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INTRODUCTION

Energy is largely considered as the driver of 
industrial developments and almost everything 
in our daily life has a direct relation with the 
availability of some form of energy. Due to the 
progressively increasing concern for the environ-
mental deterioration caused by fossil fuel based 
energy sources, renewable sources are nowadays 
highly focused upon. Among the available renew-
ables, the wind energy is nowadays considered as 
the most reliable and cleanest of all renewable 
energy sources. As a result, a major part of future 
energy supply is expected to depend on the en-
ergy obtained from the wind. In order to improve 
the energy conversion efficiency of wind energy 

converters and guarantee their economic feasibil-
ity, further research and development may focus 
on two potential areas, namely (1) innovative 
design solutions of the wind turbine blades and 
(2) the designs that reduce the mechanical losses. 
Both issues demand an in-depth understanding 
of the flow characteristics of the wind passing 
the turbine blades. Thus, the design of turbine 
blades including the shape, airfoil form, material 
type, number of blades, structure and processing 
technology of the blades [1-3] are the key per-
formance parameters of the design optimization 
tasks of wind energy converters. In a wind turbine 
system, the most critical component is the wind 
turbine blade, because it has direct relation with 
the mechanical efficiency of energy conversion 
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ABSTRACT
The availability of some form of energy is essential for the human survival and social development. However, the 
way energy has been generated within the last century has brought forward the quest for the generation of energy 
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perimental results. Stress, deformation, and weight of wind turbine blade under different loadings were analyzed 
aimed to search for a fiber type that may extend the life span of the blade. Finally, flap wise and edge wise, the 
longitudinal and torsional natural frequencies were computed numerically by using the finite element method in 
the Qblade software (QFEM) under different mode types and the effects were analysed. Upon comparing the re-
sults with a common composite material for wind turbine blade (E-glass/epoxy), it was observed that the selected 
natural fiber composites have equivalent and better mechanical performance. The environmental friendliness of 
natural fibers, i.e. biodegradability, constitutes their advantage as materials of wind turbine blades.
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and the manufacturing cost of the blades is ap-
proximately one fifth of the total cost for all com-
ponents [4]. 

The generation of energy without pollut-
ing the environment is the greatest challenge of 
the twenty-first century. Proper material selec-
tion for wind turbine blades has a dual impact on 
the environment. On one hand, the efficient and 
cost effective energy conversion from the wind 
reduces the portion of fossil fuels in our energy 
consumption, and on the other hand, the use of 
materials that are biodegradable will positively 
contribute to the environment. Nowadays, many 
wind turbine blade manufacturers use glass fiber 
reinforced and carbon fiber reinforced compos-
ites. These materials are attractive for turbine 
blades because of their high strength, high elastic 
modulus and increased fatigue life. Those com-
posites possess adequate structural properties but 
they are non-biodegradable, health hazardous, 
non-recyclable, expensive, give abrasion to the 
machine,and consume high amounts of energy 
in their production process. These limitations are 
the attributes of synthetic fibres that stimulate 
researchers to develop alternative materials for 
wind turbine rotor blades. 

Natural fibre-reinforced composites can be 
used as a viable alternative material in order to 
meet the demands of renewability and recyclabil-
ity, as well as reduce the cost of wind turbines. 
Different researchers have proposed natural fiber 
reinforced composites for wind turbine blade de-
sign [5, 6]. various natural fibers such as bamboo, 
sisal, curanua, ramie, etc. can be considered for 
the purpose, but their mechanical properties are 
not yet sufficiently studied, though many natural 
fibers have good mechanical properties, are easy 
to process and biodegradable.

Among others, more work is needed on the 
mechanical strength, vibration and fatigue anal-
ysis of natural fiber reinforced composites for 
wind turbine blade application. As the used ma-
terial type is responsible for the application spe-
cific strength, different researchers focused on the 
stress analysis of synthetic composite wind tur-
bine blades. Deshmukh and Shekhawat [7] stud-
ied the performance of four different composite 
materials and concluded that carbon epoxy is one 
of the best material for wind turbine blade un-
der the specified conditions. Yeh et al. [8] solved 
comprehensive stress, maximum stress, thermal 
stress and deformation of glass fiber reinforced 

plastic turbine blade using a finite element meth-
od and summarized stress analysis on the blade. 

The vibration frequencies and mode shapes 
are also the focus of research in wind turbine 
blades. The physical properties of materials affect 
the vibrations of any structure. Thus, a good wind 
turbine blade design should attempt to minimize 
vibrations by avoiding resonance. As a result, 
the reduction of vibration is a good measure for 
a successful design in the blade structure [9]. If 
the material property of any structure is changed, 
the natural frequency of the structure is altered 
as well. Therefore, studying the effect of materi-
als on vibration analysis is a mandatory part of 
design where vibrations can appear. Knowing the 
geometric shape and the material properties of the 
blade, the natural frequencies can be estimated 
using the finite element analysis.

The aim of this study was to investigate dif-
ferent natural fiber reinforced composite for a 
wind turbine blade using the finite element meth-
od. Stress, deformation and modal behavior of 
the blade were analyzed for different natural fi-
ber reinforced composite materials. The Qblade 
software, which is a dedicated tool for airfoil 
analysis, was used to conduct the modal analysis 
of some selected reinforced composite materials. 

MATERIALS AND METHODS

Design of material properties of 
natural fiber reinforced composite

The elastic properties of a composite can be 
predicted by the micromechanics models based 
on the properties of the individual constituent 
materials of the composite and their geometrical 
characteristics. The most useful approach is the 
use of semi-empirical models, which are widely 
employed to predict the elastic modulus of com-
posites because the model results agree well with 
the experimental results. The other method used to 
estimate the modulus of elasticity of composites 
is the Halphin and Tsai method. The Halpin-Tsai 
equation can give the modulus of elasticity in the 
transverse direction, but it has to be modified for 
randomly oriented fiber reinforced composites. 

 Recently, a modified Halphin and Tsai meth-
od was recommended to predict the modulus (E) 
for natural fibers based composites [10] by fur-
ther improving different parameters for the model 
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through adjustment, to make specific composites 
using data from experiments. This modified rela-
tion is given as:

E = A (𝑠𝑠𝑠𝑠𝑠𝑠−1 𝛼𝛼𝑉𝑉𝑓𝑓
𝛽𝛽)(38 𝐸𝐸1+58 𝐸𝐸2) (1)

where A, α and β are model constants to simulate 
composite modulus for A = 1, α = 3π/2 and 
ß = 11/16 and 𝑉𝑓 is fiber volume fraction.

 E1 and E2 are composite moduli in the 
lateral and transverse directions, respec-
tively, based on the Halpin-Tsai equation 
using x = 2 (an estimated parameter re-
ferred to as reinforcing efficiency) for the 
transverse direction.

 E1 and E2 are obtained from the Halpin-
Tsai equation by using equation (2) – (4). 

 𝐸𝐸1=𝐸𝐸𝑓𝑓×𝑉𝑉𝑓𝑓 +𝐸𝐸𝑚𝑚×𝑉𝑉𝑚𝑚 (2) 

 𝐸𝐸2 = 𝐸𝐸𝑚𝑚 ( 1+𝑉𝑉𝑓𝑓
1−𝑉𝑉𝑓𝑓

 ) (3)
 

 =  𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑚𝑚
𝐸𝐸𝑓𝑓 + 𝐸𝐸𝑚𝑚

 (4)

where:  EF and EM are fiber and matrix modulus, 
respectively, and

 Vf and 𝑉𝑚 are the corresponding fiber and 
matrix volume fractions. The density of 
the composite is also computed using the 
rule of mixtures as in equation (5). 

𝜌𝜌𝑐𝑐 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5)
where: 𝜌𝑓 and 𝜌𝑚 are density of fiber and matrix 

respectively. 

The properties of each fiber, i.e. the values 
of density, Young’s modulus and tensile strength, 
are obtained from experimentally published ma-
terials [5, 11–13], and these values for the select-
ed natural fibers are reported in Table 1. Epoxy 
resin, the Young´s modulus of which is 3.4 GPa 
[14, 15], was used as matrix for all fibers. As there 
are large variations of modulus of elastisticity and 
density of fibers reported in the published materi-
als, the maximum value of the properties obtained 
from the literature was considered for all of them.

Using equation (1) to (5) and the properties 
listed in Table 1, the modulus of elasticity and 
density were used for the finite element analy-
sis and computation. Table 2 shows the results 
of different mechanical properties (modulus of 
elasticity and density) of the selected natural fiber 
reinforced composites obtained from a modified 
Halphin-Tsai method. 

As can be observed from the computed re-
sults in Table 2, some epoxy reinforced natural 
fiber composites have similar or higher Young’s 
modulus than glass fiber. The composites rein-
forced with Jute, hemp, flax and pineapple fiber 
have the higher Young’s modulus value than the 
other natural fiber reinforced composites.

Table 1. Mechanical properties of fibers

Fiber name Banana Abaca Flax Sisal Pineapple Kenaf Hemp
Density of fiber ρf (g/cm3) 1.5 1.5 1.5 1.45 1.53 1.4 1.48
Young’s modulus (GPa) 17.85 20 80 38 84.5 53 70
Tensile strength (MPa) 600 980 1500 700 1627 930 900

Fiber name Bamboo Jute Curanua Ramie E-glass
Density of fiber ρf (g/cm3) 1.18 1.46 1.4 1.5 2.5
Young’s modulus (GPa) 32 30 96 128 70
Tensile strength (MPa) 800 800 803 938 3500

Table 2. Mechanical properties of different composite materials

Properties Banana
/epoxy

Abaca/
epoxy

Flax/
epoxy

Sisal/
epoxy

Pineapple/
epoxy

Kenaf/
epoxy

Young´s modulus (GPa) 10.228 10.993 27.393 16.563 28.485 20.62
Density (kg/m3) 1365 1365 1365 1337.5 1381.5 1310

Properties Hemp/
epoxy

Bamboo/
epoxy

Jute/ 
epoxy

Curaua/
epoxy

Ramie/
epoxy

E-glass/
epoxy

Young´s modulus (GPa) 24.935 14.826 26.905 31.247 38.779 24.935
Density (kg/m3) 1354 1189 1343 1310 1365 1915
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Load acting on the blade

The blades are exposed to the loads from three 
different sources, namely (1) wind load, (2) grav-
ity and (3) centrifugal load. As centrifugal forces 
are relatively low [16], this load type is not con-
sidered in further analysis. The wind loads mainly 
induce both flap wise and edgewise bending of 
the blade, and are dynamic by their nature. The 
basic types of wind loads that play a crucial role 
in the structural strength and stiffness of the blade 
are the aerodynamic loads. The aerodynamic load 
acting on the blades can be divided into tangen-
tial and axial force components. Figure 1 shows 
a wind turbine of three blades in its plane of rota-
tion and the force components acting at each sec-
tion of the blades.

The tangential (FT) and axial forces (FN) are 
identified by resolving the lift and drag force 
components. The tangential force provides torque 
for the power generation, while the axial compo-
nent force imposes structural loading on the sup-
port and tower of the turbine. The blade force is 
computed at each section of the blade. Thus, the 
tangential and normal force computed at each 
section along the blade are expressed as in equa-
tion (6). 

𝐹𝐹𝑁𝑁 = 𝐿𝐿 cos𝜙𝜙 + 𝐷𝐷 sin𝜙𝜙 
 

𝐹𝐹𝑇𝑇 = 𝐿𝐿 sin𝜙𝜙 − 𝐷𝐷 cos𝜙𝜙 
(6)

where: ϕ and α, L, D and FR are flow angle, angle 
of attack, lift force, drag force and resul-
tant force, respectively. 

Blade model and FE analysis

Qblade is an open source tool recently devel-
oped to assist the design and simulation of wind 
turbines [17, 18]. It uses the blade element mo-
mentum (BEM) theory to simulate the horizontal 

axis turbines to compute the stresses on the blades 
and simulate their aerodynamic performance, 
also in modal analysis. The software is intended 
to create a single tool consisting of the necessary 
functionalities for the aerodynamic design and 
simulation. Thus, it can serve as an independent 
tool with no need for data importing from other 
sources and converting them to other forms or 
data processing steps. To enable this, Qblade is 
equipped with the following key functionalities 
or modules that are accessible from its graphical 
user interface [19]:
 • Airfoil design and analysis 
 • Polar extrapolation of drag and lift forces
 • Design and optimization of airfoil blades
 • Turbine definition and simulation.

The blade selected for this paper is one of the 
research wind turbines used by the Department 
of Aerospace and Mechanical Engineering at the 
University Notre Dame, Indiana [19]. For mod-
eling the blade geometry, such blade parameters 
as the chord length and twist angle are needed. 
These and other relevant rotor geometry specifi-
cations are listed in Table 3. 

Using the rotor geometry of the blade, it has 
been modeled as shown in Figure 2 by using the 
Qblade software (QFEM). Then, the model was 
imported to QFEM and the mechanical properties 
defined. The aerodynamic load (consisting both 
tangential and normal forces) was computed for 
Vrated wind speed of 11.6 m/s. The load was applied 
to the blade model and the stresses, total deforma-
tion and weight of the blade were calculated.

In the model, both shell and internal struc-
ture (i.e. hollow with spar) were filled with the 
composite material (cross-section in Figure 3(a)). 
Furthermore, a unidirectional fiber composite was 
assumed because the fibers are randomly oriented 
or aligned in the matrix material, as illustrated in 
Figure 3(b).

Fig. 1 Resolved components of blade forces
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RESULTS AND DISCUSSION

Comparison of equivalent stress, directional 
deformation and weight of the blade

The results of the loading simulation are plot-
ted in Graph View as shown in Figure 4. For the 
case shown, the result indicates that the maxi-
mum obtained von Mises stress is 405.77 MPa 
and the tip deflected is 0.758 m along x direction 
and 0.894 m along z direction for Banana/epoxy 
properties. 

The von Mises stress results for 11 different 
natural fibers and that of a commonly used glass 
fiber are listed in Table 4 (stress plots are not 
given for page limitations). As can be observed 
from the tabulated stress values, the selected 
natural fibers have different stress levels and 
hence perform differently. Compared with glass 
fiber, almost all of them fit the strength require-
ment in the area. 

For a good and safe design of turbine blades, 
the deformation and stress level should satisfy 
the expected values for the specific application 
and low weight is needed. The fact that the von 
Mises stress analysis results of glass/epoxy is at 
equivalent stress level with that of the natural 
fiber/epoxy blade implies that these natural fiber 
composites can replace the glass fiber composite 
applications with additional environmental ben-
efits, because natural fibers are biodegradable. 

The finite element analysis results also show 
that the material with the least deflection is Ra-
mie/epoxy, while least von-Misses stress was 
registered for Abaca/epoxy and Banana/epoxy. 
In terms of weight, a bamboo/Epoxy blade can 

Table 3. Specification of University of Notre 
Dame in Notre Dame, Indiana wind turbine [19]

Parameter Value(s)
CL(α) 0.327 + 0.1059α – 0.0013α2

CD(α) 0.006458 – 0.000272α+ 
0.000219α2 – 0.0000003 α3

Tip speed ratio, λ 7
Blade radius, R (m) 4.953
Vcut-in (m/s) 3
Vrated (m/s) 11.6
Vcut-out (m/s) 37

Fig. 2 Blade model in Qblade software

Fig. 3 (a) blade cross-section and (b) illustration of random orientation of fibers in the matrix
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be a favored natural fiber reinforced composite 
for the wind turbine blade application because 
a low weight blade allows rotation of the tur-
bine with small amount of wind speed. Thus, 
the number of rotations of the blade increases, 
which has direct relation with power extracted, 
i.e. the output power is improved.

The advantage of low weight (density) blade 
is that the wind blade easily overcomes friction 
and begins to rotate within a low cut in wind 
speed. A wind turbine design that reduces the 
cut-in wind speed through a proper design of 
the blades will be characterized by a significant 
performance improvement [20]. Thus, one of 
the ways to reduce the cut-in speed is reducing 
the weight of the turbine blade. As can be seen 
from Table 4, compared with E-glass/epoxy, the 
weight of natural fiber reinforced composite 
wind turbine blade is lower by 27.89% to 38% 
for the selected natural fibers. Natural fiber re-
inforced composites are favorable materials for 
the wind turbine blade design in terms of weight 
reduction, and show similar stress and deforma-
tion levels with E-glass blades.

Modal analysis for wind turbine blade 
structure

A modal analysis for structural dynamics 
was performed in order to obtain the natural 
mode shapes and frequencies of the blade struc-
ture. After defining the material properties in 
the software, the sectional blade properties were 
automatically computed and a modal analysis 
was performed. The modal analysis of a hori-
zontal axis wind turbine blade was carried out 

at 5 m/min rotating speeds. Table 5 shows the 
results of all considered mode types, i.e. flap 
wise, edge wise, torsional and longitudinal. Four 
mode shapes were considered for each selected 
mode type and the selected natural fiber rein-
forced composite. 

As can be observed from Table 5, the re-
sult obtained for flap wise, edgewise, torsional 
and longitudinal Eigen frequency of the turbine 
blade varies with the type of composite materi-
als used. Thus, material variation affects the vi-
bration mode of the blade. During the design of 
a wind turbine blade, the 1st flap-wise, 2nd flap-
wise, 1st edge-wise and the 1st torsional natural 
frequencies were determined as a minimum 
[20]. It was noted that only the frequency range 
between 0.5 Hz and 30 Hz [21] is of relevance to 
the considered wind turbine blades. This study 
(Table 5) shows that for the blade studied, only 
the flapwise and edge wise modes need to be 
considered. 

Figure 5 and 6 show plots of the Eigen val-
ues as function of the four mode shape type. 
The plots are intended to make comparison of 
the flap wise, edge wise, torsional and longitu-
dinal modes of vibration for each of the selected 
natural fibers. While banana/epoxy and abaca/
epoxy give low value of Eigen frequency for all 
cases, ramie/epoxy and curanua/epoxy give a 
high Eigen frequency. Generally, compared with 
the E-glass/epoxy fiber composites, many of the 
selected natural fiber/epoxy composites perform 
equivalent to the E-glass/epoxy composites. It 
was also observed that the material that have 
high stiffness value are characterized by a high 
Eigen value and vice-versa.

Fig. 4 Equivalent (von-Mises) and deformation of the blade
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CONCLUSION

In this paper, the performance of the selected 
natural fiber composites was investigated when 
used for wind turbine blade application. The me-
chanical properties such as elastic modulus and 
density of the constituent materials were taken 
from published papers and the mechanical prop-
erties of the composites were estimated by using 
a modified Halphin-Tsai semi-empirical model. 
The Qblade software, which is a BEM based fi-
nite element analysis tool for wind turbine blade, 
was used to model and simulate the blade perfor-
mance. The stress distribution, deformation and 
weight of different natural fiber reinforced with 
epoxy for the selected blade profile, under dynam-
ic loads, were analyzed and the natural frequency 

of each material along the flap wise, edge wise, 
torsional and longitudinal was numerically com-
puted by QFEM and discussed. On the basis of 
the conducted analysis, the following conclusions 
can be mentioned:
 • The replacement of glass/epoxy composite 

based wind turbine blades by natural fiber re-
inforced composites leads to a weight reduc-
tion per blade by 27.9% to 38%. 

 • In terms of stress, the deformation level and 
natural frequencies some of the natural fiber 
reinforced composites such as Ramie, Curaua 
and pineapple have an almost identical perfor-
mance to glass/epoxy. 

 • The additional benefit is, however, the natu-
ral fibers are renewable, recyclable and 
inexpensiv

Table 4. Results of equivalent stress, total deformation and blade weight

Material Equivalent (von-Mises) 
stress (MPa)

Deformation in x 
direction (m)

Deformation in z 
direction (m)

Weight of the blade 
(kg)

Banana/epoxy 405.77 0.758 0.894 38.83
Abaca/epoxy 406.1 0.705 0.834 38.83
Flax/epoxy 431.42 0.303 0.345 38.83
Sisal/epoxy 421.41 0.488 0.564 38.05
Pineapple/epoxy 431.75 0.292 0.332 39.303
Kenaf/epoxy 426.92 0.398 0.456 37.27
Hemp/epoxy 429.94 0.332 0.379 38.52
Bamboo/epoxy 421.58 0.546 0.630 33.83
Jute/epoxy 431.38 0.309 0.352 38.2
Curaua /epoxy 434.06 0.267 0.304 37.27
Ramie/epoxy 436.33 0.216 0.2457 38.83
E-glass/epoxy 422.53 0.325 0.375 54.48

Table 5. Result of mode shape for different mode types

Mode type Mode No.
Shape parameter (Natural frequency Hz)

Bamboo/epoxy Pineapple/epoxy Abaca/epoxy Glass/epoxy

Flap wise

1 3.37 4.28 2.757 3.44
2 12.22 15.65 9.88 12.48
3 23.53 30.2 18.97 24
4 41.57 53.37 33.478 42.47

Edge wise

1 8.69 11.16 7.00 8.88
2 34.37 44.18 27.65 35.12
3 96.59 124.18 77.64 98.7
4 190.608 245 153.9 194.77

Torsional

1 263.49 338.82 211.756 269.255
2 524.95 675.05 421.88 536.44
3 811.85 1043.98 652.455 829.62
4 1014.22 1432.79 895.453 1138.6

Longitudinal

1 241.92 311.1 194.425 247.2
2 448.11 576.235 360.13 457.9
3 836.488 1075.65 672.25 854.7
4 1288.58 1657 1035.58 1316.7
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