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Abstract - This paper gives a numerical and experimental investigation of the dynamic analysis of Darrieus vertical axis 
wind turbine (D-VAWT) which is suitable for countries have a moderate wind speed. The wind turbine performance can be 
improved using composite material blades. Also, corrosion and wear problems can be treated using light wind turbine blades 
manufactured from composite laminates. The lamination plate theory is utilized to compute the laminate extension, bending 
and coupling stiffness for each composite blade. Based on wind turbine design parameters, the Darrieus rotor– type vertical 
axis wind turbine models (D-VAWTs), aerodynamic characteristics (blade speed ratio () and coefficient of power (Cp)) and 
dynamic characteristics (natural frequencies and mode shapes) are presented.The mathematical finite element models (FEM) 
are developed to compute the dynamic-nature for composite blades. Modified mechanical parameters are introduced to 
improve the reliability and accuracy of the developed models.. As well as, this paper seeks to enhance investigation of 
numerical and experimental results through using a suitable experimental small prototypes of darrieusvertical axis wind 
turbine blades. The dynamic responses such as: frequency, mode shape and damping factor were extensively investigated 
using FFT analyzer. 
 
Keywords - H–Darrieus Wind Turbine – Aerodynamic Characteristics - Composite Materials – Finite Element Analysis – 
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I. INTRODUCTION 
 
Among renewable energy sources, wind 
energygeneration may beconsidered as the most 
rapidly growing forms of electrical power generation 
in the world because it is one of the most cost-
effective and environmentally friendly. Wind turbines 
can be classified mainly into two types: Horizontal-
Axis Wind Turbines (HAWTs) and Vertical-Axis 
Wind Turbines (VAWTs). VAWTs have several 
advantages over HAWTs: The generator, gearbox, 
and so forth can be placed on the ground, and a tower 
may not be required for the machine operation. This 
leads to much easier servicing, a VAWT does not 
have to be pointed toward the wind.Also, there is no 
need for a yaw mechanism to turn the rotor against 
the wind becausea Vertical axis wind turbine 
(VAWT) captures energy irrespective of the direction 
of the wind in the horizontal plane. VAWTs are 
preferred for applications requiring small-scale 
standalone wind turbines [1], [2]. 
There are two types of VAWTs: lift (Darrieus) and 
drag (Savonius). Darrieus wind turbines have a higher 
cut-in wind speed than Savonius wind turbines [3]. In 
this study, H-Darrieus (straight-bladed) wind turbines 
are investigated. The previous advantages of Darrieus 
wind turbines have made them the focus of many 
studies. 
A review of various Darrieus VAWT configurations 
and its performance is introduced in [3]-[5]. A 
complete design methodology of a straight-bladed 
vertical axis wind turbine blade is introduced in [6]. 
Conceptual design of a large-scale floating offshore 
vertical axis turbine [7].The effects of design factors 
on mechanical performances of Vertical Axis Wind 
Turbines (VAWTs) were investigated in [8]. The 

effects of a blade profile, the Reynolds number, and 
the solidity on the performance of a straight-bladed 
vertical axis wind turbine are investigated in [9]. 
Effect of pitch angle on power performance 
andaerodynamics of a vertical axis wind turbine [10]. 
Pitch Optimization in Small-size Darrieus Wind 
Turbines is explained in [11]. Investigation of Effect 
of Cambered Blades on Darrieus VAWTs [12]. An 
experimental and numerical analysis of the start-up 
behavior of a three-bladed H – Darrieus VAWT is 
discussed in [13]. Leading-edge serrations for 
performance improvement on a vertical-axis wind 
turbine at low tip-speed-ratios [14]. Measurements of 
power coefficient as a function of tip speed ratio (Cp 
()) are presented in [15]. The effect of using 
composite VAWT blades is presented in [16]. A 
numerical and experimental comparison between the 
structural behavior of a wind generator with straight 
blades and a composite prototype of a wind generator 
with helical blades is presented in [17]. 
The aim of the present paper is to investigate the 
dynamic analysis of composite material blades and its 
effect on the whole wind turbine performance. Six 
configurations of straight-bladed VAWT composite 
blades are designed, simulated and fabricated of 
Glass – Polyester with different stacking sequence for 
each. The lamination plate theory is utilized to 
compute the laminate extension, bending and 
coupling stiffness for each composite blade. The 
equivalent property method is utilized to obtain the 
mechanical properties of each stacking composite 
blade. The mathematical finite element models 
(FEM) are developed to compute the dynamic-nature 
for wind turbine composite blades. Several numerical 
modal analysis studies in SolidWorks simulation 
2019 software are utilized to investigate the effect of 
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different stacking sequences and blade number on the 
dynamic behavior of the blade. Experimental modal 
analysis is carried out using B & K data acquisition 
type (3160-A-042) analyzer equipped with Pulse 17.1 
software to get the dynamic characteristics of the 
composite blade. 
 
II. DESIGN OF MODELS 
 
In this section, the main design parameters of H – 
Darrieus VAWT are introduced. 
 
A. No. of blades (n) 
The choice of blade number is a compromise between 
the blade stiffness, aerodynamic efficiency and also 
cost considerations [7]. Three designed models with 
2, 3 and 4blade number are establishedto verify the 
effect of blade number on the turbine's performance. 
 
B. Blade speed ratio() 

 ωR/ V                                                        1  
Where, 𝜔 is the angular speed of the turbine rotor, R 
is the radius of the wind turbine and V is the wind 
speed (m/s). 
 
C. Solidity () 
According to [6], [9], Power production can be 
increased by increasing the value of solidity but at the 
same time, the  developed torque on the blade 
increases.The range of solidity is taken as 0.25 – 0.5 
for the three designed models. The solidity is defined 
as the ratio of blade area with rotor area and 
presented as; 

σ 𝑛𝑐/𝐷                                                        2  
Where, D is the diameter of the turbine and c is the 
chord length. 
 
D. Aspect ratio (AR) 
High values of aspect ratio are recommended for 
straight bladed VAWTs [18]. The aspect ratio is 
introduced as follows; 

𝐴𝑅 𝐻/𝑐                                                         3  
Where, H is the blade length. 
 
E. Blade profile 
According to [6], [9], For straight bladed VAWT, 
NACA 00xx series of symmetric airfoils are more 
frequently used because the high-digit NACA00xx 
airfoil provides higher power in a lowspeed zone.In 
this study, theNACA0015 airfoil is chosen as the 
blade profile for designated wind turbine blades. 
 
F. Input wind energy (Pw) 
The input energy (Pw) of wind passes through a 
turbine presented in [19], [20] as follows; 

𝑃 0.5 𝜌𝐴𝑉                                                     4  
Where,  is air density (1.225 Kg/m3) and A is the 
blade swept area (A = 2RH=D2) 

G. Power coefficient (Cp) 
According to [9], [20], the power coefficient (Cp) is 
obtained as the ratio between the output rotor power 
(𝑃 )  and the input wind energy as follows; 
 

𝐶
𝑃
𝑃

𝑇𝜔
0.5 𝜌𝐴𝑉

                                               5  

 
Where, T is the rotor torque (N.m). 
 
H-Darrieus prototypes with either two, three and four 
straight blades are designed according to the previous 
formulas, its main characteristics are reported in 
Table I and shown in Fig. 1. 
 

Model characteristics 
Two – 
bladed 
Model 

Three – 
bladed 
Model 

Four – 
bladed 
Model 

Diameter (D)=Height (H) 64cm 64cm 64cm 

Chord length, c 8cm 8cm 8cm 

Aspect ratio, AR blade 8 8 8 

Balde thickness, t 4mm 4mm 4mm 

Solidity,  0.25 0.375 0.5 

Coefficient of power, Cp 0.22 0.24 0.21 
Table I. Main characteristics of the three designed models 

 

 
(a) 

 
(b) 
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(c) 

Fig. 1. Features and dimensions of (a) Two – bladed model, (b) 
Three – bladed model and (c) Four – bladed model 

 
III. MATERIAL PREPARATION AND 
PROPERTIES 
 
A vertical axis wind turbineblade must have certain 
useful material properties. The most important of 
these properties are adequately high yield strength for 
longer life, high material stiffness to maintain optimal 
aerodynamic performance and low density for 
reduced amount of gravity and normal force 
component. The modern wind turbine materials 
arecomposites made up of fiberglass reinforcements. 
The blade made up of composite materials can have 
thin walls due to high strength to weight ratio of the 

materials. For turbine blade design, they are 
composed of E-glass with epoxy, polyester or vinyl 
ester and normally hand-layup fabrication techniques 
are used [7], [16]. 
 
In the current search, six configurations of composite 
blades are produced of glass – polyester. Each blade 
was made of six layers with various stacking 
sequence for each as: set1:[0/90/0/90/0/90], 
set2:[0/90/0/90/R/R], set3:[0/90/R/R/0/90], 
set4:[R/R/0/90/R/R], set5:[R/R/R/R/0/90] and 
set6:[R/R/R/R/R/R]. 
 
Where, R:Random,  0:Unidirectional and 90:Ninety 
angle oriented fibers. 
 
A sample of Stacking sequence for a composite 
bladeis shown in Fig. 2. 
 
The utilized Composite Material (discontinuous 
random short fibers, resin, continuous fiber) is 
composed of Standard E-Glass, random fiber and 
polyester with catalyst addition as matrix. These 
properties are indicated in Table II. 
 
According to [21]-[23], The tensile strength (σult), 
Young’s modulus (E), Poisson’s ratio (𝜈 ), and the 
composite blade density (ρ) are calculated 
analytically according to mixture rule and specific 
theoretical equations and their results are listed in 
Table III. 

 

Properties 
Materials 

Polyester Resin Glass Fiber Random Fiber 
Modulus of elasticity, E (GPa) 3.5 72.4 9.17 

Density,  (Kg/m3) 1260 2530 2540 
Poisson’s ratio, 𝜈  0.35 0.22 0.21 

Table II.Material properties of resin and reinforcement fiber of composite blade. 
 

No. Code number σult (GPa) E (GPa) 𝝂𝒙𝒚  (Kg/m3) 
I [0/90/0/90/0/90] 2.08 44.84 0.27 2028 
II [0/90/0/90/R2] 1.44 32.94 0.27 2028 
III [0/90/R2/0/90] 1.38 28.12 0.27 2028 
IV [R2 /0/90/ R2] 0.89 19.55 0.27 2028 
V [R4/0/90] 0.83 15.47 0.27 2028 
VI [R6] 0.43 6.40 0.27 2028 

Table III. Results of mechanical properties of stacked composite blades. 
 
IV. NUMERICAL MODAL ANALYSIS 

 
This section discusses the modal analyses performed 
numerically on the six-different blade stacking 
sequences and the whole H – Darrieus VAWT 
structure. The responses are in the frequency domain 
obtained numerically by means of the Finite Element 
models using SOLIDWORKS Simulation 2019 
software [24]. 

 
A. Models constraints and loadings 
Aiming at characterizing and comparing the 
mechanical behavior of the three straight-bladed 
Darrieus VAWTsand  in order to simulate the inertial 
loads associated to the turbine rotation and to the 
weight of the structures, the following constraint and 
boundary conditions are applied to the structures. 
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Cylindrical surface constraints are applied on the 
lower and upper edges of the rotor shaft as shown in 
Fig. 3.  
The computed composite material properties of each 
composite blade configuration is entered into the 
SOLIDWORKS Material library as a new material. 
Stacking sequence properties of each composite blade 
configuration is applied to the simulated model. 
Moreover, the acceleration of gravity is imposed 
along the z-axis.All the boundary conditions,mesh 
and loadingof the three-bladed model are shown in 
Fig. 3. 
 

 
Fig.2. Stacking sequence of a composite blade. 

 

 
Fig. 3.Model constraints and loading for three – bladed model. 
 
B. Numerical modal results 
Under the mentioned constraints and loadings, the 
numerical frequency analysis was run. The modal 
results computed for three designed models are listed 
in Table IV. 
 
These results show that the modal frequencies related 
to the straightcomposite blade are high, thus 
highlighting the stiffer behavior introduced by the use 
of composite materials. Moreover, this behavior 
increases the gap between the first natural frequency 

and operative frequency range of the turbine that 
spans the interval 0–5 Hz. 
 

 
 

V. EXPERIMENTAL MODAL ANALYSIS 
 
This section shows the experimental setup and results 
obtained from experimental modal tests conducted on 
local manufactured experimental prototypes. 
The experimental set up is schematically shown in 
Fig.4. The experimental set-up consists of the wind 
tunnel, Darrieus wind rotor, and measurement 
devices. The wind tunnel used in the experiments is 
an open-circuit type with the power capacity of 5 kW 
and has a circular exit.. The Darrieus wind rotor and 
measurement devices have beeninstalled away from 
the exit of this wind tunnel. The Darrieus rotorand 
measurement devices have been placed on a steel 
profile frame.TheDarrieus rotor shaft has been 
supported near the top and bottom by a very low 
friction ball bearing to minimize the friction force. 
And then measurements of rotor torque, wind 
velocity and the number of revolution have been 
measured by a torque gauge sensor, anemometer and 
a laser revolution counter (laser tachometer). The 
torque gauge sensor and a revolution counter 
(tachometer) have been coupled to the upper part of 
the rotor. 
A digital torque transducer unit connecting MTT03-
12 torque gauge sensor with a measuring range of 0–
135 N.cm has been used to measure the torque that 
forms on Darrieus wind rotor shaft and the accuracy 
of torque meter sensor is ±0.5%.  A laser tachometer 
of type GTC-TA110 is utilized to count the rotor 
revolutions with a range of (+1)–(+99,999) rpm and 
the accuracy of laser tachometer equipment is 
±0.02%. 
Both the response of the wind rotor and the excitation 
signal were measured and connected to a B&K data 
acquisition type (3160-A-042) analyzer equipped 
with B&K pulse 17.1 software used for the analysis 
and conditioning of the signals. 
Analyzer in conjunction with the Fast Fourier 
Transform (FFT) gives the mathematical relationship 
between time and frequency successively and 
displays the frequency response spectrum (FRS) in 
addition to registering the coherence functions with 
the desired frequency range [25]. 
The resulted responses were registered by a 
piezoelectric accelerometer type (4506) its weight 18 
gram mounted at the bearing. As well as the 
accelerometer signals were conditioned in the charge 
amplifier in order to fed dual channel analyzer. 
A PC equipped with the software is connected to the 
multi-channel signal analyzer, which is used to 
collect, analyze and display the signals, Frequency 
Response Function (FRF) is automatically calculated 
and graphically presented through the software. 
Modal parameters are extracted from the FRF for 
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each wind turbine configuration. For each test 5 
impulses acceleration time histories responses are 
acquired in order to compute averaged Frequency 
Response Functions (FRFs). 
Dynamic analysis is presented to investigate dynamic 
Eigen parameters including natural frequencies, 

torque and critical speed of the three experimental 
prototypes shown in Fig. 5. Eigen frequencies which 
must be considered through rotation of turbines are 
listed in Table V. 

 

Code number 
Two – bladed Model Three – bladed Model Four – bladed Model 

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

[0/90/0/90/0/90] 928.71 1014.4 1353.3 950.97 1267.6 1303.6 899.29 1588.7 1630.4 

[0/90/0/90/R2] 795.99 869.42 1159.9 815.07 1086.5 1117.3 770.78 1361.7 1397.4 

[0/90/R2/0/90] 735.46 803.29 1071.7 753.08 1003.9 1032.3 712.15 1258.1 1291.2 

[R2 /0/90/ R2] 613.23 669.79 893.55 627.92 837.02 860.78 593.8 1049 1076.6 

[R4/0/90] 545.50 595.82 794.86 558.57 744.57 765.71 528.22 933.18 957.67 

[R6] 350.86 383.23 511.25 359.27 478.91 492.5 339.75 600.22 615.97 
Table IV. Numerical results of the first three natural frequencies of three designed models (rad/s). 

 

Code number 
Two – bladed Model Three – bladed Model Four – bladed Model 

𝝎𝟏 𝜻𝟏 𝝎𝟏 𝜻𝟏 𝝎𝟏 𝜻𝟏 
[0/90/0/90/0/90] 945 0.16 973 0.10 912 0.06 

[0/90/0/90/R2] 821 0.19 830 0.13 785 0.09 
[0/90/R2/0/90] 750 0.23 765 0.18 725 0.13 

[R2 /0/90/ R2] 632 0.28 637 0.21 603 0.15 
[R4/0/90] 557 0.34 570 0.25 535 0.19 

[R6] 360 0.36 368 0.28 345 0.22 
TableV. Values of Fundamental Natural Frequency (rad/s) and Damping Factor for three experimental models.. 

 

 
Fig. 4. Schematic diagram of experimental system. 

 

 
(a) 

 
(b) 
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(c) 

Fig. 5. Experimental test rig of (a) Two – bladed model, (b) 
Three – bladed model and (c) Four – bladed model. 

 
VI. RESULTS AND DISCUSSION 

 
From results of mechanical properties of six 
composite blade configurations as shown in Table III, 
It can be noticed that the tensile strength and Young’s 
modulus of composite blades configuration [R6] are 
lower than those of other blades, and blades 
configuration [0/90/0/90/0/90] have higher 
ones. This is due to the fibers are aligned in the 
direction of the longitudinal elasticity and 
consequently are able to store their energy, while the 
random fiber assist to dissipated energy. In the 
composite blade, the resonance frequencies of the 
specimens have been recorded and analyzed for 
different stacking sequence. The computed and 
measured fundamental natural frequencies are given 
in Table IV and Table V. As expected the frequencies 
of blades configuration[R6] are lower than those of 
other configurations, and code number: 
[0/90/0/90/0/90] have higher ones. 
The magnitude of natural frequencies in the 
configuration [0/90/0/90/0/90] are 2.65 times 
greater than those in code number:[R6]. The changing 
of the fiber stacking sequence of the composite blade 
from [0/90/0/90/0/90] to [R6] decreases natural 
frequencies as shown in Fig. 6 (a). 
Regarding the damping values, Table V. shows that 
the configuration with [R6] has high damping values 
compared with the [0/90/0/90/0/90] due to high 
dissipated energy. It is observed that the damping 
factor is small for code number[0/90/0/90/0/90] 
compared with the other code numbers as shown in 
Fig.6 (b). This is explained by the fact that fiber 
orientations in these directions are expected to 
increasethe blade stiffness andresult in less energy 
dissipation. 
For randomblade configuration[R6], the damping 
factor is high compared with the other orientations. 
The direction of short fiber decreases the blade 
stiffness, where the maximum energy dissipation 
results in a large system damping factor. 
Determination of the natural frequencies and mode 
shapes of a vibrating composite blade is an important 

aspect from the stand point of view of the structure 
dynamic behavior. The natural frequency gives 
information about resonance avoidance for certain 
loading conditions. Mode shape, on the other hand, 
gives indication about the vibration level at each 
position of the blade. One of the most important 
parameters from designer’s point of view is the 
location of nodes and antinodes. The nodes are the 
positions at which the vibration vanishes, the 
maximum stresses induced at these nodes. While the 
antinodes are the positions at which maximum 
vibration level occurs. 
From Table IV, it is shown that the modal frequencies 
related to the composite blade are high, thus 
highlighting the stiffer behavior introduced by the use 
of composite materials. Moreover, this behavior 
increases the gap between the first natural frequency 
and operative frequency range of the turbine that 
spans the interval 0–5 Hz. Fig. 7 shows mode shape 
for first three modes of tested three -bladed model. 
The three- bladed model is noticed to have the higher 
fundamental natural frequency leading to more stable 
behavior over operating conditions than the other 
designed models. 

 
(a) 

 

 
(b) 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 8, Issue-6, Jun.-2020, http://iraj.in 

Dynamic Analysis of Darrieus Vertical Axis Wind Turbine Composite Blades 

 
71 

Fig. 6. (a) Fundamental Frequency and (b) associated damping 
factor response surface for six composite blade configurations 

of the three-bladed model. 

 
(a) 1st mode 

 
(b) 2nd mode 

 
(c) 3rd mode 

Fig. 7.  Modal shapes of the three-bladed model. 

VII. CONCLUSION 
 
From the numerical and experimental results, the 
following concluding points can be drawn: 

1. For the fabricated glass fiber/polyester 
composite blades, the blade stacking 
sequence configuration [0/90/0/90/0/90], the 
tensile strength, Young’s modulus (E), 
major Poisson’s ratio (xy), are higher than 
those of the other types of composite 
including [0/90/0/90/R2], [0/90/R2//0/90], 
[R2/0/90/R2], [R4/0/90], and random glass 
fiber/polyester composite blades, [R6]. 

2. The present comparison between the 
numerical and experimental results proves 
that the suggested finite element models of 
the composite blades provide an efficient 
tool for the dynamic analysis with proper 
accuracy. 

3. The mutual influences of anisotropy, 
stacking sequence, and vibration mode are 
significant on the damping capacity. 

4. With the proper choice of stacking sequence, 
fiber and matrix materials for the composite 
blades, high values of system damping 
factor for various modes of composite blades 
may be obtained. 

5. The three-bladed model is noticed to have 
the higher fundamental natural frequency 
leading to more stable behavior over 
operating conditions than the other designed 
models 

 
Finally, this study is useful for the designer in order 
to select the lamina stacking sequence, to shift the 
natural frequencies as desired or to control the 
vibration level. 
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