the first and second-order flapping
vibrations of the blades are obtained, as shown in Fig. 4.

Figure 3: Sensor layout and test platform

Analysis of the gathered data yielded the eigenvectors and natural frequencies of the blades in
both the first- and second-order flapping vibrations. The data from the measurement points were
transformed into coordinate data and then imported into MATLAB for polynomial fitting, enabling
the derivation of the mode-shape control equations:

Y=A, -sin2x - fit) + A, - sin 2n - fo1) 4)
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where A4, and A, represent the first- and second-order modal shape equations obtained from experi-
ments, respectively:

6

A, = Zai x R* (5)

i=1
6

Ay =D b x R (6)
i=1

where a; and b, are the coefficients of the first- and second-order polynomials, respectively, and R is
the distance from each measurement point to the center of rotation of the wind turbine. The obtained
first- and second-order mode-shape equations were implemented as user-defined functions (UDFs),
enabling the simulation of the second-order flapping vibrations of the blades through a moving mesh,
as shown in Fig. 5. Fig. 5a depicts the vibration mode with only the first-order flap wise motion,
whereas [Fig. 5b illustrates the vibration mode with both first- and second-order flap wise motions
superimposed. In this study, combined first- and second-order flapwise motions were selected as the
blade motion method.
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(a) First-order Flapping Vibrations (b) Second-order Flapping Vibrations

Figure 5: Blade-flapping shapes

2.4 Numerical Simulation Validation
Fig. 6 shows the average output power of both the rigid model and the flapping vibration model
under rated conditions, simulated using the Fluent software across yaw angles of 0° to 30°. Under the
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same conditions, the average output power of the wind turbine under yaw conditions was measured
using the wind tunnel experimental setup at Inner Mongolia University of Technology [28]. Table 2
presents the average power outputs of the wind turbine obtained through experimental measurements
and numerical simulations at different fixed yaw angles. A comparison of the power curves obtained
from the numerical simulations with the experimental data reveals a close match between the predicted
power variations and the experimental results. In particular, the power calculated by the coupled
model, considering flapwise vibration, agrees closely with that of the experimental data. This result
not only verifies the accuracy of the numerical calculation model used in this study but also highlights
the significant impact of blade-flapping vibration on the output power of wind turbines.
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Figure 6: Model accuracy verification

Table 2: Comparison of wind turbine power averages with experimental values

Yaw y =0° y =5° y=10° y =15 y=20° y =25 y=30°
Experiment (P/W) 266 263 260 251 238 219 197
Rigid 7.97% 7.95% 7.31% 7.45% 7.39% 7.12% 7.16%
Coupled 1.50% 2.32% 3.08% 3.75% 4.29% 4.57% 4.87%

3 Aerodynamic Parameter Analysis of the Wind Rotator and Blades

As shown in Fig. 7, the torque M, axial thrust 7', and, for five blade segments within the span of
the blade, torque M., axial load F,, and tangential load F, were selected as the parameters for analysis.

3.1 The Impact of Yaw and Blade Flapping on Aerodynamic Parameters of Wind Turbines

Fig. 8a presents the variations in the torque and axial thrust of the wind rotator and blades over
one rotation cycle, considering the rigidity of the blades. The analysis indicates that, as the yaw angle
increased, the average values of the torque and axial thrust decreased, particularly at larger yaw angles,
where the reduction was more pronounced. In addition, periodic changes in the angle of attack caused
by yaw led to fluctuations in the aerodynamic parameters within the rotation cycle. These fluctuations
intensified with an increasing yaw angle. For an individual blade, yaw causes an increase in the angle
of attack on the upwind side, enhancing its torque and axial thrust. Conversely, on the downwind side,
the angle of attack decreases rapidly, leading to a reduction and subsequent stabilization of torque and
axial thrust.
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Figure 8: Aerodynamic parameter variation curves with azimuth angle

In Fig. 8b, changes in the M—¥ and T—¥ curves are shown after applying second-order flapping
vibration to the blades. Although the overall trends are similar to those without coupling, the blade-
flapping vibration significantly increases the variability in the aerodynamic parameters. Because of
the periodic nature of blade flapping, the fluctuations in the curves also show periodic changes. When
the flapping direction aligns with the incoming flow, the axially induced velocity increases, leading
to higher torque and axial thrust; conversely, when the flapping direction is opposite to the flow, the
axially induced velocity decreases, resulting in reduced torque and axial thrust. Whether in a rigid
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or coupled state, the trends in the M—¥ and T-¥ curves are broadly similar. However, in the rigid
state, fluctuations in the aerodynamic parameters caused by the tower shadow effect can be observed,
which are much less significant in small wind turbines than in large turbines. In the coupled state, the
fluctuations caused by the tower shadow effect are overshadowed by those induced by the flapping
vibration.

3.2 Quantitative Analysis of Mean Values and Relative Amplitude of Aerodynamic Parameters

The results of this research demonstrate that yaw significantly affects the mean values and
variability of aerodynamic parameters. These effects become more complex when combined with the
blade-flapping vibrations. To quantitatively assess these changes, the concept of the mean ratio (A,.)
was introduced in this study to reflect the impact of yaw and blade flapping on the mean values of the
aerodynamic parameters. A, represents the ratio of the average value of an aerodynamic parameter
over one rotation cycle of a wind rotator at a specific yaw angle to its value without yaw. Under the
conditions of blade-flapping vibration, the average value of the aerodynamic parameter is compared
with its mean value in the absence of both yaw and flapping vibrations, and the relative amplitude (F,)
is introduced to quantify the degree of fluctuation of an aerodynamic parameter relative to its mean
value. Specifically, it represents the ratio of the amplitude (i.e., the difference between the maximum
and minimum values) of an aerodynamic parameter over one rotation cycle of the wind rotator to its
average value. The formula is

En - (Fmax - Fmin) /F X 1000/0 (7)

Fig. 9 shows the mean ratio (4,.;) and relative amplitude (F,,) of the torque M and axial thrust T
for the wind rotator and blades under rated conditions, both in the rigid state and with a second-order
flapping vibration. In the rigid state, yaw causes a decrease in 4,., with a more pronounced effect
on torque than on axial thrust. Comparing the wind rotator and blades shows that the reduction
in A, was greater for the blades; this difference increased with the yaw angle. After applying the
blade-flapping vibration, both 4,..-M and A,.,-T, particularly 4..-M, decreased, indicating that the
blade-flapping vibration had a more significant impact on the torque generation of the wind turbine.

The torque and axial thrust fluctuations were analyzed. When the aerodynamic fluctuations of
each blade, with a phase difference of approximately 120°, were superimposed, the overall aerodynamic
parameter amplitude of the wind rotator was significantly reduced. For instance, at y = 30°, the relative
amplitude of the blade torque curve reached 77.44%, whereas for the wind rotator, it was only 17.05%.
The relative amplitude of the blade axial thrust was 15.89%, in relation to 11.35% for the wind rotator,
which was less than that of the torque curve.

The tower shadow effect is crucial in large wind-power systems. The fluctuation within the
dashed box in Fig. 9 occurred when there was no yaw or blade vibration. This fluctuation is entirely
attributed to the tower shadow effect; for example, a 2.5 MW wind turbine has a power fluctuation
rate of 7.4% under the tower shadow effect [29], far exceeding the 2.44% determined for small wind
turbines in the study. After applying the flapping vibration, the relative amplitudes of the aerodynamic
parameters significantly increased. In wind-power systems, torque fluctuations in the wind rotator
lead to fluctuations in the rotor speed, which affect the output power of the generator and are directly
related to the power stability of the electrical grid. Additionally, axial thrust fluctuations on the wind
rotator not only pose a challenge to the structural stability of the wind turbine but also increase its
fatigue risk, especially on the blades and other key structural components. Therefore, for the design
and operation of wind-power systems, it is crucial to consider the impacts of yaw and blade flapping
on the entire system and its power output.
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4 Aerodynamic Performance Analysis of Blade Radial Wing Sections

EE, 2024

To further investigate the acrodynamic parameters of the wind turbine blades and their variation
patterns along the span over the entire rotation cycle, the blades were divided into five segments along
the span, each with a length of 0.2R, as shown in Fig. 7. It was assumed that there was no forced
transfer between the segments.
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4.1 Radial Torque Distribution of the Blade

Fig. 10a shows the torque distribution of the rigid blades. At y = 0°, the torque distribution
cloud map of the blade rotating one round is circular, with the main working area of the blade from
0.6R to the blade tip. As y increased and the inflow angle changed, the wind speed distribution on
the blade became uneven, resulting in an overall downward trend in torque. The high-torque area’s
circular ring narrowed, gradually changing into a crescent shape opening at ¥ = 330°, with the upwind
torque exceeding that of the downwind side. The low-torque areas were concentrated near the blade
root, spreading fan-shaped toward ¥ = 0°. The torque extremes did not align with the yaw rotation
axis, which served as the dividing line between upwind and downwind, but were instead offset by
approximately 30°, reaching a maximum and minimum at ¥ = 120° and ¥ = 300°, respectively. As
shown in Table 3, an increase in y reduced both the maximum and minimum values of blade torque,
with the former decreasing more significantly, thus reducing the difference between torque extremes.
The increasing unevenness of the torque distribution due to yaw heightens the fatigue risk of the blade
and negatively impacts the power output.
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Figure 10: Radial distribution of torque under different yaw angles

Table 3: Comparison of blade torque values

Rigid-M. (Nm) Coupled-M, (Nm)
y=0 y=10° y=20° y=30° y=0° y=10° y=20° y=30°
Max-torque 0.61 0.64 0.61 0.54 0.58 0.58 0.545 0.47
Min-torque 0.03 0.02 0.01 —0.01 0.02 0.01 —0.002  —0.02

Torque range  0.58 0.62 0.60 0.55 0.57 5.60 0.548 0.49
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Fig. 10b shows the torque distribution of the blades considering the flapping vibration, revealing
that the torque of the flapping vibration blades was significantly lower than that of the rigid blades
because the flapping vibration reduces the efficiency of the blades in generating work. A portion of
the energy is used for vibration rather than being converted into mechanical energy. At y = 0°, the
blade torque exhibited periodic high and low bands, related to the initial phase of applied flapping
vibration (¥ = 0° was the initial phase of vibration in this study) and vibration frequency. When
the blade rotated to ¥ = 60°, the flapping direction aligned with the inflow direction, maximizing
blade torque. At ¥ = 180°, the blade rebounded, and the flapping direction opposed the inflow,
reducing the torque. Owing to the periodic nature of the vibration, the same changes occurred from
180° to 360°. Combined with yaw, the maximum torque appeared near 210°. This axial back-and-forth
motion altered the local angle of attack and speed of each airfoil section relative to the inflow wind
speed, causing significant oscillations in the high-torque-area ring, with the inner wall contracting
into a “gear” shape. The circular low-torque area also morphed into a “gear” shape, possibly related
to uneven local responses of the blade. The increase in y induced shape changes in high- and low-
torque areas similar to those shown in Fig. 10a, indicating that blade-flapping vibration did not alter
the impact of yaw on wind turbine torque but did irregularly affect torque distribution, increasing its
variability. In practical engineering applications, because blade flapping is random, the distribution
of the torque magnitude varies; however, its variability remains constant. This variability can lead to
stress fluctuations in the blades and potentially induce flutter, thereby damaging the wind turbine
structure.

4.2 Radial Distribution of Axial Load on Blades

Axial loads directly affect the mechanical stress on the wind turbine blades, main shaft, and
transmission systems. Understanding the distribution of the axial loads under yaw conditions is crucial
for the design and maintenance of wind turbines. Fig. 11 shows the distribution cloud maps of axial
loads for both rigid and flapping vibration blades over a rotation cycle. As shown in Fig. 11a, at
y = 0°, the highest axial load occurred near the blade tip, distributed in a ring shape throughout the
rotation cycle. The axial load on the blade decreased radially from the tip to the root, with a low-load
area at the root forming a circular pattern because the aerodynamic loads are directly proportional to
the square of the relative speed of the blade to the air. Thus, owing to their higher linear speeds, blade
tips typically endure greater aerodynamic loads. As y increased, the wind speed decomposed along
the axial and tangential directions as V, siny sin ¥ and V, sin y cos ¥, leading to an overall decrease
in axial load. Both the maximum and minimum load values decreased, with the maximum reduction
at the minimum value. The high-load area near the blade tip started to shrink from 180° to 240° and
eventually contracted from 0° to 90°, with the ring width also diminishing. The low-load circular area
at the root expanded, with the minimum load spreading outward along ¥ = 0°.

For coupled blades, as shown in Fig. 11b, when y = 0°, high-load areas near the blade tip show a
periodic high- and low-band distribution related to the direction of flapping vibration. However, no
significant fluctuations were observed, and the ring width did not change significantly. In contrast,
the low-load area near the root exhibited significant periodic fluctuations, and the originally circular
low-load area transformed into a “gear” shape. This result could be due to the different responses to
vibration at the root, where the stiffness and mass differ from those of other parts of the blade, showing
arelatively larger dynamic response. As y increased, changes in the high-load area were similar to those
in rigid blades, but the low-load area expanded and its fluctuations intensified. Table 4 shows that with
increasing y, the difference between the extreme values of axial load increased, especially after applying
flapping vibration, indicating a significant increase in the entire blade’s fatigue risk. This phenomenon
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not only reduces the energy utilization efficiency of the wind turbine but also increases maintenance
costs.
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Figure 11: Radial distribution of axial load under different yaw angles

Table 4: Comparison of blade axial load values
Rigid-F, (N) Coupled-F, (N)
y=0° yp=10° yp=20° y=30° y=0° y=10° y=20° y=30°
Max-load  5.65 5.80 5.81 5.69 5.79 6.00 6.00 5.97

Min-load 0.62 0.49 0.37 0.13 0.45 0.40 0.21 0.02
Load range 5.03 5.31 5.45 5.56 5.34 5.60 5.79 5.95

4.3 Radial Distribution of Tangential Load on Blades

Fig. 12 shows the curves of the tangential load distribution along the blade radius at different
typical rotational azimuth angles for both rigid and flapping vibration blades. The analysis indicates
that although axial loads are primarily caused by wind pressure, tangential loads result from wind
shear forces. The axial load is much larger than the tangential load, and the aerodynamic loads on the
wind turbines are mainly determined by the axial loads. Overall, the shapes of the F,—1/R curves under
different yaw angles were essentially the same, following an initial increase and then a decrease.
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Figure 12: Curves of tangential load variation with the radial position of the blade

As shown in Fig. 12a, without yaw, the tangential load of the blade remained relatively stable,
fluctuating only at ¥ = 180° due to the tower shadow effect. The primary area for tangential load
on the blade was between 0.2R and 0.8R. As y increased, the relative angle between the inflow and
the blade changed, reducing the overall tangential load. The high-load area contracted near 90°-180°,
whereas the low-load area expanded toward 360°, with the reduction in the low-load area being much
more significant than that in the high-load area. Over a complete rotation cycle, the blade transitioned
from a high-load area to a low-load area, with the maximum load gradually shifting from 0.4R to
0.8R. This phenomenon became more pronounced with an increasing yaw angle, indicating that the
yaw angle had a significant impact on the load distribution.

After applying the flapping vibration, as shown in Fig. 12b, the F—1/R curve exhibited more
noticeable fluctuations. Without yaw, the high-load area was approximately 180°-270°. As y increased,
the high-load area contracted near 180°, exceeding that in the rigid state with a maximum load at 0.4R.
Comparing the tangential loads before and after coupling shows that the yaw had a more significant
impact on the tangential load of the blade than the blade-flapping movement.

5 Conclusions

In this study, CFD was utilized to analyze the torque and axial forces on rigid and second-order
flapping vibratory blades under yaw conditions. The distribution patterns of the blade torque and
loads along the radial direction under different azimuth angles were also investigated, leading to the
following conclusions:

1. With an increase in yaw angle, both the torque and axial thrust of the wind turbine decrease,
whereas the relative amplitude of these parameters increases. When flapping vibration is applied to
the blades, these average values decrease further, and their variability significantly increases, affecting
the torque of the wind turbine more prominently.
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2. Flapping vibration causes axial back-and-forth movement of the blades, leading to an uneven
distribution of airflow speed on the blade surface and a decrease in torque. Simultaneously, it causes
periodic changes in the local angle of attack at different airfoil sections, causing the torque region along
the radial direction to contract into a “gear” shape and produce noticeable oscillations, significantly
increasing its variability.

3. The maximum axial load is primarily concentrated near the blade tip, whereas the maximum
tangential load is distributed along the middle section of the blade, that is, in the 0.2R to 0.8R region.
Both yaw and blade-flapping vibrations increase the variability of the axial and tangential loads, with
flapping vibrations having a smaller impact on the tangential load than on the axial load. In blade
design, it is essential to consider the distribution patterns of loads owing to flapping vibrations to
enhance the performance and durability of the blades.
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