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Abstract: The vertical axis wind turbine (VAWT) design has several advantages for offshore wind
turbine installation. The VAWT provides omnidirectional wind power, and its mechanical rotating
mechanisms can be installed near sea level. In this paper, the selection of a suitable composite
material for floating H-Darrieus-type wind turbines with three-stage rotors and its properties are
discussed. The centrifugal forces acting on the composite blades are compared to the values of
these forces evaluated on the aluminum blades. Abaqus software is used for numerical simulations.
The selection of appropriate laminations used to model the composite materials is discussed. The
optimum combination of selected layers is determined to reduce the values of maximum bending
stresses and displacements, resulting in a high strength-to-weight ratio. In the post-processor, a path
is taken at the location of the application of the maximum load on the blade and the values of the
displacements and stresses along this path are determined. These maximum values are compared to
the unidirectional strength of the selected composite material to ensure a safe design.

Keywords: floating wind turbines; H-Darrieus VAWT; three-stage rotors; finite element; struc-
tural analysis

1. Introduction

Composite materials have played an important role throughout the history of mankind,
from housing early civilizations to creating future innovations. Composites offer many advan-
tages such as corrosion resistance, design flexibility, durability, lightness, and strength [1–4].
Composites are present in our daily lives, including products used in construction, medical
applications, transportation, sports, aerospace, and the field of marine renewable energy.
Modern offshore wind turbine blades are large structures, with complex geometries and
various composite material configurations [5–8]. Offshore wind turbines have grown from
machines of less than 100 kW to impressive high-technology machines with an output of more
than 5 MW and a rotor diameter of up to 126 m. With their increase in size, wind turbines
have also become more optimized in terms of structural dimensions and the use of composite
materials. These factors complicate the design and the analysis process as the number of
design variables are specified by the design requirements of the international IEC 61400-1
specification [9] and the Germanischer-Lloyd regulations [10].
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In addition, wind turbine blades are subject to numerous aerodynamic load cases and
design constraints which further increase the challenge. The evolution of the rotor and
blade design is a balanced integration of economic, aerodynamic, structural, acoustic, and
aesthetic considerations that, through experimental testing, have resulted in a three-bladed
composite rotor design that meets the needs of the market. For a given strength and
stiffness, the blade must be as light as possible to minimize inertial and centrifugal loads
which contribute to fatigue. Reducing the values of centrifugal loads is important for a safe
blade design, which in turn reduces bending stresses and displacements, and this is the
main objective of this study.

Miliket et al. [11] investigated the strength of several factors impacting the aerodynamic
performance of H-Darrieus VAWTs. In this work, advanced computational methods were
applied to improve the efficiency of self-starting features. For this purpose, a fluid–structure
interaction (FSI) was carried out on a 2 kW VAWT to evaluate the structural performance of
the two materials widely used for wind turbine blades, which are fiberglass and aluminum
alloy. Hand et al. [12] studied the structural analysis of a 5 MW VAWT blade under high wind
load in the flapping direction, and used the finite element method of the Ansys workbench
software without considering the centrifugal forces which are very important in the structural
analysis of VAWT blades. Properties associated with the structural design of the VAWT blade
was defined and an overview of the blade response to this load was described. The material
and structural characteristics of the VAWT blade were determined by the extreme loading
condition. The results show that the blade can withstand this critical load with allowable levels
of material deformation, and that the mid-span deflection is less than 3% of the blade span.
Rahman et al. [13] studied a V-shaped turbine rotor with three different blade geometries to
examine its structural and aerodynamic characteristics. The experimental and numerical data
show good accordance with a difference of 15%. According to the static and dynamic study,
the results show a better performance for the three-bladed rotor with a 45-degree tilt angle.
Elhenawy et al. [14] investigated the effect of F-MWCNTs on the mechanics and deflection
of reinforced epoxy composites. The obtained results demonstrate that mixing F-MWCNTs
with epoxy resin employing a sonication process has a significant influence on the mechanical
properties. A substantial improvement in deflections was determined based on finite element
analysis (FEA).

In addition, Tarfaoui et al. [15] investigated the mechanical performance and the
structural stability of a large offshore wind turbine blade with critical load conditions
using the blade element momentum subroutine in Abaqus. The objective is to evaluate
the potential of carbon fiber and glass fiber composite materials, their effect on reducing
rotor weight, increasing wear resistance, and their stiffness. Similarly, Tarfaoui et al. [16,17]
performed a finite element modal analysis of full-scale 48 m fiberglass composite blades
with a 5 MW blade using Abaqus. The overall blade can benefit from weight reduction
due to the decrease in dynamic loads. Numerical analysis was performed to find the most
suitable spar geometry and to understand the complex structural design behavior of the
blades. There are five different types of structural strengthening that avoid undesirable
structural mechanisms.

Li et al. [18] studied the structural performance of a solid aluminum VAWT blade. In
a similar study, Marsh et al. [19] compared the structural performance of straight-blade
and bladed helical VAWTs using a fluid–structure interaction approach. However, the
VAWT structure, including its blades, were assumed to be completely made from steel
and it is unknown how practical this material and design selection would be. However,
early research at Sandia National Laboratories (SNL) showed that metallic materials should
be avoided for the structural design of VAWTs due to blade mass and fatigue strength
issues [20–22].

The purpose of this paper was to study the durability of Darrieus-type floating wind
turbine blades with three-stage rotors under extreme load conditions [23,24]. Considering
the applied stresses, perfect long-term durability is required. FEM allows the selection of
materials (fiber, matrix), fiber architectures (plies, tissues), and the optimization of lay-up
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sequences that minimize the sensitivity to mechanical stresses applied to the structures. The
rest of the paper is organized as follows: floating Darrieus-type wind turbine with three-
stage rotors is discussed in Section 2. Section 3 is devoted to the materials and methods.
Section 4 presents the first case study of rotor blade 1 made of an isotropic material to find
the optimal value of the thickness, while Section 5 presents the results and discussion of
the blades of the three composite rotors. Lastly, Section 6 concludes the paper.

2. Floating Darrieus-Type Wind Turbine with Three-Stage Rotors

In previous work [24], the conceptual design of floating Darrieus-type wind turbines
with three-stage rotors were outlined. The rotors will be designed with a straight-blade
configuration, because it has been demonstrated to have the best aerodynamic performance
and self-regulation at all wind velocities over other possible configurations [24]. The design
provides a higher height to benefit from the highest winds. The three rotors of the turbine
rotate about the fixed shaft independently, in contrast to traditional VAWTs where both
a rotor and a shaft rotate at the same time, which leads to the increase in inertia and the
applied torque to the shaft and creates problems for the self-starting of the turbine. Figure 1
shows the 3D design of Darrieus-type floating wind turbines with three-stage rotors under
extreme wind loading on each blade.
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3. Materials and Methods
3.1. Abaqus Code

In this quest for increasingly efficient computer-aided design and calculation software,
we can mention the Abaqus software. The Abaqus code is a famous software for the finite
element (FE) simulation of various problems in continuum mechanics. It is very widespread
and well known, particularly for its efficient treatment of non-linear problems [25]. Abaqus
is widely used in the automotive, aeronautics, as well as in the marine renewable energy
industries [26]. Due to its wide range of analysis capabilities and good usability, it is also
very popular in academia for scientific research. As presented previously, an F-VAWT is a
complex composite structure. Therefore, the study of the impact of the maximum stresses
and maximum strains of such a structure represents a great difficulty. Figure 2a,b present
an explanatory diagram of the passage from a continuous model to a discrete model. In any
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numerical modeling, we need inputs that allow us to describe the behavior of the structure.
These can be of different origins: geometry, materials, boundary conditions, loads, etc.
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3.2. Validation of Abaqus Code

In order to show the validity of this code, Abaqus was compared with the research
results of Saqib et al. [27] in terms of the maximum values of the strains of different thickness
values of a straight VAWT blade. The authors [27] used beam theory for analytical modeling
and ANSYS 11.0 code for numerical simulation. However, before launching the validation,
it is essential to perform a mesh convergence study.

3.2.1. Selecting the Type of Mesh Element

We chose a solid (continuous) three-dimensional C3D8R hexahedral type element
because it generally provides an equivalent accuracy solution at a lower cost. C3D8R is a
general-purpose linear brick element with 8 nodes and reduced integration (1 integration
point). The shape functions are the same as for the C3D8R element and can be found in [28].
The integration point is shown in Figure 3. The obtained optimal element size will then
be applied in the next section for our modeling cases. Reasons for choosing the C3D8R
element include the fact that the solid elements reflect the 3D reality of the physical model.
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3.2.2. Mesh Convergence Study

To define an optimal mesh size to reduce the computation time without altering the
numerical solution, we used a sensitivity study. The evolution of the maximum values of
the deformations as a function of the size of the element is represented in Figures 4 and 5.
The results of the successive calculations seem to converge from 46,000 elements, which
correspond to a mesh size of 7 mm.
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Considering the strong evolution of the CPU as a function of the number of elements,
it is unnecessary to refine the mesh as further refinement of the mesh does not change the
final results of the numerical analysis.

The comparison of the maximum displacements with the analytical and numerical
results is presented in Figure 6 and Table 1. It can be observed that the simulation results of
the Abaqus code show good agreement with the analytical and numerical results of the
Ansys code with an acceptable relative error for the different values of the blade thickness.
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Table 1. Comparison of maximum displacements as a function of different thickness values from
analytics, Ansys, Abaqus, and their relative errors.

Thickness
(mm)

Max. Displacement (mm) Error % Compared to Analytical

Solid45 Ansys [27] C3D8R
Abaqus Analytical [27] Solid45 Ansys [27] C3D8R

Abaqus

Solid 7.947 7.392 7.39 7.54 0.03
5 5.123 4.532 4.51 13.59 0.48
4 4.864 4.532 4.27 13.91 5.95
3 4.703 4.705 4.07 15.55 14.47
2 4.689 3.756 3.97 18.11 5.6
1 5.603 5.989 4.17 34.36 35.81

This research work is the continuation of our first work published in 2019 [24]: the
purpose of this paper will be to study the durability of Darrieus-type floating wind turbine
blades with three-stage rotors under extreme load conditions [23,24]. Considering the
applied stresses, perfect long-term durability is required. FEM allows the selection of
materials (fiber, matrix), fiber architectures (plies, tissues), and the optimization of lay-up
sequences that minimize the sensitivity to mechanical stresses applied to the structures.
We used the macros function of Excel in coupling with Catia and Abaqus for the analysis
and structural optimization of the 3 rotors of our design. Figure 7 outlines the step-by-step
procedure for the structural analysis of composite blades of vertical axis wind turbines
with three-stage rotors.

3.3. Geometry and Boundary Conditions

The two inserts representing the two blade supports are placed between 21% and 79%
along the length of the blade (see Figure 8). For symmetrical airfoils, the center of pressure
and the aerodynamic center are located at the quarter chord (c/4) of the leading edge [29];
at this position, the total force (normal aerodynamic force + centrifugal force) must be
applied in perpendicular to the blade chord. The normal aerodynamic force applied to the



J. Compos. Sci. 2022, 6, 167 7 of 21

blade was previously calculated, but the centrifugal force remains to be calculated, as we
will see in the following sections.
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Thickness-to-chord ratio for NACA 0015 airfoil
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4. Case 1: Blade in Isotropic Material

In this first case, the F-VAWT three-stage rotor 1 blade model was optimized from a
solid cross-section to a hollow cross-section with different thickness values to reduce the
weight and centrifugal forces on the blade. The cross-sectional properties can be calculated
using relations (1)–(3) or with the beam section properties function of Catia V5. Figure 9
shows the different thickness values of the cross-sections of rotor blade 1.
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4.1. Selection of the Appropriate Isotropic Material

Aluminum is a more used material for VAWT wind turbines, especially for domestic
wind turbines. Therefore, we chose this material to optimize the blade and find the optimal
thickness that will later help us optimize the composite blade in terms of lamination and
the optimal number of plies. The blade is designed in aluminum EN AW-2017 [31], and its
characteristics are presented in Table 2.

Table 2. Mechanical properties of aluminum EN AW-2017.

Properties Yield Strength
(MPa)

Breaking Strength
(MPa)

Young’s Modulus
(GPa) Poisson’s Ratio (-) Density (kg/m3)

Values 295 470 70 0.346 2710

4.2. Analytical Calculation of Centrifugal and Total Forces

The high values of centrifugal forces play an important role in the design of the straight
blades of a vertical axis wind turbine. Centrifugal forces add to the aerodynamic forces
and lead to high values of bending stresses and displacements in these blades. The straight
blades with a high aspect ratio of the H-Darrieus rotor are subjected to high values of
centrifugal forces, values which are determined for different values of the blade thickness
of rotor 1 (with mass m) at the maximum speed Rω which is equal to 42.60 m/s using the
following equation [27]:

Fc =
2mRω2

D
(4)

where D is the diameter of the rotor.
Table 3 gives the values of the centrifugal and total forces for different blade thicknesses

of rotor 1. The total force evaluated here is the sum of the centrifugal force determined at the
maximum tip speed and the extreme aerodynamic force perpendicular to the chord, 314 N.
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Table 3. Value of the centrifugal and total forces for different thicknesses of rotor blade 1.

Rotor 1

Thickness
(mm)

A (m2)
(10−3)

Ixx (m2)
(10−3)

Masse
(kg)

Fc
(KN)

FTotal
(KN)

Solid 2.000 6.733 6.262 11.364 11.678
6 2.000 6.271 4.276 7.759 8.703
5 1.000 5.880 3.679 6.676 6.990
4 1.000 5.297 3.033 5.504 5.818
3 0.863 4.472 2.339 4.244 4.558
2 0.590 3.352 1.600 2.903 3.217
1 0.302 1.881 0.819 1.486 1.800

4.3. Results and Discussion

• The values of the maximum stresses and displacements decrease from the solid section
to the hollow section up to a blade thickness of approximately 5 mm, but increase with
a further reduction in the value of the blade thickness (see Figures 10–12 and Table 4).
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Table 4. Displacements and maximum stresses for different values of the thickness and mass of the
rotor blade 1.

Thickness
(mm)

Mass
(kg)

Max Stresses
(MPa)

Max Displacements
(mm)

Solid 6.262 193.979 4.489
6 4.276 246.004 2.843
5 3.679 186.581 3.150
4 3.033 257.295 3.674
3 2.339 356.270 8.246
2 1.600 394.573 9.996
1 0.819 545.851 28.032
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Figure 12. Displacement U for different thickness values of Aluminum 1 rotor blade after the
application of extreme loads.

• When the cross-sections of these blades were modeled and analyzed, it was observed
that the distortion of the blade shape occurs in the regions of maximum deformations,
as shown in Figure 13.
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Figure 13. Von Mises stresses S for different thickness values of aluminum rotor 1 blade after the
application of extreme loads.

• The values of the maximum displacements and stresses suddenly increase from 4 to
1 mm thickness. This is due to the large deformation of the blade shape. The C3D8R
element type gives a better approximation of the large deformation of the blade shape.

• The distortion of the blade shape decreases with increasing thickness.
• The optimum value for the thickness of rotor blade 1 is 5 mm because this value

considerably reduces the maximum stresses and displacements applied to the blade,
as well as reducing their weight. In the case of using an orthotropic material, this
optimal thickness value will be used.

• A plot is considered by selecting all nodes along the quarter chord (see Figure 12).
• As shown in Figure 14, the maximum values of the stress variation and displacements

of rotor blade 1 of an optimum thickness of 5 mm are evaluated at the point of the
application of maximum loads (c/4) along the length of the blade.
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• The maximum stresses are located at positions 200 and 900 mm of the blade length;
therefore, the maximum displacements are in the middle of the blade at the position
of 625 mm.
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• The yield strength of aluminum EN AW-2017 is in the range of 295 MPa (see Table 2)
and according to Figure 11 of stress distribution, the Max stress is approximately
186.581 MPa, does not exceed the yield strength of the material, and thus the blade
operates in the elastic range which allows it to withstand the extreme loads applied
without suffering from cracking or breaking.

• The maximum displacement is approximately 3.150 mm, which is low compared to
the dimension of the blade.

5. Case 2: Composite Blade

Centrifugal forces can be reduced by decreasing the weight of the blade which can be
achieved by choosing a low-density material. The composite material blade can have thin
walls due to the high strength-to-weight ratio of the materials. A straight aluminum VAWT
blade was designed in the previous section. The same blade of optimal thickness of 5 mm
of rotor 1 is modeled with composite material to optimize its design, i.e., find the optimal
thickness of the plies; then, the same process will be applied to the blades of rotors 2 and
3 of our wind turbines.

5.1. Selection of the Appropriate Composite Material

Dynamic stresses and various loading conditions are more severe on straight-blade
VAWT than in many other mechanical applications. In order to deliver mechanical or
electrical energy according to the operational parameters and surrounding conditions, the
typical material of a straight-blade VAWT must have certain useful properties [32]. The
most important of these properties are sufficiently high yield strength for a longer service
life, high material stiffness to maintain optimal aerodynamic performance, and low density
to reduce the gravitational and normal force component. Modern wind turbine materials
are composites consisting of fiberglass reinforcements. For turbine blade design, they are
composed of fiberglass (E-glass) with epoxy, polyester, or vinyl esters, and normally hand
layup manufacturing techniques are used [12,33]. As reported by [34,35], the glass–epoxy
composite material is recommended for the design of wind turbine blades because of their
useful characteristics. In addition, it is considered as one of the potential materials for
the construction of VAWTs with straight blades, because they are economically attractive
and have a good combination of material properties (high strength, moderate density, and
stiffness). For all these reasons, glass–epoxy was chosen for the straight-blade F-VAWT
with three-stage rotors. The properties of glass–epoxy are presented in Table 5 [36]. The
density of glass epoxy with Vf = 60% and Vm = 40% is calculated as follows:

ρc = ρ f Vf + ρmVm = 2500(0.6) + 1200(0.4) = 1980 Kg · m−3 (5)

where ρ and V represent the density and volume fraction, respectively. Subscripts f and m
denote the fiber and matrix, respectively.

Table 5. Material properties of glass–epoxy layers with fiber volume fraction of 60% and
thickness = 0.13 mm.

Ex [MPa] Ey = Ez [MPa] νxy = νxz νyz Gxy = Gxz [MPa] Gyz [MPa]

45 × 103 12 × 103 0.3 0.2 4.5 × 103 5 × 103

5.2. Comparative Study of Aluminum and Glass–Epoxy

The centrifugal and total forces are evaluated again on the same rotor blade 1 using
a glass–epoxy composite material. The glass–epoxy material has a lower density than
aluminum, which results in a significant reduction in the centrifugal forces acting on the
blade. The comparison of the total forces acting on the aluminum and glass–epoxy blades
is presented in Table 6. The cross-sectional area of the blade does not change, as it is the
total force acting on the blade that changes. The aerodynamic force values remain the
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same in both cases since there is no change in the overall aerodynamic shape of the blades.
Therefore, the reduction in total forces in the glass–epoxy case is only due to the reduction
in centrifugal forces.

Table 6. Comparison of total forces acting on rotor blade 1 for aluminum and glass–epoxy materials
as a function of different thicknesses.

Rotor 1

e
(mm)

A (m2)
(10−3)

Ixx (m2)
(10−8)

Mass
(kg)

Fc
(KN)

FTotal
(KN)

Al V-Epoxy Al V-Epoxy Al V-Epoxy

6 2.000 6.271 4.276 3.124 7.759 5.669 8.703 5.983
5 1.000 5.880 3.679 2.688 6.676 4.878 6.990 5.192
4 1.000 5.297 3.033 2.216 5.504 4.021 5.818 4.335
3 0.863 4.472 2.339 1.709 4.244 3.101 4.558 3.415
2 0.590 3.352 1.600 1.169 2.903 2.121 3.217 2.435
1 0.302 1.881 0.819 0.598 1.486 1.085 1.800 1.399

5.3. Calculation of Centrifugal and Total Forces

Table 7 summarizes the values of centrifugal and total forces acting on the composite
blade for the three H-Darrieus floating wind turbine rotors.

Table 7. Total forces acting on the composite blade for three rotors.

eoptimal = 5 mm

Rotors A (10−3)
(m2)

Ixx (10−3)

(m2)
Mass
(kg)

Fc
(kN)

FTotal
(kN)

1 1 5.88 2.688 4.878 5.192
2 2 24.18 7.630 8.179 8.997
3 3 63.24 18.501 14.874 16.814

5.4. Zones of Partition and Stratification of the Blade

In order to assign the composite material to each zone of the thickness of the blade,
this one was partitioned thanks to the use of the command Macros of Excel, wireframe
and surface design, and geometrical bodies via the software Catia V5. This partition
allowed to multiply the combinations (i.e., the thickness and orientation of the successive
layers) of materials according to the needs. These partitions are illustrated in Figure 15.
Figure 16 represents the stratification of the blade with images from the Abaqus finite
element software.
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Figure 16. Illustration of the stratification of the blade on Abaqus.

5.5. Results
5.5.1. Optimization of Laminates

The optimal design of laminates is still a topic of study. In fact, composites and
laminates are generally complex and complicated materials whilst their design requires
that many parameters be determined and different objectives be reconciled, sometimes in
contrast with each other. Designers and scientific researchers must therefore make many
choices, and having a simple experiment is sometimes not enough. Our goal is to obtain
lower stress and displacement values for glass–epoxy blades than for aluminum blades.
Therefore, an appropriate stacking sequence must be chosen to obtain the best results for
both stress and displacement (as shown in Table 8 and Figure 17). In the literature [34–37],
wind turbine manufacturers have proposed some useful combinations for glass–epoxy lay-
ers based on experimental data. A combination of glass–epoxy layers [45◦/90◦/0◦/−45◦]s
is applied to our blade model, as shown in Figure 15 and recommended by Walczyk [38].

Table 8. Different combinations of glass–epoxy laminates and comparison of results with aluminum
(Smax = 186.581 MPa, Umax = 3.150 mm).

Sequences of Stacking Thickness of Each
Laminate (m)

Stresses
Max (MPa)

Displacements
Max (mm)

A [45◦/90◦/0◦/−45◦]s 0.0005 139 2.010

B [45◦/90◦/0◦/−45◦]s

45◦: 0.0005

109 2.280
90◦: 0.001
0◦: 0.0005
−45◦: 0.0005

C [45◦/90◦/0◦/−45◦/−90◦]s

45◦: 0.00025

132 2.107
90◦: 0.00075
0◦: 0.0005
−45◦: 0.00075
−90◦: 0.00025

D [45◦/90◦/0◦/−45◦]s

45◦: 0.00026

102.8 2.335
90◦: 0.00156
0◦: 0.00039
−45◦: 0.00029

E [45◦/90◦/0◦/−45◦/−90◦]s

45◦: 0.00026

129 2.144
90◦: 0.00078
0◦: 0.00042
−45◦: 0.00026
−90◦: 0.00078



J. Compos. Sci. 2022, 6, 167 15 of 21

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 22 of 31 
 

 

5.5. Results 
5.5.1. Optimization of Laminates 

The optimal design of laminates is still a topic of study. In fact, composites and lam-
inates are generally complex and complicated materials whilst their design requires that 
many parameters be determined and different objectives be reconciled, sometimes in con-
trast with each other. Designers and scientific researchers must therefore make many 
choices, and having a simple experiment is sometimes not enough. Our goal is to obtain 
lower stress and displacement values for glass–epoxy blades than for aluminum blades. 
Therefore, an appropriate stacking sequence must be chosen to obtain the best results for 
both stress and displacement (as shown in Table 8 and Figure 17). In the literature [34–
37], wind turbine manufacturers have proposed some useful combinations for glass–
epoxy layers based on experimental data. A combination of glass–epoxy layers 
[45°/90°/0°/−45°]s is applied to our blade model, as shown in Figure 15 and recommended 
by Walczyk [38]. 

The combination of layers in this orientation is first applied with the same thickness, 
and then the thickness of each layer is varied. Several ply sequences were tested. We pre-
sent here just a few for information. It can be seen from the results (see Table 8 and Figure 
17) that we finally obtained a combination of layers that reduced the values of maximum 
stresses and displacements compared to aluminum. Table 9 shows the optimal thicknesses 
of the glass–epoxy plies with their orientation. 

The results presented in Figures 17 and 18 show that we finally obtained a combina-
tion of layers that reduced the values of maximum stresses and maximum displacements 
compared to aluminum of the rotor blade 1. The orientation of the glass–epoxy layers 
[45°/90°/0°/45°]s with variation in the thickness of each layer (as shown in Tables 8 and 9, 
this was chosen for the best design of the straight blade of a VAWT. For the structural 
analysis of rotors 2 and 3 of H-Darrieus-type floating wind turbine with three-stage rotors 
(see Figures 19 and 20), we will use the same optimal thicknesses of glass–epoxy layers 
with their orientations. Therefore, it can be concluded that the stresses and displacements 
were also reduced because there are 74% of the total layers facing the load in the 90° di-
rection. At the same time, there are layers in the 0° and 45° orientations that required a 
reduction in the delamination phenomenon in the composites [39]. 

 

Figure 17. Maximum stresses and displacement curves for different stacking sequences. 

Table 8. Different combinations of glass–epoxy laminates and comparison of results with aluminum 
(Smax = 186.581 MPa, Umax = 3.150 mm). 

Figure 17. Maximum stresses and displacement curves for different stacking sequences.

The combination of layers in this orientation is first applied with the same thickness,
and then the thickness of each layer is varied. Several ply sequences were tested. We present
here just a few for information. It can be seen from the results (see Table 8 and Figure 17)
that we finally obtained a combination of layers that reduced the values of maximum
stresses and displacements compared to aluminum. Table 9 shows the optimal thicknesses
of the glass–epoxy plies with their orientation.

Table 9. Optimal thicknesses of the glass–epoxy plies with their orientation.

Layer Number 1 2 3 4 5 6 7 8

Orientation (◦) 45 90 0 −45 −45 0 90 45
Thickness (mm) 0.26 1.56 0.39 0.29 0.29 0.39 1.56 0.26
Total Thickness (mm) 5

The results presented in Figures 17 and 18 show that we finally obtained a combination
of layers that reduced the values of maximum stresses and maximum displacements
compared to aluminum of the rotor blade 1. The orientation of the glass–epoxy layers
[45◦/90◦/0◦/45◦]s with variation in the thickness of each layer (as shown in Tables 8 and 9,
this was chosen for the best design of the straight blade of a VAWT. For the structural
analysis of rotors 2 and 3 of H-Darrieus-type floating wind turbine with three-stage rotors
(see Figures 19 and 20), we will use the same optimal thicknesses of glass–epoxy layers with
their orientations. Therefore, it can be concluded that the stresses and displacements were
also reduced because there are 74% of the total layers facing the load in the 90◦ direction.
At the same time, there are layers in the 0◦ and 45◦ orientations that required a reduction in
the delamination phenomenon in the composites [39].

5.5.2. Stresses and Displacements of the Composite Blades of Three Rotors

Unidirectional Strength Test
Composite materials are orthotropic materials with distinct properties in different

directions. At this point, it is also important to verify that the maximum value of stresses
in each direction is not greater than the unidirectional strength of the epoxy glass. The
maximum stress values are required at the quarter chord position where the maximum
loads on the blade are applied. The variation in the stress and displacement values for
the blades of the three rotors along the path is shown in Figures 21–23, respectively. It
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can be seen from the three graphs that the maximum stress values for the blades of the
three rotors appear at the locations where the blade is embedded; on the other hand, the
displacements are minimal at the same location and the maximum displacements are in the
middle of the blade. The maximum stress values in the x (Sx) and y (Sy) directions along
the path for the blades of the three rotors are compared to the unidirectional strength of
the epoxy glass in each direction. As shown in Table 10, the comparison shows that the
maximum stress values—obtained for this design for the blades of the three rotors—are
less than the maximum allowable unidirectional stresses for the glass–epoxy composite
material. Therefore, the design of this blade is safe.
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Figure 18. Von Mises stress S and displacements U with the optimal thickness of 5 mm of the rotor
blade 1 in V-Epoxy after the application of extreme loads.
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Figure 19. Von Mises stress S and displacements U with the optimal thickness of 5 mm of the V-Epoxy
rotor blade 2 after the application of extreme loads.
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Figure 21. Maximum values of the stresses and displacements at the point of application of maximum
loads (c/4) of rotor blade 1 made of V-Epoxy with the optimum thickness of 5 mm.
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Figure 23. Maximum values of stresses and displacements at the point of application of maximum
loads (c/4) of rotor blade 3 in V-Epoxy with the optimal thickness of 5 mm.

Table 10. Evaluation of the maximum and minimum stress values on the selected path in case of
critical load.

Rotor 1

S Smax (MPa) Smin (MPa) Unidirectional Resistance (MPa)

Sx 6.35 −1.707 1080
Sy −0.274 −1.07 64
Sz 3.914 −13.768 -
Seq 14.654 0.952 -

Rotor 2

S Smax (MPa) Smin (MPa) Unidirectional Resistance (MPa)

Sx −4.687 −6.154 1080
Sy −3.431 −4.555 64
Sz 26.665 −23.224 -
Seq 33.496 10.122 -

Rotor 3

S Smax (MPa) Smin (MPa) Unidirectional Resistance (MPa)

Sx −0.8924 −2.6029 1080
Sy 1.01719 −1.5678 64
Sz 37.5321 −35.4675 -
Seq 49.2314 4.899 -

5.6. Discussion of the Results

1. In order to achieve a high strength-to-weight ratio for H-Darrieus-type floating wind
turbine blades with three-stage rotors, they are modeled with a glass–epoxy composite
material and different combinations of layers/ply orientations are analyzed. The
appropriate combination of layers is found with an optimized number of layers in
each direction and with varying thicknesses.

2. Keeping more layers in 90-degree directions reduces the value of maximum stresses
and displacements because the applied load is normal to the chord and span of the
blade. Therefore, more layers in the 90-degree direction carry the load.
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3. The maximum values of stresses and displacements are evaluated at the location
where the maximum loads are applied and compared to the unidirectional strength of
the glass/epoxy.

4. The complete model of the three-stage rotor H-Darrieus floating wind turbine rotor
1 composite blade with an appropriate stacking sequence has maximum stresses of
103.8 MPa and maximum displacements of 2335 mm which are lower than these
values (186.581 MPa and 3150 mm) for the same 5 mm aluminum wall thickness
blade. Then, we applied this same stacking sequence for the composite blades of
rotors 2 and 3 of the H-Darrieus floating wind turbines with three rotor stages.

6. Conclusions

It was found that centrifugal forces play an important role in the design of H-Darrieus
vertical axis wind turbine blades. The bending stresses and displacements are not only
a function of aerodynamic forces but also largely controlled by centrifugal forces. The
effect of centrifugal forces acting on the blade can be further reduced by using glass–epoxy
composite material instead of aluminum. This is because glass/epoxy has a lower density
value than aluminum and a high strength-to-weight ratio. An appropriate combination of
layers has to be found in order to reduce both the maximum deflections and the maximum
stresses compared to the aluminum blade.

In the case of a Darrieus straight-blade VAWT, keeping more layers in a 90◦ orientation
reduces the maximum displacement but increases the maximum stress. These maximum
values can be reduced by selecting an appropriate number of layers in 90◦ orientation.

Therefore, the best VAWT blade design can be achieved by selecting a low-density high-
strength material. Composite materials, with proper ply orientation, are the best choice to
achieve these characteristics. These characteristics result in a high strength-to-weight ratio,
which reduces the total weight of the blade and the centrifugal forces acting on it.
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