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Wind turbine blades are the main component of wind turbines to capture effective
wind energy, and require good quality and reliable performance. Therefore, the
manufacturing cost of wind turbine blades is much higher than that of other com-
ponents of wind turbines. The blade is a slender elastomer prone to vibration.
The wind turbine vibration always arises in the blade instability. At the same
time, the blade is also a typical aerodynamic component. In the process of rota-
tion, it will not only produce mechanical vibration but also bear aerodynamic
force. In this paper, the mechanical properties and modal numerical simulation
analysis of composite blades with different hybrid ratios of carbon fiber and
glass fiber are analyzed, it is found that with the increase of carbon fiber content,
the mechanical properties of the blade gradually increase, and the torsional vi-
bration resistance of the blade become stronger. Therefore, the wind turbine
blades of hybrid fiber composites have a longer service life, which can reduce
material wastage and help protect the environment.
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Introduction

In recent years, under the influence of the energy crisis, the demand for new energy
equipment has soared extremely. Due to its high wind energy harvesting efficiency, wide ap-
plication range, unlimited application sites, and low cost, the small wind turbine has seen a
great market, it can be used by families and factories [1-3]. Compared with other energy har-
vesting devices, e.g., the spring-pendulum system [4-7], the carbon nanotube-embedded
boundary layer technology [8], MEMS-based energy harvesting technology [9-14], the small
wind turbine is portable, it can be used at extreme environment, for examples, in desolate de-
serts and isolated islands.

At present, there were much literature on large wind turbines, however, the research
on the structure of small wind turbines was rare and very preliminary. Wen et al. [15] studied
the influence of the number of small wind turbine blades with a diameter of 0.18 m on the
wake, and designed an airfoil with high lift coefficient for the wind turbine model. Lan and
Wang [16] used the self-designed wind turbine general airfoil to design the shape of small
wind turbine blades, and established a 3-D model to analyze the stress value of the blades un-
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der the condition of wind speed of 20 m/s using ANSYS software. Chaudhary and Prakash
[17] designed and optimized a small horizontal axis wind turbine at low wind speed. Through
numerical and experimental research, the influence of wind turbine solidity and blade number
on wind turbine power was investigated.

The modal analysis was the main method to analysis of the dynamic properties of
the blade structure [18], the blade is always subject to the following three vibration forms:
flapping, shimmy, and torsion, which will interact with aerodynamic force, causing an aeroe-
lastic problem [19]. Chen et al. [20] conducted a comprehensive experimental and numerical
study on the complex curvature modal shape and modal coupling dynamics of three-blade
wind turbine.

In this paper, carbon fibers and glass fibers are used as reinforcing fibers, and the
epoxy resin is used as the matrix, and unidirectional fiber composites with different hybrid ra-
tios are made to study the tensile properties of the composites. The ANSY'S software is used
to analyze the first six modes and vibration modes of wind turbine blades. According to the
simulation results of composite blades with different hybrid ratios, the appropriate hybrid ra-
tio composite blades are finally determined.

Principle of modal analysis

The modal analysis of the wind turbine is mainly to obtain the natural frequencies
and corresponding vibration modes of the main components of the wind turbine. The main
purpose is to enable the wind turbine designer to make the wind turbine run in the non-reso-
nant region by various means, so as to avoid the wind turbine damage due to structural reso-
nance, to reduce the maintenance cost and to improve the service life. The modal analysis is
one of the main methods to study the dynamic characteristics of structures. Through the mod-
al analysis, the natural frequency and vibration mode of the structure can be obtained. The
motion equation is:

[MEG}+[CKu}+[KKu} = {F(t)} (1)

where [M] is the mass matrix, [C] — the damping matrix, [K] — the stiffness matrix, {u} — the
displacement matrix, and {F(t)} — the force matrix. When the structural system is excited by
external excitation, it will vibrate naturally at a specific frequency, which is called the natural
frequency of the structure. A structure usually has many natural frequencies. Natural frequen-
cy is an inherent attribute of the structure and has nothing to do with external excitation. For
undamped single degree of freedom systems, the natural frequency calculation formula is:

k
Wy =, [— (2)
m
where wy is the undamped, natural frequency, k — the elastic coefficient, and m — the mass.
Generally, the structural system is damped, so its natural frequency is damped natural fre-
guency. The relationship between undamped natural frequency and damped natural frequency
is:

@y = 01— &2 @)



Long, T., et al.: Wind Turbine Blades with Hybrid Fiber Composite ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 3A, pp. 2109-2114 2111

where wyq is the damping natural frequency and & — the damping ratio. It can be seen from the
above formula that the natural frequency of the structure is mainly affected by the stiffness
distribution and mass distribution.

Experiments

Mechanical properties test of carbon
fiber/glass fiber hybrid composites

The 300Tex e-glass fiber glass fiber bundles and 3K carbon fiber bundles were se-
lected as reinforcements, and epoxy resin was used as matrix to make unidirectional hybrid
fiber composites. The tensile properties of hybrid fiber composites with different volume frac-
tions of carbon fiber and glass fiber were tested, respectively.

The ASTM D3039/3039M-14 is the reference standard for the preparation of com-
posite samples. The length of the specimens was 250 mm, the width was 25 mm, and the
thickness was 2 mm. The strengthening plates were added at both ends of each specimen. The
length of the strengthening plate was 50 mm, the width was 25 mm, and the thickness was
2 mm. The tensile test was carried out under the following conditions. The static tensile load
was applied uniformly along the axial direction of the specimen until the specimen broke or
reached the predetermined elongation. The load applied to the specimen and the elongation of
the specimen were measured throughout the process to determine the tensile stress, tensile
elastic modulus, Poisson's ratio, and drew stress-strain curve.

Tensile performance test instrument: Shi-
madzu AGS-X universal testing machine Load-
ing speed the gripper: 2 mm per minute. Stand-
ard environmental conditions: temperature 23
12 °C; relative humidity 50 £10 %, see fig. 1.

Prestressed modal simulation analysis
of hybrid fiber wind turbine

In this paper, a small wind turbine with a
rated power of 300 W is designed for modal
numerical simulation analysis. The wind tur-
bine is a NACA6412 airfoil with equal section
of pultrusion process, and the rated wind speed
is designed to be 4 m/s. The surface pressure of
the wind turbine is obtained by fluid-solid cou- Figure 1. Shimadzu AGS-X universal testing
pling method, and then modal numerical simu- machine
lation analysis is carried out.

Results and discussion

Mechanical properties of hybrid fiber composites

The stress-strain curves of hybrid fiber composites with different volume fractions
are shown in fig. 2. According to the curve, the maximum stress of the composite material is
reduced when 5% carbon fiber is added. This is due to the less carbon fiber content. The inter-
face between carbon fiber and glass fiber is prone to separation. When the carbon fiber con-
tent increases to 15%, the maximum stress is much larger than that of glass fiber composites.
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From the curve in the graph, it can be seen that the fracture of the composite material occurs
suddenly, and the slope of the curve changes obviously before the fracture. The force of the
composite in the initial stage is mainly the resin matrix to bear the load. As the applied stress
increases, the main body of the force gradually changes from the matrix to the reinforcement.
At this time, the growth rate of the stress-strain curve increases. When the load reaches the
critical value, the reinforcement and the matrix are peeled off, the material is damaged, the fi-
ber begins to break, de-bond, pull out, and finally fail.
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Figure 2. Tensile stress-strain curve of composite material; (a) glass fiber with volume content of 15%,
(b) 15% glass fiber + 5% carbon fiber, (c) 15% glass fiber + 10% carbon fiber, and
(d) 159% glass fiber + 15% carbon fiber

Modal simulation results

The first six-order modal simulation results of the wind turbine are shown in fig. 3.
According to the vibration mode diagram, the fiber volume content has no effect on the vibra-
tion mode in the low-order modal analysis. The first-order is the flapping vibration, and the
deformation gradually increases from the blade root to the blade tip. The second-order vibra-
tion mode is flapping motion, which has obvious deformation compared with the first-order.
The tail end of the blade is the maximum deformation, and the middle of the blade also has a
large deformation. The third-order is the shimmy motion, but the shimmy deformation is not
large. The fourth-order is torsional vibration, which is torsional with the leading edge of the
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blade as the axis, and the trailing edge has a large torsion because the structure is relatively
thin. The fifth-order is flapping vibration. The trailing edge of the blade and the leading edge
of the blade tip are greatly deformed at one third and two thirds of the blade root, and the
maximum deformation is the leading edge of the blade tip. The sixth-order is mainly flapping
vibration. The trailing edge, half of the blade root and the end of the blade are greatly de-
formed, and the maximum deformation is at the end of the blade. As a slender elastic body,
wind turbine blades are prone to flapping vibration and shimmy motion. Due to the addition
of a certain amount of carbon fiber blades, the torsional vibration resistance of the blades in
this paper is stronger than that of glass fiber blades.

VPPl

Figure 3. Vibration mode of wind turbine with different fiber volume fraction

The vibration frequencies of wind tur- _ 3% —3-15% e g .
bine blades with different fiber volume frac- < 2504 77 13% Glass fiber + 105 carbonfiber
tions are shown in fig. 4. According to the fre- 2 ]
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turbine blade, the natural frequency of the blade 501
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of the carbon fiber content makes the blade ; A . .
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creases. When the content of carbon fiber in- Figure 4. Frequency of wind turbine blades
creases from 10% to 15%, the natural frequency With different fiber volume fractions

of the blade increases significantly. These indicating that when the volume fraction of carbon
fiber reaches 15%, the stiffness of the composites wind turbine blade increases significantly.

Conclusion

In this paper, the hybrid fiber composite wind turbine blade made of glass fi-
ber/carbon fiber has better mechanical properties than the composite wind turbine blade made
of pure glass fiber. The increase of carbon fiber content further enhances the stiffness of the
blade and has strong torsional vibration resistance. Therefore, adding a certain amount of car-
bon fiber to specific parts of the blade can greatly improve the mechanical properties of wind
turbine blades, prolong its service life, and furthermore it is environmentally friendly, and a
fractal-like distribution [18] of the carbon fiber can further improvement of the blade mechan-
ical property as that discussed for porous concretes [21, 22].
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