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Abstract: With the increase in wind turbine power, the size of the blades is significantly increasing to
over 100 m. It is becoming more and more important to optimize the design for the internal layout
of large-scale offshore composite wind turbine blades to meet the structural safety requirements
while improving the blade power generation efficiency and achieving light weight. In this work, the
full-scale internal layout of an NREL 5 MW offshore composite wind turbine blade is elaborately
designed via the topology optimization method. The aerodynamic wind loads of the blades were first
simulated based on the computational fluid dynamics. Afterwards, the variable density topology
optimization method was adopted to perform the internal structure design of the blade. Then, the
first and second generation multi-web internal layouts of the blade were reversely designed and
evaluated in accordance with the stress level, maximum displacement of blade tip and fatigue life. In
contrast with the reference blade, the overall weight of the optimized blade was reduced by 9.88%
with the requirements of stress and fatigue life, indicating a better power efficiency. Finally, the
vibration modal and full life cycle of the designed blade were analyzed. The design conception and
new architecture could be useful for the improvement of advanced wind turbines.

Keywords: offshore wind turbine blade; composites; computational fluid dynamics; topology
optimization; fatigue life

1. Introduction

Wind energy is one of the most mature forms of renewable energy and is an effective
strategy to alleviate energy shortages, reduce environmental pollution and improve climate
conditions [1-3]. The utilization of onshore wind energy has encountered bottlenecks
due to the restriction of land wind resources, noise and environmental pollution. Hence,
in the last two decades, offshore wind farms have been rapidly growing. In 2021, new
installations of more than 6 GW were generated all over the world [4]. For the offshore
wind turbine, the blade is one of the most important components to convert wind kinetic
energy into electrical energy. However, approximately 20% of the failures in wind turbine
components occurs in the blades [5,6]. Nowadays, the blade length in offshore wind
turbines has dramatically grown over 100 m, resulting in major concerns about the blades’
resistance to damage over a life period of 20-25 years [7]. Compared to the onshore wind
turbine blades, offshore wind turbine blade damage may happen in different parts due to
static, vibration and fatigue loadings [8,9]. Moreover, it is great of importance to lighten
the weight of the blades to reduce transportation costs.

Extensive studies for the design of the optimal offshore wind turbine blades have
been carried out in recent years [10-13]. Each blade includes skin and web structures,
where the skin structure determines the aerodynamic characteristics and the web structure
provides the stiffness and strength requirements of the blade. Naung et al. [14] proposed a
highly efficient nonlinear frequency-domain solution approach for elaborating the aero-
dynamic and aeromechanical performances of an oscillating wind turbine blade aerofoil.
In comparison to the time-domain method, the frequency-domain method was not only
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accurate but also computationally very efficient as the computation time was declined
by 90%. Furthermore, Naung et al. [15] also investigated the influence of the wake of
neighboring turbines on the aerodynamics of a wind turbine within windfarms based on
the aforesaid frequency-domain method. The corresponding conclusions had been also
obtained, namely that the frequency-domain solution method provided accurate results
while reducing the computational cost by one to two orders of magnitude in comparison
with the conventional time-domain method. In addition, Nakhchi and Naung et al. [16]
also developed direct numerical simulations (DNS) to reveal the aerodynamic performance,
transition to turbulence, and to capture the laminar separation bubble occurring on a wind
turbine blade. Mamouri et al. [17,18] designed different shapes of wind turbine airfoil by
incorporating entropy generation analysis. Chen et al. [19] performed the lay-up thickness
size optimization for a 2 MW composite wind turbine blade with the objective of mass
saving based on the particle swarm optimization method. Yet, only the blade stiffness
and blade tip displacement were considered, and the extension of weight reduction was
limited in accordance with the change of lay-up thickness. Ghiasi et al. [20] carried out
the optimization design for the lay-up selection of a composite wind turbine blade with
the objective of maximum stiffness. The results found that gradient-based methods were
faster than others, but the optimal solution may be a local optimal value. In addition to
the composite skin optimization, Zhang et al. [21] compared the maximum deformation,
frequency and stress between the single-web and twin-web structures inside an 8 MW wind
turbine blade, and the results showed that it was better to choose the twin-web structure
form for large-size wind turbine blades. Liao et al. [22] employed an improved particle
swarm algorithm (PSA) with the FAST program to optimize the thickness and location of
the layers in the spar caps of wind turbine blades. The comparison of the results between
the optimal and reference blades indicated that the optimization method was a feasible
strategy to obtain the global optimization solution. The aforementioned studies focused
on the local structural optimization design of wind turbine blades, whereas investigations
on the structural optimization design of blades with the objective of weight reduction are
considerably insufficient.

In the structural optimization design, topology optimization design is an effective way
to obtain a reasonable internal layout of the blade, which can provide a new configuration
and solution for engineering structural design [23]. Nowadays, the main topology opti-
mization methods include the variable thickness method [24], homogenization method [25]
and variable density method [26]. Generally, the variable thickness method and homoge-
nization method are basically used for comparatively simple structures. For the variable
density method, it has been integrated in finite element simulation software, i.e., ANSYS
Workbench. Joncas et al. [27] adopted the topology optimization method to design the end
part configuration of a thermoplastic composite wind turbine blade under waving moment
and pendulum moment loading. Burton et al. [28] also adopted the topology optimization
method to design the inner-surface structures of a wind turbine blade, and the optimization
configuration was a non-prismatic structure. Yu et al. [29] designed a novel honeycomb-
filled main beam cavity of a wind turbine blade based on the variable density topology
optimization method [26], and a reasonable layout of honeycomb cells was obtained and
the weight of the optimal blade was reduced by 8.41%. Zhang et al. [30] used the variable
density topology optimization method to optimize the thickness and location of the main
beam and twin-web of a wind turbine blade, and the optimal configuration showed that
the webs play a key supporting role for maintaining the aerodynamic shape of the blade
and the overall weight of blade obviously decreased though the dimension and location of
the inner webs. However, the challenges remain about how many webs should be placed
in the blades and the layout of the related webs.

To address this, Aage et al. [31] adopted the variable density topology optimization
method to successfully design the internal structure of an aeroplane wing based on the
full-scale internal structure. From this viewpoint, in this work, we report the design of
the internal layout of a 5 MW offshore wind turbine blade with the objective of maximum
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stiffness using the variable density topology optimization method. The aerodynamic
loads of blades were obtained though computational fluid dynamics (CFD) simulation.
Afterwards, the internal structure of the blade was optimized using the variable density
topology optimization, and two multi-web internal layouts were obtained through the
reverse design inspired by the topology optimization results. Finally, by validating the
performance indexes with respect to stress level, maximum displacement and fatigue life,
the multi-web structural layout of the second generation optimal wind turbine blade was
an optimal feasible structure, which answered the key scientific issues of how many webs
should be placed inside the blade and where to array the related webs. We hope the design
method and findings could provide novel and efficient routes to high-performance offshore
wind turbine blades.

2. Analytical Preliminaries
2.1. Topology Optimization Method

The variable density topology optimization problem [32] can be expressed as follows:

N
ming(p) = UTKU = L (pe) " ulkotte
e e=
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e=

where ¢ means a sum of each element’s compliance. U, K and F mean the global displace-
ment, stiffness matrix and force vectors, respectively. kg and 1, mean the element stiffness
matrix and displacement vector. p means the design variable vector, viz element density
vector. N means the element amount of design domain. V, and V* mean the unit element
volume and total volume for the design domain. To make sure of the numerically stable
iteration, pmin = 0.001 is chosen as the lower limitation of design variable. Additionally, a
convolution-type filtering operation is used to filter the holes, viz.
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where N, = {i|||r; — r¢|| < R} means a neighborhood set within the radius, R. r; and 7,
mean the spatial central coordinate of elements i and e, respectively. w(r;, o) = R — ||r; — 1¢||
means the weighting function. v; is the volume of element i.

2.2. CFD Model of Reference Composite Wind Turbine Blade
2.2.1. Control Equation, Geometric Model of Composite Wind Turbine Blade and Flow
Field for CFD Simulation

In this work, the Navier—Stokes equation (RANS) based on Reynolds stress averaging
was used to solve the flow field of the wind turbine blade, see Equation (1).

%(pﬁ) LV (0uE) = —Vp4+V (y (Vﬁ + VZT> - %y(v - H’)) +F @

where ? is the external force applied to the fluid.

The wind turbine in this work is the NREL offshore 5 MW baseline wind turbine
developed by National Renewable Energy Laboratory (NREL) [33]. The length of composite
blade in the NREL 5 MW machine is about 61.63 m. The blade is artificially divided into
17 airfoils from the root to the tip, namely: Cylinder, Du40, Du35, Du30, Du25, Du21 and
NACA®64, respectively. Note: The detailed geometric parameters corresponding to the
aforesaid airfoils can be found in Table S1, Supporting Information (SI).

The geometric model of the composite wind turbine blade can be established as follows:
@ Translate the aerodynamic center of the airfoil to the coordinate origin; (2) Rotate and
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transform the airfoil coordinate in accordance with the twist and chord; @) Calculate the
3D coordinate of nodes using the following equation:

/A, |*—XAero] _ 2 2 Y

x' = 5= /(X — Xaero)” + Y7 cosarctan—— + B

I A |¥—XAero] _ 2 2 i Y (4)
Yy =c 55 \/(x Xpero)” + Y7 sin(arctanz—— +

z=r

where x and y mean the normalized coordinates; x’ and iy’ mean the 3D coordinates; Xaero
means the aerodynamic center of the airfoil to the coordinate origin; ¢ and  mean the
chord and twist. Based on the aforesaid method, the 3D geometric model of composite
wind turbine blade can be established using the Siemens NX 10.0 software, see Figure 1a,b.
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Figure 1. Establishment of 5 MW wind turbine blade. (a) Normalized section data of airfoils.
(b) Wind turbine blade. (c¢) Geometric overall domain. (d) Geometric rotation and blade domains.
(e,f) Stereogram and side view of fluent mesh models. (g) Local fluent mesh view of blade.

The flow domain for the CFD simulation of a composite wind turbine blade was
defined as: () The effects of tower and nacelle were not considered in this work; 2) One-
third model was chosen for the CFD simulation to reduce the computation time. Figure 1c
exhibits the dimensions and boundary conditions of the CFD model, where the model
consists of a rotation domain and a stationary domain. The data can be passed though
the interface. The radiuses of the rotation and stationary domains were 70 m and 300 m,
respectively. The inlet was 200 m from the hub center and the outlet was 500 m from the
hub center.

The fluent mesh model for the CFD simulation of the composite wind turbine
blade was obtained as follows: The aforesaid domains were meshed using unstructured
tetrahedral element type based on the ANSYS Meshing tool. Note: although some
scholars [34,35] meshed blades using the structured mesh, the unstructured mesh for
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blade and fluid is available by calculating Y+ values at different speeds and comparing
the results of the output torque and power curves, which can obtain reasonable simulation
results, see Figure 2. The mesh sizes for the rotation and stationary domains were 3 m and
1 m, respectively. Furthermore, the meshes in the symmetry surfaces, named Side_wail
and Side_neil, Side_neil and Side_nei2, were completely controlled by the periodic mesh
matching using the periodic boundary constraint command to ensure that the periodic
surface nodes correspond to each other, see Figure le f. In order to better simulate the
flow near the wall surface of the blade, the meshes around the blade surfaces were refined
and fifteen expansion layers with a growth rate of 1.9 were set. The height of the first
layer was 1 x 107> m, see Figure 1g.
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Figure 2. Output responses of composite wind turbine blade based on the k-w SST and k- models
and FAST. (a) Output torque response. (b) Output power response. Note: the simulation model is
one third of wind turbine.

2.2.2. Mesh Quality and Independence Verifications

The mesh quality of the constructed CFD model was checked by using the y* value [36],
which can be calculated as:
Yy =uy/v ®)

where u, is the friction speed; y is the nearest wall; v is the kinematic viscosity of fluid.
If the y* is less than 1, the mesh quality is reasonable. The y* values were calculated
under the wind speeds of 7 m/s, 11.4 m/s, 15 m/s, 20 m/s and 25 m/s, respectively,
see Figure S1, SI. All the values were less than 1, indicating that the constructed CFD
meshing models under different wind speeds were reasonable. Apart from the validation
of mesh quality, the mesh independence was also carried out to find out an appropriate
mesh size in this work. The case under the wind speed of 11.4 m/s was chosen, where the
wind turbine speed is 12.1 RPM and the pitch angle is 0°. Four mesh sizes of 0.3 m, 0.2 m,
0.1 m and 0.07 m were adopted to mesh the blade surface, and the interface surface and
outer surface meshes were set as 3 m and 6 m, respectively. After meshing, the amount of
elements corresponding to the aforementioned mesh sizes were 3.63 million, 4.17 million,
578 million and 808 million, respectively. Table S2 (SI) shows the relationship between
mesh number and calculated wind turbine torque. In view of the computation time and
accuracy, the mesh size of 0.1 m was taken for the blade surface in the subsequent study
of this work.

2.2.3. Calculation Method for the CFD Simulation

Considering that the subsequent topology optimization of wind turbine blade is a
static solution question, the moving reference frame (MRF) method was adopted in this
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work. Specifically, the rotation speed of the wind turbine is attached to the rotation domain,
and the flow fluxes originated from the stationary domain can be translated by the interface.
Compared to the non-constant slip grid method, the MRF method is a constant calculation
method, which is simpler, faster with less computation time to produce acceptable results
in a short time. The method has been used in CFD simulations of static wind turbine
blade [37,38].

2.3. Finite Element Model of Reference Composite Wind Turbine Blade
2.3.1. Mechanical Properties of Composite Materials of Wind Turbine Blades

Glass fiber reinforced resin unidirectional composites were used as the skin material
of blade in this work. The mechanical properties and corresponding allowable values of
composites can be found in Table 1.

Table 1. Mechanical properties and allowable values.

Mechanical Properties of Composites Allowable Values of Composites
Items Values Items Values Items Values Items Values
Ex 4.5 x 10* MPa lixz 0.3 TSx 1.1 x 10°> MPa CS; —120 MPa
Ey 1.0 x 10* MPa Gxy 5.0 x 10° MPa TSy 35 MPa GSxy 80 MPa
E, 1.0 x 10* MPa Gyz 3.8 x 103 MPa TS, 35 MPa GSy, 46 MPa
Fixy 0.3 Gxz 5.0 x 103 MPa CSx —680 MPa GSx;, 80 MPa
Hyz 0.4 o 2000 kg-m? CSy —120 MPa - -

Note: “TS”, “CS” and “GS” indicate the tension, compression and shear strength.

2.3.2. Finite Element Model of Wind Turbine Blade

As the wind turbine blade has a complex geometric configuration, the ANSYS Meshing
was used to generate tetrahedral elements for the internal room of the blade in this work.
Furthermore, to weaken the influence of mesh dependence on the blade, the mesh size was
chosen as 0.07 m. Finally, the total number of elements and nodes were 4.85 million and
6.69 million. The corresponding model can be found in Figure S2, SI.

2.4. Design and Validation Cases of Wind Turbine Blade
Three load cases are considered in this work, viz.:
(1) DLC-1 (Worst working case)

According to the IEC 61400-1 standard [39], the reference wind turbine is in the 1A
IWC wind class, which means it can only withstand wind gusts up to 21% of its rated speed.
Therefore, the first load case is when the wind turbine is operating under rated case in
severe gusts, in which the gusts suddenly occur so that the blades do not have enough time
to change pitch. As it is of great importance for the safety of turbine, this case is also used
as the design condition for topology optimization in this work. The related parameters are
given in Table 2.

Table 2. Operation parameters in different load cases.

Load Case Rotation Speed (RPM) Pitch Angle (°) Wind Speed (m/s)
DLC-1 (Design) 12.1 0 13.8
DLC-2 12.1 23.3 25
DLC-3 0 89.3 37.5

Note: In DLC-1 case, wind speed = Rated wind speed + maximum allowable gust (11.4 + 21% x 11.4); in DLC-2
case, wind speed = cut-out wind speed; in DLC-3 case, wind speed = speed of typhoon.

(2) DLC-2 (Cut-out wind speed working case)

This case is the cut-out wind speed condition. This is the highest wind speed that
the wind turbine can reach before opening the propeller to the downwind position and
shutting it down. In this case, blade tip deflection is relatively small. The tip deflection
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acceleration is even less than that in DLC-1, and therefore the inertial load can be ignored
in this case. In this work, this case was used as a verification design case, and the related
parameters are listed in Table 2.

(3) DLC-3 (Shutdown working case)

This case is the parking brake condition, at which the blade is in the downwind
position and the incoming wind is typhoon speed (37.5 m/s). Here, the downwind position
is the pitch angle of the blade that is not affected by any torque. In this work, this case
was also adopted as a verification design case, and the relevant parameters are shown in
Table 2.

3. Results
3.1. CFD Simulation of Wind Turbine Blade

In this work, two turbulence models, viz. k-w SST and k-¢, were adopted to elaborate
the rationality of CFD simulation. Furthermore, the rationality analyses in terms of output
torque and power were compared with the results obtained from the FAST software.
Figure 2a illustrates the output torque curves based on the k-w SST and k- models and
FAST as the increase in wind speed, and the corresponding data are also listed in Table 3. It
can be seen from Figure 2a and Table 3 that the predicted torque values of turbine blade
based on the k-w SST and k-¢ turbulence models under the different wind speeds were
close to the values based on the FAST. The k-w SST model had a higher prediction accuracy
in comparison with the k-¢ model. Compared to the values obtained from the FAST, the
errors of output torque based on the k-« SST model in the wind speed range of 7-25 m/s
were less than 7%. The predicted values for the k-¢ turbulence model at high wind speeds
were relatively low, and the related errors in the wind speed range of 15-25 m/s were
within 7-12%.

Table 3. Output torques based on the k-w SST and k-¢ models and FAST.

Wind Turbine Torque
Wind Speed (m/s)  Pitch Angle (°)
FAST k-w SST Error k-¢ Error
7 0 472.70 479.05 1.34% 473.61 0.19%
10 0 1017.03  976.36 4.00% 976.36 4.00%
11 0 1293.77  1238.20 4.30% 1333.51 3.07%
15 10.45 1393.37  1309.79 6.00% 1289.05 7.49%
20 17.47 1393.37  1302.96 6.49% 1244.32 10.70%
25 23.57 1393.37  1300.84 6.64% 1237.86 11.16%

Apart from the output torque performance, the output power performance of the
turbine blade based on the k-w SST and k-¢ models and FAST was also evaluated. The
output power can be calculated as the following formula:

P = Mw (6)

where M is the torque of blade; w is rotation speed. Figure 2b and Table 4 show the
output power values of the turbine blade based on the k-w SST and k-¢ models and FAST,
respectively. It can be noted that both the models simulated the output power performance
relatively well, and the maximum errors were basically within 10%. However, the error
based on the k-¢ model at the wind speed of 25 m/s was 11.16%, probably resulting in a
relatively dangerous result. Consequently, the k-w SST turbulence model was adopted in
this work.
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Table 4. Output power based on the k-w SST and k-e¢ models and FAST.

Wind Turbine Power

Wind Speed (m/s)  Pitch Angle (°)

FAST k-w SST Error k-¢ Error

7 0 419.20 424.86 1.35% 420.03 0.2%
10 0 1217.67 1168.75 4.02% 1168.75 4.02%
11 0 1611.07 1541.70 4.31% 1660.39 3.06%
15 10.45 1765.53  1659.65 6.00% 1633.37 7.49%
20 17.47 1765.57  1651.00 6.49% 1576.69 10.70%
25 23.57 1765.57  1648.30 6.64% 1568.50 11.16%

3.2. Structural Responses of Wind Pressure on the Surface of Wind Turbine Blade

According to the design case shown in Table 2 where the pitch angle of the wind
turbine blade was adjusted to 0° and the meshing strategy discussed in Section 2.2.2, the
structural responses of wind pressure on the surface of blade were obtained based on the
k-w SST turbulence model (Section 3.1). Figure 3 illustrates the pressure surface and suction
surface contours of turbine blade under the aerodynamic external load. From Figure 2, the
pressure was mainly concentrated in the blade root and trailing edge, while the suction
force in the middle of the blade was mainly focused on the blade edge. The maximum
pressure and suction force were 2723 and 5729 Pa, respectively.

-3.616 X10°

-5.729 X10°
[Pa]

Figure 3. (a) Pressure surface contour. (b) Suction surface contour.

3.3. Topology Optimization Results of Internal Configuration of Wind Turbine Blade

Figure 4 exhibits the topology optimization results of the wind turbine blade. The outer
shell of the blade was completely retained (Figure 4a), and in the internal configuration
appeared obvious strip-shaped “gap” and “hole” regions along the axial direction of the
blade (Figure 4b), which indicated several webs should be set in these regions. Furthermore,
from the left and right enlarged views, some vertical webs should be retained in order
to improve the bending resistance. Figure 4c shows the specific internal views cut from
12 various locations from the root to the tip of blade. More obviously, some web-like
structures were retained though the topology optimization design.

Based on the aforesaid analysis, the preliminary design of the webs inside the blade
in accordance with the topology optimization (Figure 4b,c) was subsequently carried out,
see Figure 5. Taking into account seven cross-sections at different locations along the axis
direction, the internal web structure of the blade from the root to tip generally changes from
the single-web mode to twin-web mode and then to the single-web mode (Figure 5a,b),
respectively. However, there are some discontinuous regions among the transition regions
of webs, see Figure 5a. Consequently, we proposed to connect the discontinuous region
“(D” by using a twin-web structure and also arranging the twin-web structure in the region
“(@”, but other regions were filled by the single-web structure. Four webs were reversely
designed and the specific sizes of the web cross-sections were determined by the seven
cross-sections shown in Figure 5b, in which the corresponding locations along the blade
were at 6.70, 17.13, 28.18, 50.28, 56.69, 70.30 and 74.71%, respectively. Ultimately, according
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to the dimensions of the different cross-sections shown in Figure 5b, the first generation
turbine blade inspired by topology optimization was constructed by Boolean operation
between the designed web structures and blade boundary, see Figure 5c. The corresponding
finite element model of the blade is exhibited in Figure 5c.

f
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Figure 4. Topology optimization results of the wind turbine blade. (a) External shell structure. Inset:
the enlarged left and right views. (b) Retained materials in the internal blade. (c) Cross-section views
at different axis locations.

3.4. Validation of Performance Indexes for the First Generation Wind Turbine Blade

The designed first generation wind turbine blade was firstly validified in the DLC-1
case (Table 2) to ensure the feasibility of the reverse design structure. If it was a feasible
solution, the design was further validified in the DLC-2 and DLC-3 cases. Otherwise, the
aforesaid design strategy was repeated until all the work cases were satisfied.

Figure 6 and Table 5 show the simulation results of the first generation wind turbine
blade in the DLC-1 case. From Figure 6a and Table 5, the stress levels in the X direction
were the largest, resulting from the waving force (i.e., wind speed incoming flow direction).
The maximum tensile and compressive stresses were 45.56 and 49.72 MPa, which are less
than the corresponding allowable stress of GFRP. The maximum tensile and compressive
stresses in the Y direction were 27.49 and 16.76 MPa, and the values in the Z direction
were 17.66 and 12.72 MPa, respectively. The aforementioned stress values were within
the allowable stress ranges. Moreover, the maximum displacement of the blade tip was
4.38 m, which was also less than 9 m. Thus, the overall stress and displacement indexes
met the design requirements. Figure 6b illustrates the stress contours of the web of the
first generation blade. The stresses in the X, Y and Z directions were less than the overall
stresses, indicating that the reverse designed web structure satisfied the stress requirements.
Figure 6c¢ exhibits the local stress contours of the web in the X, Y and Z directions. It can
be seen that the high stress levels were concentrated at the web notch location, which was
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due to the discontinuity of the designed web. Likewise, all the local stresses were within
the requirements of stress. Based on the above-mentioned results, the preliminary design
of the first generation turbine blade driven by the topology optimization was reasonable,
but the blade is prone to fatigue damage in the long-term service. Thus, the fatigue life
should be also considered as an important evaluation index of safety. Figure 6d and Table 5
demonstrate the fatigue life results in the X, Y and Z directions. The minimum fatigue lives
in the X and Y directions were 1.27 x 10° and 6.45 x 108, both of which meet the fatigue life
requirements. However, from Figure 6d, the fatigue life levels at the discontinuous location
of the web were considerably lower. The minimum fatigue life in the Z direction was
8.97 x 107, which does not meet the requirement. Therefore, the first generation blade
structure at the local position should be further modified. In this work, we directly con-
nected the middle discontinuous region using a web structure and the second generation
wind turbine blade was generated, see Figure 6e.

Discontinuous webs

e

VII

Reinforced tip region

1 h

3 50.28% .
- 56.69% .
- 70.30% .
< 74.71% R
DCS-II DCS-IIT DCS-1IV

Figure 5. Reverse design of the wind turbine blade. (a) Turbine blade with the optimal internal
structure. (b) Reverse design of turbine blade inspired by the topology optimization. (c) First
generation turbine blade.
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Figure 6. Validation of performance indexes for the first generation wind turbine blade in the DLC-1
case. (a) Stress and deformation contours of overall turbine blade. (b) Stress contours of internal
structure. (c) Stress contours of localized regions of internal structure. (d) Fatigue life contours of
whole turbine blade (e) The second generation design of the wind turbine blade.

Table 5. Simulation results of the first generation wind turbine blade in the DLC-1 case.

Overall Stress of Blade Localized Stress of Web
Direction Min. Fatigue Life Disp. of Tip
Max. TS Max. CS Max. TS Max. CS
X 45.56 MPa 49.72 MPa 39.16 MPa 45.51 MPa 1.27%x10°
Y 27.49 MPa 16.76 MPa 27.49 MPa 16.76 MPa 6.45x108 4.38 m
Z 17.66 MPa 12.72 MPa 27.49 MPa 16.76 MPa 8.97 %107

Figure 7 shows the simulation results of the second generation wind turbine blade
in the DLC-1, 2 and 3 cases. Table 6 compared results of performance indexes between
the first and second generation wind turbine blades in the DLC-1 case. Compared with
the performance indexes of the first generation blade in the DLC-1 case, the overall maxi-
mum tensile stress of the blade in the X direction was slightly changed, but the maximum
compressive stress in the Y direction was reduced by 18.79%. It is worth noting that the
maximum localized tensile and compressive stresses of the web in the Z direction were
remarkably decreased by 97.05 and 95.17%, respectively. Furthermore, the maximum
displacement of the blade tip was 4.03 m, which was also reduced by 7.99%. All the stress
and displacement indexes met the design requirements. Importantly, after connecting
the discontinuous region by the additional web, the minimal fatigue life of the web was
2.25 x 108, significantly improved by 150.84%, which achieved the requirement of fa-
tigue life.

In addition, the overall stress contours of the second blade in the X, Y and Z directions
were similar to those of the first blade (Figure 7a,b). The stress levels in the X direction were
higher than those in the Y and Z directions. From Figure 7c, the stress levels at the local
region in three directions were relatively uniform, indicating that the stress concentration
had been accommodated by adding additional web structure in this region. Furthermore,
the maximum tensile stresses were still less than the allowable ones. In summary, the
design strategy for the internal structure of the second generation wind turbine blade is
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a feasible solution. In the following discussion, the performance indexes of the blade are
further evaluated in the DLC-2 and DLC-3 cases.

DLC-1 case
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Figure 7. Validation of performance indexes for the second generation wind turbine blade in the
DLC-1, DLC-2 and DLC-3 cases. (a,e,i) Stress and deformation contours of whole turbine blade.
(b,f,j) Stress contours of internal structure. (c,gk) Stress contours of localized regions of internal
structure. (d,h,1) Fatigue life contours of whole turbine blade.

Figure 7 and Table 7 exhibit the validation results of the second blade in the X, Y
and Z directions in the DLC-2 case. The overall stress distribution contours of the blade
in the X, Y and Z directions were totally consistent with those of the first blade, and the
maximum tensile and compressive stresses meet the stress requirements. The maximum
displacement was only 1.18 m, which also meets the design allowable value. Compared
to the performance indexes of the first blade, the stress and deformation responses of the
second blade were relatively lower. It should be noted that the wind turbine obtained
an additional torque in this case, and the outer part of the blade had a negative angle of
attack which to some extent counteracted the internal lift. Although the turbine operated
at a higher wind speed, the aerodynamic load acting at the blade tip was weaker than
that in the DLC-1 case. Additionally, the minimal fatigue life also achieved the design
requirement. Consequently, all the performance indexes of the second turbine blade met
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the design requirements, confirming that it was also a feasible solution in the DLC-2 case.
In addition, Figure 7 and Table 7 also show the validation results of the second blade in
the X, Y and Z directions in the DLC-3 case. In this case, the wind turbine was suffering
from typhoon conditions, and the blade was in the down pitch stop state. The maximum
displacement of blade tip was 2.28 m and the minimum fatigue life was 3.90 x 108, both of
which met the design requirements. Furthermore, it can be seen from the stress contours
that the middle stress levels in the X direction were slightly higher, giving an indication of
stress concentration in the region. However, those in the Y and Z directions were relatively
uniform. All the stress indexes were within the requirements. Therefore, the second turbine
blade was also a feasible design in the DLC-3 case.

Table 6. Compared results of performance indexes between the first and second generation wind
turbine blades in the DLC-1 case.

Overall Stress of Blade Localized Stress of Web
Item Min. Fatigue Life Disp. of Tip
Max. TS Max. CS Max. TS Max. CS
First X 45.56 MPa 49.72 MPa 39.16 MPa 45.51 MPa 1.27x10°
Second X 45.77 MPa 49.91 MPa 36.69 MPa 45.85 MPa 1.27%x10°
AX +0.46% +0.38% —6.31% +0.75% 0%

First Y 27.49 MPa 16.76 MPa 27.49 MPa 16.76 MPa 6.45x 108 A ‘ég’g m (f“St)C;l _
Second Y 27.86 MPa 13.61 MPa 27.86 MPa 13.61 MPa 6.24x108 0 f‘ge;gﬁ} )
AY +1.35% —18.79% +1.35% —18.79% —3.26% T

First Z 17.66 MPa 12.72 MPa 27.49 MPa 16.76 MPa 8.97x 107
Second Z 17.70 MPa 12.84 MPa 0.81 MPa 0.81 MPa 2.25x108
AZ +0.23% +0.94% —97.05% —95.17% +150.84%
Table 7. Simulation results of the second generation wind turbine blade in the DLC-1, 2 and 3 cases.
Unit in stress: MPa, in displacement of tip: m.
Overall Stress of Blade Localized Stress of Web
Case Direction Min. Fatigue Life Disp. of Tip
Max. TS Max. CS Max. TS Max. CS
X 45.77 49.91 36.69 45.85 1.27¢9
DLC-1 Y 27.86 13.61 27.86 13.61 6.24e8 4.03
Z 17.70 12.84 0.81 0.81 2.25e8
X 24.83 28.53 24.16 27.98 1.27¢9
DLC-2 Y 15.09 8.37 15.09 8.36 1.27¢9 1.18
Z 9.70 7.06 0.50 0.51 5.98¢e8
X 32.82 32.90 24.16 27.98 1.27e9
DLC-2 Y 8.53 17.71 15.09 8.36 1.27¢9 2.28
Z 7.71 10.37 0.50 0.51 3.90e8

Note: “Disp” means displacement. “TS” and “CS” mean tensile stress, compressive stress.

In summary, a novel turbine blade with the optimal web structure guided by the
topology optimization was accomplished.

4. Discussion
4.1. Comparison of Performance Indexes between the Novel and Reference Turbine Blades

Table 8 lists the compared results of the performance indexes between the novel and
reference turbine blades. Overall, the stress levels of the novel blade were lower than
those of the reference blade. Note: a positive value in Table 8 represents the increase in
performance index. The displacement values of the novel blade in various load cases
were larger than those of the reference blade, indicating that a more flexible blade was
obtained in this work. Importantly, the weight of the novel blade was reduced by 9.88%
relative to the reference blade, which is a significant benefit in decreasing the cost of turbine
blades. Therefore, the novel wind turbine blade driven by topology optimization in this
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work has predictably better power efficiency than the reference blade without the loss of
load-bearing capacity.

Table 8. Compared results of performance indexes between the novel and reference turbine blades.
Unit in stress: MPa, in displacement of tip: m, in overall weight: kg.

Case  Dir  dtem RPN et Mk cs  DispofTip  Overall Weight
Ref. blade 32.70 30.60 14.30 16.00
X Nov. blade 45.769 49.91 36.69 45.85
A 39.97% 63.10% 156.57% 186.56%
Ref. blade 13.10 19.50 13.10 19.50 3.42 (Ref.)
DLC-1 Y Nov.blade  27.86 13.61 27.86 13.61 4'03(Eew)
A 112.67% —30.21% 112.67% ~30.21% 17.84%
Ref. blade 19.30 13.60 0.15 0.18
Z  Nov. blade 17.70 12.84 0.81 0.81
A —8.29% —5.59% 440.00% 350.00%
Ref. blade 18.90 15.70 8.85 9.70
X Nov. blade 24.83 28.53 24.16 27.98
A 31.38% 81.72% 172.99% 188.45% 21247
Ref. blade 7.15 10.40 7.15 10.40 1.08 (Ret.);
DLC2 Y Nov.blade 1509 837 15.09 8.36 MéR((f\If'iw) 213};3\,8
A 111.05% ~19.52% 111.05% ~19.62% A: 9.26% A:
Ref. blade 10.80 6.14 0.07 0.08 —9.:88%
Z  Nov. blade 9.70 7.06 0.50 0.51
A ~10.19% 14.98% 614.29% 537.50%
Ref. blade 23.80 25.50 6.08 5.61
X Nov. blade 32.82 32.90 24.16 27.98
A 37.90% 29.02% 297.37% 398.75%
Ref. blade 7.67 5.29 7.67 5.29 1.94 (Ref.)
DLC3 Y Nov. blade 8.53 17.71 15.09 8.36 (ﬁjfv)
A 11.21% 234.78% 96.74% 58.03% A:17.53%
Ref. blade 9.96 7.42 0.09 0.09
Z  Nov. blade 7.71 10.37 0.50 0.51
A —22.59% 39.76% 455.56% 466.67%

Note: “Dir.”, “Ref.” and “Nov.” mean “Direction”, “Reference” and “Novel”, respectively.

4.2. Modal Analysis of the Novel Wind Turbine Blade

As the decrease of blade weight, the vibration problem of the novel wind turbine
blade should be discussed to further identify the dynamic properties. In this work, the
modal analysis was also carried out based on the novel blade, see Figure 8 and Table 9. It
can be seen from Figure 8, the first six orders of the novel turbine blade include: first order
waving vibration, second order pendulum vibration, third order waving vibration, fourth
order waving vibration, fifth order waving vibration and sixth waving pendulum, which
are similar to those of the reference blade. The vibration types of the blade are mainly
dominated by waving and pendulum vibrations. Moreover, from Table 9, it can be seen
that the first six order frequencies were well in agreement with those of the reference blade,
indicating that the designed internal layout is reasonable.
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Figure 8. Vibration types of the novel and reference turbine blades.

Table 9. Comparison of frequency between the novel and reference turbine blades.

Frequency (Hz) Frequency (Hz)
Order Order
Ref. Blade Nov. Blade Ref. Blade Nov. Blade
1 1.12 1.16 4 5.21 5.22
2 1.68 1.67 5 5.71 5.70
3 2.96 2.16 6 8.70 7.63

4.3. Full Life Cycle Assessment of the Novel Wind Turbine Blade

The service life of a wind turbine is generally more than 20 years. During long-term
service, wind turbine blades are always subjected to complex aerodynamic loads induced
by wind, with the result that it is very susceptible to fatigue damage and failure. Hence, to
ensure the long-term service safety, a full life-cycle assessment of the novel wind turbine
blade should be discussed in this work. According to the wind speed data of a full year in
Guangdong Province, the wind speed range from 5-25 m/s was considered in this work,
see Table 10. The statistical duration of wind speed in an hour can be obtained through
the Weibull distribution, see Table S3, SI. Based on the finite element analysis given in
Section 3, the stress responses of the novel blade were obtained, see Table 10. Considering
the S-N curve of GFRP used as the shell composite material (Table 54, SI), the fatigue lives
of turbine blades corresponding to the wind speed were calculated though the Goodman
curve, see Table 10. Afterwards, the fatigue damage with respect to each wind speed was
obtained via the ratio of stress range in the Weibull distribution and the related fatigue life
(Table 10). Finally, the full life of the novel blade over 20 years was evaluated based on the
linear P-M accumulative damage theory, viz:

Y — N _ (/N
N"xwx60 N’ xwx60 7
/(0097 015 0101 006l (7)
_ 1.70x108 * 1.60x108 * 1.05x108 ' 1.08x103° _ 71 9 Yeqar

7250x12.1x60

where Y is the full life; w is the rated speed of turbine blade, taken as 12.1 RPM (Table 2); N’
is the sum of duration of wind speed in hours; 7; is the stress range Weibull distribution; N;
is the fatigue life corresponding to wind speed. Consequently, the full life over the 20 years
is 21.9 years, which meets the design requirement of 20 years.
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Table 10. Wind speed distribution and fatigue damage in a year.

Duration of

Wind . Max. Min. Stress Range Fatigue Limi- . . .
Speed (m/s) Sp‘g;gc}h) Stress (MPa)  Stress (MPa)  Weibull Distri]%ution tatign (MPa) FatigueLife  Fatigue Damage
5 1526 12.84 3.85 0.210 404 >2 % 108 0
7 1613 21.18 6.35 0.222 404 >2 x 108 0
9 1425 42.43 12.73 0.197 404 1.70 x 108 1.16 x 107
11 1090 42.64 12.79 0.150 404 1.60 x 108 9.38 x 10710
13 734 47.86 14.36 0.101 404 1.05 x 108 9.62 x 1010
15 439 4254 12.76 0.061 404 1.08 x 108 5.65 x 10710
17 235 36.24 10.87 0.032 404 >2 x 108 0
19 113 33.89 10.17 0.016 404 >2 % 108 0
21 49 23.87 7.16 0.007 404 >2 x 108 0
23 19 28.33 8.50 0.003 40.4 >2 x 108 0
25 7 333 9.99 0.001 404 >2 x 108 0

5. Conclusions

This work develops an innovative multi-web internal layout for the offshore wind
turbine blade in accordance with the variable density topology optimization method, which
theoretically answers the proposed scientific issues about how many webs need to be used
inside the blade and where the related webs should be laid out. The following conclusions
can be summarized as follows:

1. The surface pressure was obtained based on the CFD simulation, and the two turbu-
lence models, viz. k-w SST and k-¢, were adopted. By comparing the output torques
and power, the k-w SST model was chosen to calculate the surface pressure distribu-
tion. Moreover, the simulation results obtained from the CFD were also validated in
comparison with those calculated from the FAST.

2. The topology optimization model was established based on the full-scale internal
structure of offshore wind turbine blade, considering stress, displacement and fatigue
life constraints.

3. After the full-scale topology optimization, two multi-web layouts were theoretically
obtained driven by the optimal topological configuration for the first time. By valida-
tion, the second generation optimal blade completely met all the requirements and the
weight was reduced by 9.88% relative to the reference blade, which was a significant
benefit in decreasing the cost of turbine blades.

4. Vibration modal and full life cycle of the novel blade were also evaluated. The first six
vibration types of the novel blade were consistent with those of the reference blade,
further indicating that the designed internal layout was reasonable. Moreover, the full
life cycle of the novel blade is 21.9 years, theoretically verifying that the novel blade is
able to service more than 20 years in the given sea domain.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jmse10101487 /51, Figure S1: y* values for evaluating the mesh quality
under the different wind speeds; Figure S2: Illustration of the relationship between the amount of
element and torque; Table S1: Distributed blade aerodynamic properties in NREL 5 MW wind turbine
blade; Table S2: Mesh independence analysis; Table S3: Statistic duration of wind speed in hour;
Table S4: S-N data of GFRP.
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