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Abstract: Blades in strong wind conditions are prone to various failures and damage that is due to the
action of random variable amplitude loads. In this study, we analyze the failure of 1.5 MW horizontal
axis wind turbine blades. The computational fluid dynamics unsteady calculation method is used
to simulate the aerodynamic load distribution on the blade. Fluid-structure coupling methods are
applied to calculate the blade stress. The results show that the equivalent stress of the blade is the
largest when the azimuth angle is 30°, and the maximum equivalent stress is 20.60 MPa. There are
obvious stress peaks in six sections, such as #/R = 0.10 (the span length of blade/the full length of
the blade = 0.10). The frequency of damage that is caused by the stress in each area of the blade is
determined based on the blade damage. The frequency of gel coat cracking in the blade tips and
leaves is 77.78% and 22.22%, respectively, and the frequency of crack occurrence is 87.75%, 10.20%
and 2.05%, respectively. By combining the stress concentration area and the damage results, the cause
of blade damage is determined, which can replace the traditional inspection methods and improve
the inspection efficiency.

Keywords: wind turbine blade; fluid-solid coupling; azimuth; stress concentration; failure location;
failure damage evaluation

1. Introduction

During the operation of a wind turbine, the blades are subjected to alternating effects
of aerodynamic, centrifugal, and gravity loads. Wind turbines that have been operating
for nearly 20 years are generally at the end of their service; the blades are prone to various
failures and damage that is due to the action of random variable amplitude loads. Especially
in strong wind conditions, a variety of damage can occur in the blades, such as in the leading
edge of the blades. This includes paint peeling, multi-directional cracks on the trailing
edge, and blade spanwise damage. Wind turbine blades are more prone to damage under
strong wind conditions. Therefore, studying the force acting on the wind turbine blades
during strong winds has important guiding significance for the analysis of failure locations
and failure modes during the entire life cycle of the turbine.

Scholars worldwide have explored the load characteristics, stress, and displace-
ment of the wind turbine blades under strong winds. Santo et al. [1] used the transient
fluid-structure coupling method to consider the influence of strong winds with wind
speeds that are greater than 18 m/s on the dynamic load characteristics of the wind turbine.
Zhu and his colleagues [2] analyzed the stress and deformation characteristics of the 1.5 MW
horizontal axis wind turbine blades under the ultimate load. In addition, they analyzed
the vibration shape of the blades to design the structure of large wind turbine blades in
order to provide a certain reference value. Scholars such as Fernandez [3] introduced
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an automated program to calculate the overall and local stress on wind turbine blades
under different wind conditions. The accurate estimation of wind load depends on the
deformation of the blades achieving good consistency. A stress—strain test system was
proposed by Jiang et al. [4] to test the strain and dynamic response of the wind turbine
blades during operation; this system provided real-time load monitoring and a means to
diagnose damages in wind turbines. Kim et al. [5] proposed a real-time shape prediction
technology that is based on a multi-point strain measurement. Under high wind speeds,
the deformation of the blades was captured by a stereo pattern recognition system that
consisted of eight cameras. At the same time, a finite element model of the blade was
established to describe the relationship between the displacement and the stress of the
blade. Through comparison, it was determined that the simulation results are in good
agreement with the experimental results. Zhang et al. [6] calculated the equivalent stress
and displacement response of the blade under strong winds based on a numerical simula-
tion method that relies on fluid-structure coupling for large offshore wind turbine blades.
Cheng et al. [7] used co-simulation technology to monitor the multi-parameters of the
coupling structure of large wind turbine blades; they analyzed the response under different
working conditions. The fluid—solid coupling method was adopted to analyze the action of
the wind shear and blades. Zhang et al. [8] used finite element analysis software to calculate
the blade displacement and stress distribution under strong winds. The results show that
the amplitude of the entire blade along the span shows a nonlinear growth trend. When
the tip amplitude is the largest, the maximum stress appears in the middle of the blade.
A three-dimensional parametric finite element model was proposed by Zhou et al. [9] to
explore the influence of the web on the blade; they studied the stress distribution under
different web offsets. By performing orthogonal experiments, the most important factors
that affect the stress distribution were determined; the results have a certain guiding sig-
nificance for the design and manufacturing of blades. Choudhury et al. [10] explored
the influence of aeroelasticity on the output power, and a method to reduce the stress
coupling was discovered. Dimitrov et al. [11] explored the fatigue characteristics of the
wind turbine blades under strong winds. The results show that the reduction of the wind
shear index is beneficial to reduce the fatigue damage equivalent load of the wind turbine
blades. Mesfin et al. [12] took NREL(National Renewable Energy Laboratory) 5 MW blades
as their research object; they designed the ply and explored the effects of the methods
on the results of the blade stress and displacement based on the calculation methods of
applying one-way fluid—solid coupling and fluid—solid coupling. The study noted that
under the action of strong winds, the fluid-solid coupling can solve the stress distribution
of the blade more accurately. Zhu et al. [13] used Workbench to calculate the fluid—structure
interaction of the blade under rated and extreme wind loads; they analyzed the force
and strength characteristics of the blade under strong winds. Bae et al. [14] established a
complete fluid-structure coupling model of a 2 MW horizontal axis wind turbine blade
and calculated the structural strength and load characteristics of the blade under various
loads. Ullah et al. [15] generated a three-dimensional (3D) surface model of the wind
turbine blades and analyzed the structural response of composite blades under extreme
loads by using the software program ANSYS (American ANSYS, Pittsburgh, Pennsylvania).
By optimizing the blade structure, the overall power characteristics of the wind turbine
were improved.

Shen et al. [16] studied the cyclical unsteady characteristics of the wind shear and
determined that fatigue loads can cause local damage to the wind turbine blades and
ultimately lead to failure. Fu et al. [17] numerically calculated the dynamic response of the
wind turbine that is based on the actual wind load; thus, they could easily obtain the relia-
bility of the structure under random loads. Guo et al. [18] established a 5 MW large-scale
wind turbine finite element model to analyze the displacement response and vibration
frequency of the wind turbine blades under random wind loads. Wang et al. [19] systemati-
cally analyzed the aerodynamic load and dynamic response of large-scale wind turbines
at different stages of a typhoon. In addition, they obtained the vibration characteristics
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of the wind turbines at different stages of the typhoon. Boujleben et al. [20] constructed a
3D model of the flexible NREL 5 MW wind turbine blades and performed highly iterative
calculations through fluid—-structure coupling. From this, they accurately calculated the
aerodynamic load distribution on the blades and analyzed the aerodynamic load of the
wind turbine blades. The fatigued state and stress distribution law of the model was used
to verify the validity of the calculation model. According to the magnitude of the wind
load, Mathijs and his team [21] applied equal tension to 43 m long wind turbine blades to
conduct bending experiments; they compared the stress and displacement characteristics
of the blades. Relying only on numerical simulation to analyze the dynamic response of
large wind turbine blades cannot meet the actual needs of the project. It is necessary to
supplement the effectiveness of the actual application in the project with a more practical
experimental research method.

Herein, in order to explore the stress distribution law of the wind turbine blades
under strong wind loads and the damage of the blades after applying a force, this study
focuses on 1.5 MW horizontal axis wind turbine blades. This investigation applies the
fluid-solid coupling calculation method and it analyzes the wind turbine under strong
wind conditions. The equipment stress of the blade is analyzed, the stress distribution law
during the operation of the blade is explored and the failure area of the wind turbine blade
is explored. By combining the results of the numerical simulation with the observational
experiments, this study defines the typical failure areas. According to the frequency of the
damage in the various parts of the wind turbine blade, the damage rules of the blade are
explored and the failure mode of each area of the blade is finally determined.

2. Materials and Methods
2.1. Theories
2.1.1. Fluid-Solid Coupling Control Equation

Wind turbine blades have a large windward area and the wind turbine flow field
environment is very complex. Therefore, the fluid-solid coupling method is adopted and
the weak coupling method and sequential solution method are used for the fluid—solid
coupling. Fluid-solid coupling follows the most basic principles of conservation. Thus, the
fluid and solid stress 7, displacement d, heat flow g, temperature T, and other variables
should be equal or conserved [22].

Tnf = Tl 1
ds = ds @)
qgf =4s 3)
Ty =Ts @)

2.1.2. Theoretical Basis of the Turbulence Model

The shear stress transport model is referred to as the SST k-w model, and they are
used to represent the wind flowing through the blades. The governing equation is as
follows [23]:

) 3 R

a(pk) + 733(1' (okut) = 78361‘ (Fk—axj) + Gy — Yi (5)
3 3 0 O
§<pw)+a7i(pwut> = aTCj(rkaTj)‘f'Gw—Yw‘FDw ©)

where G, is the turbulent kinetic energy generation term that is caused by the velocity
gradient, I'y and I, are the convection terms of and w, k is turbulent kinetic energy, w is
specific dissipation rate, and Y} and Y, are the effective diffusion terms of k and w that are
caused by the turbulence.
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2.1.3. Sliding Mesh Theory

The basic principle of the sliding mesh is to divide the geometric model mesh into
several regions; the meshes on both sides of the interface slide against each other [24]. The
number of grid nodes on both sides of the interfaces should not be too different, and the
fluxes on both sides should be equal, as shown in Figure 1.
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Figure 1. Schematic diagram of the sliding grid principle [24].

For the generalized scalar @ in any control body V with a moving boundary, the
integral conservation equation [24] is written as follows:

i/’ <I>dV+/ D(v — vy)dA :/ de)dA+/ Sdv @)
dtJv v v 14
where 9V is the boundary of the control body V, and V is the mesh velocity vector.

2.2. Physical Model and Numerical Settings
2.2.1. Physical Model

Our research object is the 1.5 MW horizontal axis wind turbine and data about the
1.5 MW wind turbine comes from Guoshui Group Huade Wind Power Co., Ltd. The main
parameters are shown in Table 1.

Table 1. Parameters of the 1.5 MW wind turbine.

Name Specifications Name Specifications
Airfoil Provided by Rated power P/MW 15
manufacturer

Number of blades /N 3 Rated speed n/rpm 19.8
Hub center height H/m 65 Rated wind speed v/m-s~! 12
Hub diameter d/m 2 Rated tip speed ratio A 8.5
Wind wheel diameter D/m 77 Cut-in wind speed v/m-s~! 3
Wind wheel quality m/t 30.1 Cut-out wind speed v/m-s~! 25

Herein, considering the structure of the 1.5 MW wind turbine blades and using the
ACP (ANSYS Composite PrepPost) module (American ANSYS, Pittsburgh, Pennsylvania),
the 1.5 MW wind turbine blade layering design is divided into five areas, as shown in
Figure 2 made by ANSYS. Based on the layering method offered by reference [25] of the
wind turbine blade, we adjusted the layering parameters appropriately. The blade is
subjected to shear, bending moment, and torque. The force characteristic is that it decreases
from the root to the tip of the blade. Therefore, in terms of the number of material layers,
the thickness of the blade root material should be greater than that of the middle blade.
Moreover, it is larger than that of the blade tip; thus, the layering shows a descending trend
along the blade length. The blade layer material is considered to be composite material glass
fiber reinforced plastic (FRP) with density p = 2100 kg/m?>. The other material parameters
are presented in Table 2.
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Figure 2. Layering design of the 1.5 MW wind turbine blade used in this study.
Table 2. Material properties.
M il Elastic Modulus/MPa Poisson’s Ratio Shear Modulus/MPa
ateria E11 E22 E33 V12 v23 v13 G12 G23 G13
FRP 39,000 8600 8600 0.28 0.47 0.28 3800 2930 3800

As shown in Figure 3, a suitable cuboid calculation domain is established according to
the model size, which is 150 m high, 150 m wide, and 300 m long. A physical model that
had a 1:1 scale with the actual wind wheel was constructed. The hub center is 65 m from the
inlet and 235 m from the outlet. It is also 65 m from the ground; the center of the rotation
domain coincides with the center of the wind wheel, and the domain diameter is 82 m. The
computational domain uses unstructured tetrahedral grids, and through grid independence
verification, the total number of divided grids was determined to be 15.8 million. The non-
steady-state calculation method of the sliding grid was used to simulate the aerodynamic
performance of the wind turbines. This method solves the problem of the grid mismatch
on both sides of the interface between the flow field and the rotation field [24].

82 m

300 m

150 m

65 m 50 0

Figure 3. Computational domain mesh comprising unstructured tetrahedral grids to construct the
physical model of the wind wheel.

The geometric center of the wind wheel along the center of gravity of the rotation axis
is defined as the coordinate origin O point, the direction of the incoming flow parallel to
the ground is the positive direction of the Y-axis, and the Z-axis is vertically upward. The
model outlet is set as a pressure outlet, the domain wall is set as a symmetrical boundary,
and the wind wheel is set as a non-slip wall. In this study, the SST k-w turbulence model
is selected as it takes into account the influence of the turbulent shear stress; it can better
simulate the gas flow and blade pressure distribution [23].

As for the structural model of the wind turbine, due to the irregular aerodynamic
shape of the wind turbine blade, based on the Transient Structural module of ANSYS
Workbench 19.2, the unstructured tetrahedral grid is used to divide the solid model, and
the grid is properly encrypted to ensure the accuracy of subsequent fluid-structure coupling



Energies 2022, 15, 1339 6 of 19

data transmission. The structural model and meshing of the blade are referred to [25]. Here,
the wind turbine startup wind speed of 3.6 m/s, shutdown wind speed of 21.1 m/s and
strong wind speed of 19 m/s are selected to verify the grid independence of the CFD model.
The grid independence verification about the CFD model is as follows in Table 3.

Table 3. Grid independence verification about CFD model.

Wind Speed Grid Numbers/Ten Thousand
3.6m/s 340 430 520 620 700 850 900 1070
Maximum pressure/Pa 164 165 167 169 172 175 175 175
19m/s 340 430 520 620 700 850 900 1070
Maximum pressure/Pa 1573 1587 1604 1624 1646 1674 1674 1674
21.1m/s 340 430 520 620 700 850 900 1070
Maximum pressure/Pa 1618 1643 1668 1694 1720 1743 1743 1743

According to the calculation, it was found that when the grid number exceeds
8.5 million, the maximum pressure of the blade under three working conditions no longer
changes, and the value is highly consistent with the results calculated by Wang, Quant, and
Kolios [22], so the grid independence verification is accurate and effective, and the total
number of grids divided is 8.5 million.

Unstructured tetrahedral meshes were adopted in the solid structure model. The
grid independence verification of the structural solid model is shown in Table 4. After the
analysis, the grid number of the blade model is suitable at 1.09 million.

Table 4. Grid independence verification about CFD model.

Wind Speed Grid Numbers/Ten Thousand
19m/s 75 81 920 98 105 109 109 109
Maximum
Equivalent stress 19.2 19.5 19.7 20.3 20.6 20.6 20.6 20.6
/Mpa
Maximum displacement/m 0.56 0.58 0.59 0.61 0.63 0.63 0.63 0.63

2.2.2. Boundary Conditions

The wind speed distribution of the Huade Wind Farm of the Inner Mongolia Guoshui
Group was considered for this study. We used the exponential wind shear function to
describe the distribution. This study integrated calculations that are based on the measured
data of the 65 m high wind measurement tower in the wind field; the incoming wind speed
can be determined by applying the following equation:

o
V4
U= Upf| 5— 8
f<Zref> ®)

where v is the wind speed at height z, m/s; v;,s is the known wind speed at Z,.,, m/s; Z,
is the height at the center of the hub, m; « is the wind shear coefficient, which is fitted
according to the measured data and is 0.2.

Because the influence of strong wind load on the structural strength of wind turbine
blades can not be ignored and combined with the local strong wind conditions of the
wind farm, it is necessary to analyze the unsteady stress characteristics of wind turbine
blades under strong wind conditions. According to the literature, it is necessary to define
strong winds. According to the reference [26], winds with instantaneous wind speeds of
17 m/s or more (or visually estimated winds of eight or more) are strong winds. Therefore,
Urer is 19 m/s, Z,¢ is 65 m, and the blade pitch angle is 28.04°. From this, the UDF (User
Defined Function) of the shear wind at the entrance of the calculation domain is compiled
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to simulate the shear and flow of the wind turbine blade during operation. By combining
the observations in Figure 4 and Equation 8, the maximum and minimum heights during
the blade tip rotation are 103.5 m and 26.5 m, respectively. This corresponds to wind speeds
of 20.84 m/s and 15.88 m/s. Based on the meteorological parameters of the wind field in
December 2018, the air density is 1.147 kg/m?>, the ambient temperature is 256.45 K, the
atmospheric pressure is 86.4 KPa, and the turbulence is 0.07.

Pitch angle: 28.04° Z,;: 65 m

Height/m
2

L L L . L L L 1 i
0 2 4 6 8 10 12 4, 16 18 20
Wind speed/(ms”')

Figure 4. Inflow wind speed profile.

This investigation selected the Fluent double precision and SIMPLE algorithm for
performing the calculations. The residual value is 1074, and the difference method is a
second-order upwind. The calculation selects a strong wind with a wind condition of
19 m/s. When the wind speed is greater than the rated wind speed and less than the
maximum wind speed, the wind wheel rotates at the rated speed; then, the set speed
is 19.8 rpm, and it takes 3.029 s for each rotation of the wind wheel. The calculation is
performed every time the blade rotates 30°, and the corresponding transient calculation
time step is 0.252 s. The wind wheel is set to rotate for 20 cycles. When the torque coefficient
is stable, the 16th cycle aerodynamic load is introduced into the transient structure field, and
the fluid-solid coupling method is used to solve the blade surface stress distribution. The
consistency of the coupling solution is ensured by keeping the step length and total time of
the transient structural field consistent with the calculation time of the fluent flow field.

3. Results and Discussion
3.1. Analysis of the Blade Equivalent Stress under Different Azimuth Angles

The vertical upwards of the blade tip is defined as an azimuth angle of 0°, and the
clockwise direction is considered to be the positive direction of the rotation. The rotation
period is equally divided into 12 parts, where each part represents 30°. After the calculation
is completed, the equivalent stress cloud diagram and the maximum equivalent stress
periodic change are extracted.

It can be observed from Figure 5 that under the same rotation period, the maximum
equivalent stresses on the windward and leeward sides at an azimuth angle of 30° are
20.60 MPa and 8.09 MPa, respectively. The maximum equivalent stresses on the windward
and leeward sides have an azimuth angle of 240° and they are 19.20 MPa and 7.23 MPa.
The equivalent stress value of the first half cycle is generally greater than the second half
cycle. Because of the shear flow, the stress increases with an increase in height; gravity
does positive work in the first half cycle and negative work in the second half cycle. The
equivalent stress on the windward surface is concentrated near the root and the middle of
the blade; this concentration is caused by the force characteristics of the windward surface
and the structure of the blade. The equivalent stress on the leeward surface appears in the
transition zone at each layer section, which is due to the stress concentration and layering
that is caused by the segmented position.
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Von Mises Stress
Contour 1

21.00
19.38
1777
16.15
14.54
12.92
11.31
9.69
8.08
6.46
4.85
3.23
1.62
0.00
[MPa]

Von Mises Stress
Contour 2

21.00
* 19.38
71777
r16.15

r14.54

12.92
H 11.31
9.69

r8.08
r6.46

4.85
3.23
1.62
0.00

[MPa]

(a) Equivalent stress distribution cloud diagram on the wind- (b) Equivalent stress distribution cloud diagram on the windward

ward surface. surface.

0°

330° 30°
—0— Windward side
‘0 Leeward side
300° 60° 21.00
18.00
15.00
12.00
270° 90° oo
6.00
3.00
0.00
Equivalent stress/MPa
240° 120°

210° 150°

180
(c) Maximum equivalent stress change of a single blade during the rotation period.

Figure 5. Equivalent stress distribution during one cycle.

This study set the wind speed as v, the centrifugal force load as g, gravity as G, the
spanwise component of gravity as G,, and gravity along the blade rotation direction as
Gy. The blade load distribution is shown in Figure 6. The wind speed v and G, at a certain
point ri (r/R = 0.5) of the monitoring blade are plotted in Figure 7, and the two change
in the form of sine and cosine. When the blade rotates to the azimuth angle 6, the wind
speed slowly decreases from 0° to 45°. G, increases rapidly from 0° to 45° and reaches
the maximum at 45°. The blade receives the largest force at 30°, which is reflected in the
maximum equivalent stress of the blade at an azimuth angle of 30°, which is the largest.
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3.2. Load Analysis of a Typical Blade Failure Area

The blade is susceptible to fatigue due to large aerodynamic loads on the windward
side of the leading edge and weak tail edge. Therefore, it is important to explore the
distribution of equivalent stress on the leading edge and the trailing edge of the blade.
Under the condition of a 19 m/s wind speed, this study first carried out a spanwise
equivalent stress analysis on the leading edge and trailing edge of the blade under an
azimuth angle of 30° to find the typical stress concentration section.

It can be observed from Figure 8 that the equivalent stress at the trailing edge line of
the blade is generally greater than the leading edge line. The span length of the blade/the
full length of the blade is set to #/R. The equivalent stress at the trailing edge of the blade
is generally higher than that at the leading edge, and it includes an #/R = 0.10 section,
an /R = 0.28 section, an /R = 0.53 section, and r/R = 0.88 at the blade layer section. The
abrupt peak value of the equivalent stress is due to the sharp change in the number of
layers at the blade layer section, and the poor structural stability of the section, which
makes the position more prone to stress concentration and damage that is attributed to
sudden changes in the stress. At the same time, there are also stress mutation peaks in the
r/R = 0.16 section and #/R = 60 section, which is due to the special aerodynamic shape of
the blade. This leads to the distribution of the blade spanwise stress.
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Figure 8. Equivalent stress distribution when it is spanwise at a 30° azimuth angle.

There are obvious equivalent stress peaks in the aforementioned six sections. In order
to further explore the chordal distribution of the equivalent stress, the chordal equivalent
stress analysis under one rotation cycle is performed on the six sections, as shown in
Figure 9.

Wl

Location-1:-#/R=0.10. x/C=0.53 \&

(a) ¥/R=0.10 section

Location-4:-#/R=0.28, x/C=0.44

(c) r/R=0.28 section

Location-6:-#/R=0.60. x/C=0.30

(e) r/R=0.60 section

&7 i
L § Location-5:-#/R=0.53, x/C=0.41 §

Location2:7/R=0.16., x/C=0.52
Location-3:#/R=0.16. x/C=0.88

(b) r/R=0.16 section

(d) ¥/R=0.53 section

]

"

Location7-#/R-0.88, x/C-032 |

-
R

(f) ¥/R=0.88 section

Figure 9. Stress of a typical failure section at different azimuth angles.
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It can be observed from Figure 9 that each section has the maximum equivalent stress
at an azimuth angle of 30°, and the changing trend of the equivalent stress along the chord
direction of each section first increases and then decreases. The r/R = 0.10, 0.28, 0.53, and
0.88 sections are located in the pavement section, the number of plies has a sharp transition,
and the superimposition of the multiple loads results in stress concentration peak in four
sections. The equivalent stress at the section position is too concentrated, and the curve
has a sudden peak. In particular, the /R = 0.16 section is located in the transition area that
is between the blade root circle and the blade root airfoil. The relatively large transition
of the relative thickness results in large equivalent stress in the middle of the airfoil chord
and near the trailing edge; the curve has two obvious peaks. The equivalent stress value
of the r/R = 0.60 section is larger than the other five sections. The aerodynamic shape and
structural characteristics of the blade at this position indicate that the section bears a large
load and is prone to failure. According to the graph, six typical failure locations can be
found in Table 5.

Table 5. Failure location and stress.

Location Failure Max Equivalent Azimuth Angle of the Maximum
Location Stress/MPa Equivalent Stress
Location 1 Zlé - 8: ég 10.60 Around 30°
Location 2 ;72 z 8;3 17.10 Around 30°
Location 3 ;;Ié Z gég 15.80 Around 30°
Location 4 Zlé - 8&2 9.36 Around 30°
Location 5 ;72 Z 82? 9.74 Around 30°
Location 6 Zlé z 8(63(()) 20.60 Around 30°
Location 7 Zlé - g'gg 5.28 Around 30°

From Figure 10 and Table 5, it can be observed that the load when the blade rotates to
different positions is quite different. The maximum value of the equivalent stress at each
failure location is around a 30° azimuth angle, and the maximum equivalent stress value at
Location 6 is 20.60 MPa. Compared with the incoming positive wind, under the action of
a strong wind, when the blade runs from 0-60° and 300-360°, not only is the equivalent
stress value large but the influence of the shear stress and normal stress cannot be ignored.
Considering this, we explored the typical shear stress and normal stress distribution of
the section.

Location 1|
= Location 2|
Location 3
+ Location 4
Location 5|
= Location 6
Location 7

180°

Figure 10. Stress distribution at a typical position.
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By analyzing the relationship between the positive and shear stress in Figure 11, it
was determined that during the transition from the root to the tip, the normal stress shows
a gradual decrease, whereas the change in the shear stress is relatively stable. The normal
stress at /R = 0.16 section near the blade root circle and the transition area of the airfoil is
the maximum at 4.85 MPa. The normal stress at 7/R = 0.88 is rapidly reduced to 0.35 MPa,
and the maximum shear stress is 2.60 MPa, which is 7.5 times the maximum normal stress
of the section. Based on the aforementioned analysis, it can be observed that excessive
shear stress is an important factor that leads to the failure of blade roots and blade tips.
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Figure 11. Stress under a 30° azimuth angle.

The composite material that is used for the blade is glass fiber reinforced plastic, and
the strength of the blade ensures that the equivalent stress of the blade under a load cannot
exceed the material damage limit [21].

Os
Omax < |0 = — ©)
max < [0] Y

When the safety factor v is 3, omax is the maximum stress of the blade; (¢) is the
allowable stress of the blade, in which the value is 73.33 MPa; and o is the yield stress of
the blade, in which the value is 220 MPa.

According to Equation (9), the strength of the wind turbine blade is checked based on
the maximum stress criterion. The results of the evaluation are shown in Table 6.

Table 6. Strength check of the blade.

Location T“Ta)
Location 1 14.45%
Location 2 23.32%
Location 3 21.55%
Location 4 12.76%
Location 5 13.28%
Location 6 28.09%
Location 7 7.20%

According to the calculated data in Table 6, it can be determined that under strong
wind conditions where the speed is 19 m/s, the maximum blade stress value is 28.09% of
the allowable stress. It can be observed that the wind turbine blades that are used in this
study are theoretically safe and reliable.

3.3. Research and Investigations of Failure and Damage of the Typical Area Outside the Blade

There are so many techniques for wind turbine damage detection, such as based
on strain measurement, vibration, thermography, etc. However, Strain and vibration
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measurements rely on sticking strain gauges to the blades, and the operation is difficult and
dangerous for operators. Although thermal imaging technology has the advantage of not
contacting wind turbine blades, it is vulnerable to environmental interference [27-29]. So
the method of UAV(Unmanned aerial vehicle) damage detection is more safe and efficient.

When the wind turbine is in a shutdown state, an unmanned aerial vehicle is used to
inspect the blades of the wind turbine in service, and the typical external problems of the
blades are highlighted through image processing technology. The experimental wind farm
is the Huade wind farm that belongs to the Guoshui Group. The farm is located in Ulanqab
City in the Inner Mongolia Autonomous Region. All wind turbine models consisted of
WGTS15004, and there were a total of 132 wind turbines. The total capacity of the fourth
phase is 200 MW. The scale of each phase is 33 x 1.5 MW. The terrain of the site consists of
low mountain hills, gentle slope hills, and there are a few buildings and trees at the site. By
taking the first phase as an example, the layout of the wind turbines in the wind farm is
shown in Figure 12.

38,498,000 38,499,000 38,500,000 38,501,000 38,502,000 38,503,000

Figure 12. Schematic diagram of the layout of the wind turbine units.

As shown in Figure 12, it is significant that most wind turbines are distributed in
places with a high wind power density. Before the experiment, the wind turbines that were
to be tested were shut down, and the 132 wind turbines that consist of the WTGS1500(Wind
turbine generator system1500) model and belong to the wind farm were inspected by
drones. When the wind turbine is in a shutdown state, an unmanned aerial vehicle is used
to inspect the blades of the wind turbine in service, and the typical external problems of
the blades are highlighted through image processing technology. Finally, a series of blade
damage pictures were collected. By combining the results of the blade stress concentration
area that were obtained by a numerical simulation analysis and comparing the damage
results that were observed on-site, we can comprehensively determine the cause of the
blade damage, and provide guidance for the maintenance of the blade.

As shown in Figure 13, according to the distribution of the failure locations, this
investigation divides the wind turbine blade into three regions along the span direction,
namely the root region 7/R = 0.00-0.16, the middle region /R = 0.28-0.60, and the tip region
/R = 0.88-1.00. By taking a wind farm in western Inner Mongolia as a research sample,
this study used an unmanned aerial vehicle that was equipped with a 60-megapixel lens.
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The blades of 132 wind turbines were inspected sequentially, and the common failure and
damage forms in each area of the wind turbine blades at strong winds were summarized.

Figure 13. Common damage and failure of the blades.

After inspecting a total of 396 blades from the 132 wind turbines in this wind farm,
the failure damage was assessed. Figure 13 is the cloud diagram of the equivalent stress
distribution of the wind turbine blade at 30° azimuth calculated by the fluid-structure
coupling numerical simulation, which is compared and correlated with the actual damaged
area of the blade. The types of failure damage that appear in order from light to heavy
are: paint peeling, oil pollution, scratching injuries, bulges, cracks, cracks in the gel coat,
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and lightning damage. The afore-mentioned damages are the most common and frequent
failure damage modes for this type of 1.5 MW wind turbine blade in this wind farm.

The types of blade damage and the common types of wind turbine blade damage are
summarized. In this batch of wind turbine blade inspections, a total of 8917 images were
taken, which include 2180 blade damage images and 6737 images without blade damage.
According to the calculations, damaged images account for 24.45% of the total number of
images (most of them were paint peeling and oil stains, etc.), which contain 1988 images,
that account for 22.29% of the total number of images; the rest are scratches, cracks, gel
coat cracking, lightning strikes, and bulges, which consist of 192 images. Among them, the
damage that is caused by stress includes cracks and gel coat cracking in about 58 images,
which accounts for 0.65% of the total number of images.

Based on the stress distribution of the wind turbine blades in the previous subsection,
after identifying and classifying the captured damage images, the damage of the blade
that is caused by stress includes cracks, gel coat cracks; the various types of damage that
were counted. Figure 14 shows the gel coat cracking phenomenon that is caused by stress;
Figure 15 displays the crack image of the blade that is caused by stress.

(d) Gel coat cracking in the bladé middle

(c) Gel coat cracking in the blade tip area
area

Figure 14. Cracking of the gel coat caused by stress.

Among them, the frequency of the various types of damage = the number of various
types of damage/the total number of damage. The frequency for a certain type of damage
in each area = the number of certain types of damage in each area/the total number of
damage for a certain type. The failure conditions are shown in Tables 7 and 8.

It can be observed from Table 7 that by screening the damage images of the wind
turbine blade failure that is due to stress, the most frequent failure type are cracks. The
number of images is 49, which accounts for 84.48% of the damage that is caused by stress.
The gel coat crack is another form of failure caused by stress. The number of images is nine,
which accounts for 15.52% of the damage that is caused by stress.
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i &

(a) Cracks in the blade middle area (b) Cracks in the blade middle area

(c) Cracks in the blade root area (d) Cracks in the blade root area
Figure 15. Cracks caused by stress.

Table 7. Failures of the blade caused by stress.

Damage Types Caused by Stress Gel Coat Cracking Cracks
Damage numbers 58
Damage type numbers 9 49
Frequency 15.52% 84.48%

Table 8. Frequency of most common types of failurs of blades.

Damage Types Gel Coat Cracking Cracks

Typical area Number Frequency Number Frequency
. /1?53?06?8?1 ¢ 0 0.00% 43 87.75%
r%"f%?éfgfo 2 22.22% 5 10.20%
. /Rlea(f;;ig. 0 7 77.78% 1 2.05%

According to the classification of the typical areas, we can summarize the frequency of
the main failure damage that is caused by the stress in each area, and this is summarized
in Table 8. There were nine cases of gel coat cracking; seven times, it occurred along the
tip of the blade, and the frequency was 77.78%. It occurred two times along the middle of
the blade with a frequency of 22.22%; however, no gel coat cracking occurred at the root
of the blade. A total of 49 cracks appeared in the root of the blade, and the number and
frequency were 43 times and 87.75%, respectively. There were three cracks in the blade,
and the frequency of occurrence was 10.20%. The number of cracks appeared less at the
tip of the blade, in which the frequency was once, and the probability was 2.05%. It can be
observed that the main failure mode of the blade tip area is gel coat cracking, the root area
of the blade is the main failure mode, and gel coat cracking and cracking in the blade area
occur, but the frequency is low.
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According to the image statistics, when considering all the failure types that are caused
by stress, the frequency of cracks in the root area (r/R = 0.00-0.16) is as high as 87.75%.
However, the cracks in this area are relatively slight and they mostly exist in the surface
layer of the trailing edge of the blade root area. These cracks are insufficient to bring
destructive hazards to the wind turbine blade. Regular repairs for this crack type can
maintain the normal operation of the wind turbine, the maintenance is convenient, and the
cost is low. However, the frequency of cracks in the mid-blade area (/R = 0.28-0.60) also
reached 10.20%. According to the results of the field survey, once a chordal crack in the
mid-blade area appears, it may be fatal to the blade and the whole machine. Because of the
damage, the maintenance is inconvenient and high-cost.

This investigation compared the results of the blade stress concentration area that
was obtained by the numerical simulation analysis with the blade damaged area that was
obtained from the field observation. It was determined that the actual damage position of
the blade is mostly near the stress concentration area that is calculated by the numerical
simulation. In addition, the damage failure mode can confirm the blade force characteristics.
The results can guide drone inspections.

4. Conclusions

This paper discusses the fluid—structure coupling calculation method in order to
explore the stress distribution of a 1.5 MW wind turbine during strong winds. By com-
bining the numerical simulation results and the UAV observation experiments, we can
comprehensively determine the failure area and failure mode of the blade and draw the
following conclusions:

1.  The maximum stress of the blade near a 30° azimuth angle is 20.6 MPa. This is because
the resultant force on the blade is the largest when the azimuth angle is 30°. By having
an azimuth angle of 30° there are obvious equivalent stress peaks in the six sections
of the blade, and the most vulnerable position is /R = 0.60 and x/C = 0.30. The
maximum stress value of the blade under strong wind conditions is 28.09% of the
allowable stress. Theoretically, the blade structure is safe.

2. When considering the UAV’s inspection of 132 wind turbines in the wind farm,
2145 failure images of the blades were collected. The damaged images account for
24.45% of the total number of images (i.e., paint peeling and oil pollution are the
most frequent failure types at the end of the wind farm’s service, which appear
1988 times and account for 22.29% of the total number of image samples). The rest
include scratches, cracks, bulges, gel coat cracks and so on, which resulted in a total
of 192 photos.

3. Cracks appeared 49 times in total, with more occurrences at the root of the blade,
43 times with a frequency of 87.75%, respectively. There were three occurrences along
the middle of the blade, with a frequency of 10.20%; and there were fewer occurrences
at the tip of the blade, which occurred only once and the probability was 2.05%.
Therefore, the main failure mode of the blade tip is gel coat cracking, the root of the
blade is mainly cracked, and gel coat cracking and cracking in the blade occur, but the
frequency is low.

4. It was determined that the actual damage position of the blade is mostly near the
stress concentration area that is calculated by the numerical simulation. The damage
failure mode can confirm the force characteristics of the blade. These results can
provide guidance for drone inspections.
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Abbreviations

ACP ANSYS Composite PrepPost
o the wind shear coefficient

E Elastic Modulus

FRP  Fiber-reinforced plastic

G Shear modulus

G Gravity

x Chord length along chordwise
C Chord length

r Blade length along spanwise

R Blade length

UDF  User-Defined Function

% Poisson’s ratio

v Wind speed

Gz Spanwise component of gravity

Gy Gravity along the blade rotation direction
Uref Known wind speed at Z,
Z,s  Height at the center of the hub

q Centrifugal force load
0 Azimuth angle
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