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Abstract— The Performance of Vertical Axis Wind Turbine (VAWT) is highly
dependent on its blades strength and stability. This paper is mainly dealing with
enhancing the blades’ structure of Vertical Axis Wind Turbine which is suitable
for countries that have a moderate wind speed. The suggested improvement
entails employing reinforced light composite blades using Zinc-Oxide (ZnO)
nanoparticles (NPs) synthesized by the polymer-pyrolysis route. To assess the
performance of the proposed design, a multistage Savonius blades prototype is
built to realize the essential ultrasonic and vibration tests. Five different composite
blades with different ZnO volume percentages are tested for assessing their values
of the attenuation coefficient and the phase velocity and evaluating the composite
material robustness. A wind tunnel is also used to evaluate the prototype power
coefficient. Besides, the effect of the shift-angles between the different blades’
stages on the turbine efficiency has been evaluated. The theoretical analysis and
experimental results of the natural frequencies ensured that the proposed model
can avoid the resonance scenarios through working at considerably high rotating

speeds.

I. INTRODUCTION

OSSIL fuels are the main effective conventional
energy sources in modern industrial development.
The economic, technical and environmental
difficulties are the main critical problems that are slowing the
countries' efforts to extract their needs from conventional
energy sources like coal and oil. Furthermore, many countries
are fronting severe difficulties related to growing their annual
consumption of conventional energy sources. Moreover, the
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rapid depletion of fossil fuels is the major concern of the
industrial countries' over the last decades. Fortunately, the rapid
depletion problem can be resolved using clean and cheap
renewable resources like wind and solar energy. These
renewable energy sources can compensate for the shortage
between the growing demand and the available traditional types
of energies in countries that are suffering from insufficient
traditional energies. Apparently, renewable energy sources can
be used in many applications which include generating cheap
electricity for the deprived communities in the desert areas in
addition to powering the desalination plants for producing the
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needed drinking clean water. As examples, the wind turbines
have been used in wind farms to produce cheap electricity [1,
2]. Moreover, the desalination plants near the seas beach can be
powered using solar or wind energy [3-5]. Also, a widespread
scientific study in this regard was presented by Ramkissoon et
al. [6] to assess the renewable energy sources' potential
development in operating a water desalination plant in Trinidad.
Unfortunately, on the other hand a few communities in some
areas around the world, as on a certain island in Greece, are
resisting the renewable energy usage in their regions as
discussed by Kaldellis [7]. Generally, there are many research
work challenges accompanied by the different renewable
energy systems which are developed for generating the needed
energies [8,9].

Currently, wind energy has attracted several researchers as
one of the important domains of renewable resources in
addition to its encouraging opportunities for application in
several fields. Most of the research work in the renewable
energy field is focused on determining the proper approaches
for energy generation in a particular scenario [10] or to improve
the efficiency of a certain system [11].

Commonly, two types of wind turbines can be used to
convert wind energy to power generation. Those two main
types are the Horizontal and the Vertical Axis Wind Turbines
known as HAWT and VAWT. Intensive studies devoted to
compare HAWT and VAWT performance at typical wind speed
range are presented in [12-14].

Generally, HAWT is only economically valuable at steady
high-speed wind as discussed in [13-16]. Furthermore, VAWT
preserves its performance independently of wind direction.
Also, VAWT has a simplified construction design and it can
efficiently work via simple maintenance in addition to low cost
of operation. Therefore, VAWT is appropriate for using it as
dispersed units in rural communities. Moreover, new wind
turbines' designs for generating cheap electricity, such as the
floating offshore wind turbine were presented in [1, 17-18].
Furthermore, offshore VAWT can be used in compressed air
energy storage system [19, 20]. The common shape of the
VAWT blades that can be effectively employed is the Savonius
type blades. Moreover, different Savonius blades' shape
optimization of VAWT was presented in [21].

The VAWT performance analyses in addition to the flow
field assessment are focused by many researchers [22-24].
Some research works were focused on manufacturing
appropriate prototypes, which were experimentally assessed in
wind tunnels, to investigate their performance [25-28].
Moreover, widespread studies were concerned with the
computational fluid dynamics (CFD) usage [29-31]. These
studies were dealing with the wind turbine simulations by
focusing on the aerodynamics and air flow. Otherwise, many
research works were focused on the use of composites and
polymer based materials in VAWT blades. As examples, an
intensive study for studying the feasibility of using fiber-
reinforced polymer composite in VAWT blades was presented
by Zhong-Jia et al. [32]. It was concluded that the light blade
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weight resulting from the low density of the blades composite
structure could significantly enhance the efficiency and the
performance of the wind turbine which has composite blades.
Furthermore, a concentrated study dealing with Finite Element
(FE) analysis of a composite VAWT blade was introduced by
Hameed et al. [33] for studying the effect of the centrifugal
forces on the deflection of wind turbine's blade. Moreover, Lin
et al. [34] presented a structural analysis study considering the
ultimate strength analysis of VAWT composite blades to
determine the fatigue-critical locations of the turbine's blades.
Also, a widespread study dealing with composite blades' fatigue
of large Darrieus VAWT was introduced by Kumar et al. [35].
They inferred that most of the turbine failures are related to the
blade's fatigue due to constantly aerodynamic force variations
on each revolution. The dipping of inorganic nanoparticles
(NPs) into epoxy not only improves their mechanical
properties, but also enables to overcome their shortcomings
from the point of view of some practical usages by enhancing
their flame-retardant, thermal stabilization and other properties
[36].

Savonius type wind turbines reduced efficiency was
considered by many research works. In order to increase the
output torque, modified blades and rotor designs were adapted
through the optimization of blade profile and using obstacle
shielding to eliminate the negative torque of the non-active side.
El-Askary et al. [37] studied the performance of a twisted
Savonius wind blade rotor with a modified profiles at various
overlap ratios and aspect ratios. Whereas Mohamed et al. [38]
achieve their objective through optimizing the position of an
obstacle that shields the returning blade of a Savonius wind
turbine. This optimization process led to a considerable
improvement of the power coefficient in the range of 27%.
Khader and Nada [39] also used a rotating shield to orient the
inlet flow and used crank-crank mechanism to reorient his
model blades to improve its performance.

The objective of this research work is to improve the
dynamic performance of VAWT composite blades' structure by
using reinforced blades composite material with Zinc-Oxide
(Zn0O) Nanoparticles. To evaluate our goal, a VAWT prototype
of multistage Savonius composite blades is manufactured to
perform necessary vibration and ultrasonic tests and assess the
prototype performance. The theoretical and experimental
natural frequencies of the prototype are evaluated to ensure that
the proposed model is capable of rotating at considerably high
speeds without being exposed to resonance problems. On the
other hand, the effect of changing the shift-angle between the
turbine blades stages (layers) on the prototype efficiency was
assessed.

Il. GUIDELINES SYSTEM MODELING

In this section, a comprehensive system modeling of a four
blades Savonius vertical wind generator is presented for
assessing the proposed model power coefficient along with the
natural frequencies and mode shapes. Also, the system
modeling is considering the ultrasonic diagnostics. First, a
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mathematical model is presented for evaluating the power
coefficient of the model that is provided with one stage (layer)
of four Savonius blades. Then, system modeling is obtained for
evaluating the natural frequencies and mode shapes of the
model. Finally, the ultrasonic diagnostics details are presented.

A. Mathematical Model for the Proposed Savonius VAWT
Power Coefficient

The vertical axis wind turbine which is provided with four
Savonius blades is shown in Fig. 1.

Fig. 1. Four Savonius blades' VAWT

With the assumption that the whole wind energy hitting the
mating blade surface area is consumed to move the blades, the
theoretical maximum power (Pmax) can be expressed as follows;
P.x =05 pAV 3 Q)
where: (p) is the air density, (V) is the wind velocity and (A) is
the mating blades surface area. The area of the blade is the
product of the blade height (H) with its width (W).

The instantaneous power (P;) of this turbine depends on the
effective blades area facing the wind as shown in Fig. 2. This
power can be expressed as follows;

P=05pwW,HV? )
where (we) is the apparent width of the blades. This width
(We=Ywei i1, 2, ..) differs with respect to the blade angle (8). The
previous relation of the turbine power can be rewritten as
follows;

P=Kw, 3
where the value of (K) can be expressed as;
K=05pHV? (4)

Therefore, the power (P) of the proposed four Savonius
blades turbine can be expressed through its quasi-active
revolution as;

p-K jwe do (5)
27 2,

From the design presented in Fig. 2, it can be observed that
at most three blades can be in the active side. Therefore, the
power (P) can be calculated within three different intervals
through the half active revolution which comes from the
movement of the first, second and fourth blade, respectively.
This power depends on the blade width (wej, j=1, 2 and 3) of the
three intervals, respectively. The calculated power (P) within
the half active revolution can be considered as;

=3 %
P:£ijejd9 (6)

7T j-19=0
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Fig. 2. Orientation of four Savonius blades' VAWT

At the beginning, the first interval which is computed from
the first blade begins from (6= 0) till (6= 6i). The width (we1)
of the first blade exposed to the wind starts from a value equals
zero. Then this exposed width increases till it reaches its
maximum value when (6= 6). After that, (we1) decreases
again to reach a value equals zero at the end of this interval
when (6= 64). This width can be expressed as follows;

w,, =W sin9+lcose—1 (7
el 2 2

Where;

6, =z —sin"(0.8), and 6, 2[%)

6, =tan™(2), 0, <(%) ®)

While the second interval, which is associated with the
motion of the second blade, begins from (8= 0) till (6= &). At
the beginning of this interval, the second blade starts to move
with its maximum exposed width equals to (0.5W), then, this
exposed width decreases till value equals zero by the end of this
interval at (6= 6). This exposed width (we2) can be expressed
as;

w,, =W cosé*—lsinb?—1 9
2 2
Where;

6, =sin(0.6),and 0 < 6, < (%) (10)

Finally, the third interval, which is owing to the motion of
the fourth blade, starts at (6= 0.5x) and it finishes at (6= n).
The width (wes) of the fourth blade also begins from a value
equals zero when (6= 0.5m), and then this exposed width
increases till it reaches its maximum value when (6 = 6i). After
that, (wes) decreases again to reach value equals (0.5W) at the
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end of this interval when (6=
as;

7). This width can be expressed
w,, =W (—cose+%sin6—%j,

0, =r—tan(05),6, > (%) (11)
The relation between the relative width (wei/W) and the
rotating angle (&) is illustrated in Fig. 3. The relative width is
the ratio between the exposed width of each blade (wsi, j=1, 2
and 3) and the blade width (W). Furthermore, the relation
between the summation of the exposed blades width (wei, j=1,2
and 3) divided by (W), against the angle (&) is shown in Fig. 4.
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Fig. 3. The relative width of the first, second and fourth blade
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Fig. 4. The summation of the exposed width

Thus, the power (P) from the half active revolution, attained
from the summation of each blade power (P = Ps; + Pz + Ps3),
can be expressed as;

by

P, = WK j(sm6+ cos@——)d@ (12)
7T .l 2

Or4

P, _WK | (cosa—lsine—ljde (13)
T 5 2 2

P53=V£ ( cos¢9+1sm49——jd0 (14)
272— 0=0.57 2

Therefore, the preceding three equations can be computed
to evaluate the total power from the half active revolution of the
proposed model And (P) can be calculated from;

P _—ZC

where the values of (Cj, j=1, 2 and 3) can be formulated as
follows;

(15)
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C, =—(cos@, —1)+%sin 6, —%6’1, (16)
. 1 1
C, =siné, +§(cosé’2f —1)—592f a7
6-7
cC,=—= 18
- (18)

Generally, the total power generated from the whole
revolution is the double of the half active revolution power.
Accordingly, the power coefficient (Cr) of the proposed model
with four Savonius blades can be expressed as;

WK & 1
C, = Z—ZC,- nNE - AVv3
T j=1 OSpASV

where (A;) is the exposed area of the four Savonius blades
model (As=2WH). Consequently, the theoretical power
coefficient (Ct) of the four Savonius blades model can be
computed from;

1 3
-—5c.

Performing all the previous calculation, it has been found
that the theoretical power coefficient (Cr) of the four Savonius
blades model equals to (0.2843). It is to note that the effect of
non-active side of the blades is expected to be in the range of
20% [38]. But it is not included in the calculation since the
model adopted the obstacle shielding mechanism.

(19)

(20)

B. Finite Element and Natural Frequency Analysis of the
Proposed Model

Enhancing the VAWT performance is the main concern of
the wind energy field's researchers. In this regard, the Finite
Element (FE) analysis can be applied as an effective tool
through modeling the VAWT [40]. Furthermore, the usage of
FE for analyzing the VAWT performance can assess its natural
frequencies and mode shapes. Hence, the danger of sudden
collapse in addition to resonance scenarios can be avoided
through running the turbine with the appropriate rotating speeds
far from the speeds which can cause resonance [41]. Intensive
research work is introduced in [42], which deals with the
dynamic behavior of VAWT structure using the numerical
simulation via FE in addition to ANSYS software.

To assess the Eigenvalues of multi-degrees of freedom
systems considering only the free vibrations and ignoring
damping, the equation of the system motion can be written as
follows [43];

M KHu}+[K Hu}={0} (21)
where {u} denotes the Eigenvectors, [M] is the mass matrix,
and [K] denotes the stiffness matrix.

The following equation can be formulated as follows;

(IK]-@’[M]){u}={0}, where u=Usin(et) (22)

where (®) is the angular frequency which it is equal to the
square roots of (K / M) and is denoted Eigenvalues. Moreover,
() is the structure's circular natural frequencies in cycles per
second which can be evaluated as follows;

w
f =— 23
or (23)
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Here, the eigenvectors {u}i can be evaluated using ANSYS
software for representing the mode shape when the VAWT
blades vibrate with f;, where i=1, 2, 3,..., n.

Numerical modal analysis can be created dealing with (FE)
for the multi-stage model which is shown in Fig. 5, using
ANSYSS software. This model is implemented to get the model
natural frequencies and mode shapes. Here, the arrangement
and (FE) mesh refinement of the model contact elements are
one of the main effective analysis parameters for getting
accurate results. This arrangement and mesh refinement of the
model contact elements are shown in Fig. 6.

Fig. 5. Multi-stage Savonius type model

Fig. 6. Arrangement and mesh refinement of the model contact elements

C. Ultrasonic Diagnostic of the Blades

The attenuation coefficient and the phase velocity are
important parameters which can be calculated to assess the
composite material robustness [44-46]. Moreover, the
magnetostractive pulse-echo technique can be effectively used
for evaluating the attenuation coefficient () and the phase
velocity (Cp) as discussed in [47, 48]. The attenuation
coefficient (¢) and the phase velocity (Cp) in addition to the
dynamic Young's modulus (Eq) can be calculated using the
following relations as in [47, 48];

-20 A,
o~ g e o3 “
C,= Zt—" (25)
E, =pC; (26)
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where An and A, are the maximum amplitude (voltage) of mt"
and n'" pulse echoes, respectively. Also, (L) is the wire and
specimen length. Besides, (t) is the time and (p) is the denoted
mass density.

III. PROTOTYPE BUILDING AND TESTING

An appropriate prototype is built for assessing the dynamic
performance enhancement of the proposed model. This
prototype consists of three stages (layers) of four Savonius
blades. The blades of this prototype are fabricated from a
composite materials reinforced by zinc-oxide nanoparticles.

Firstly, specific scientific experimental procedures are
employed for preparing the required zinc-oxide nanoparticles to
reinforce the proposed model composite blades. These prepared
nanoparticles can be added through forming the model blades.
Finally, the required vibration tests in addition to the ultrasonic
diagnostics for the proposed prototype are performed. The
details of the procedures that have been followed for building
and testing the prototype are explained in the following
subsections;

A. Synthetization of the Zinc-Oxide Nanoparticles and

Fabrication of Blades

The polymer-pyrolysis route has been used to synthesize
ZnO NPs. Zinc acetate dehydrate (Zn(CHs;COQ), 2H:0,
Sigma), acrylic acid (CH,=CHCOOH, Merck Millpore) and
ammonium persulfate (APS) have been wused in the
synthesization route without additional purification. The used
synthetic route has been reported elsewhere [49, 50] with
modification in the used quantity of the used precursors. In the
typical route, 0.6M of Zn(CH3COO); was dissolved in 30 g of
acrylic acid (AC) aqueous solution (AC: distilled water = 70:
30 wt.%) at room temperature. After a complete dissolving of
the Zinc salt, 1.5 g from APS aqueous solution at 5 wt.%
concentration was added to the prepared Zinc acetate-AC
solution. Then, the temperature of the solution raised and
maintained at around 75 °C for 45 min. The formation of
polyacrylate salt was observed after such time of heating. The
formed polyacrylate salt was dried at 250 °C for 2 h. Thereafter,
the dried polyacrylate was calcined at 600 °C for 2 hours in the
air to get ZnO nanoparticle powder. The obtained powder is fine
with off white color as typical ZnO NPs.

The prepared ZnO nanoparticle powder is mixed and stirred
in the epoxy at the room temperature for fabricating the
composite blades. Five different composite blades are
fabricated using five different volume percentages of ZnO
nanoparticle (0%, 0.1%, 0.3%, 0.5%, and 0.7%). These
manufactured blades of one stage of the proposed model are
shown in Fig. 7. The composite blades are manually fabricated
by adding ZnO NPs to polyester. A bidirectional fabric form is
used through fabricating the blades in PVC dies. These dies are
half cylinders’ PVC tubes that have 150 mm diameters and 150
mm length in all stages. The turbine blades have a shift distance
20 mm to outside between each other with no overlap. The
turbine rotor dimensions were 450 mm x 280 mm.
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Fig. 7. The manufactured VAWT composite blade

B. Characterization

The XRPhillips X’pert diffractometer of type MPD3040
was used in the examination of the crystal structure of the
synthesized. The used monochromatic source of X-ray is CuK,
source with wavelength (1) = 1540.6 A. The X-ray diffraction
(XRD) pattern was recorded using a step-scan mode through 26
range from 20° to 80° with a step size of 0.02°. Also, the
morphology of the synthesized particles was characterized
using high resolution transmission electron microscope
(HRTEM) of type JEM-2100. The morphology of the fabricated
epoxy/ZnO nanocomposites was characterized using field-
emission scanning electron microscope (FE-SEM, Quanta
FEJ20).

C. Structure and Morphology Characterization of ZnO
Nanoparticles

The recorded XRD pattern of the synthesized ZnO sample
is shown in Fig. 8. The obtained diffraction peaks reveal the
formation of ZnO with a wurtzite structure according to
standard data of card (no. JCPDS-36-1451). Moreover, the
calculated lattice constants are ¢ = 3.247 A and a = 5.199 A that
are in well agreement with those specified in the standard data
(a=3.249 A & ¢ =5.206 A) of card (no. JCPDS-36-1451). The
mean value of the strain (¢) was calculated according to the
following relation;

e=2"% . 100%

CO
where: co is the lattice constant of the unstrained ZnO bulk
(5.206 A) [51]. The calculated value of (¢) from the previous
equation is found to be —11.5x10* %. This small negative value
refers to the compressive limited strain in the crystal lattice. The
crystallite size (D) of the synthesized ZnO sample was
estimated from line broadening of the highest intensities for the
preferred plane orientation (hkl) at (100), (002) and (101) using
Scherrer formula [52] as follows;

0.91

ﬁhkl Cosgkhl
where: (Bna) is the full-width at half maximum (FWHM) of the
diffraction peak, (6h) is the Bragg angle at (hkl) plane, and (1)
is the wavelength of the used X-ray source. The estimated
values of (D) using Scherrer’s equation for the preferred plane
orientations (100), (002) and (101) are 43, 43.6 and 41.8 nm,
respectively. Such values emerge that the synthesized ZnO
powder is nanostructured with close size in most preferred
orientations.

The HRTEM micrographs of the investigated sample are
shown in Fig. 9. The micrographs emerge the formation of well-
defined nanoparticles with agglomerated structure. The
obtained shape of the particles is almost hexagonal

(27)

(28)
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nanoparticles with average particle size ~ 70 nm. Moreover,
Fig. 10 shows the micrograph image of epoxy/ZnO
nanocomposite sample with 0.3 vol.% ZnO nanoparticles as an
example of the investigated epoxy nanocomposites. The yellow
rectangular frames in such a figure refer to ZnO NPs
distribution sites. As shown from such a figure, there is good
dispersion of the NPs nanoparticles throughout the epoxy that
is indicating a reasonable interaction between ZnO NPs and
epoxy.
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Fig. 8. XRD pattern of the synthesized ZnO sample

) (10

Alas

Fig. 9. TEM micrographs of the synthesized ZnO sample

Fig. 10. FE-SEM micrograph of epoxy/ 0.3 vol.% ZnO nanocomposite
with 50 000x magnification and 2-um scale

D. The Proposed Prototype Building

A suitable prototype is built for assessing the dynamic
performance enhancement of the proposed Savonius type
model. This prototype is shown in Fig. 11, which consists of
three stages (layers) of composite blades. The composite blades
of this prototype are manufactured using the prepared zinc-
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oxide nanoparticles. Each stage of the composite blades
contains four Savonius blades which are arranged and fixed
between two wooden disks. Moreover, the middle blades' stage
can be adjusted with a different shift angle related to the other
two stages. An accurate three-dimensional mechanical design
of the proposed prototype has been created using SolidWorks
Software [53]. Therefore, the required prototype fabricated to
facilitate the required tests to compare the experimental results
with that of the theoretical analysis.

Fig. 11. Three stages composite blades of the prototype

E. Vibration Tests

The prototype experimental vibration tests were performed
to investigate the frequency response. These tests accomplished
using B&K-tri-axial piezoelectric (type-4506) and B&K-data
acquisition (type 3160) which is connected with the computing
laptop as shown in Fig. 12.

Fig. 12. Vibration tests of the prototype

F. Ultrasonic Diagnostic Test

The significant parameters as the attenuation coefficient in
addition to phase velocity can be evaluated using the ultrasonic
test arrangement which is shown in Fig. 13, for assessing the
proposed model blade material robustness. This arrangement
can be used for obtaining the specimens' longitudinal modes
using the resonance frequency spectra.

M: 45
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Fig. 13. Schematic diagram of the ultrasonic test arrangement

Moreover, a general burst of mechanical oscillation can
excite the tested bonded composite elements along their main
lengths with the specific natural frequency or at one of the
harmonic frequencies of the specimens.

G. Wind Tunnel Test

To evaluate the power coefficient, the prototype was tested
using a wind tunnel having a maximum wind speed of 12 m/s
at outlet. The wind tunnel shown in Fig. 14 has a length of 1500
mm with a square outlet (450x450 mm).

=T

Fig. 14. Wind tunnel used for the evaluation of the power coefficient

To evaluate the power coefficient, a suitable resistance
coupling torque was applied around an appropriate pulley
which was mounted with the turbine's rotating shaft. Whereas
the load was evaluated using different weights, rough rope and
digital scale. Meanwhile, the corresponding angular speed of
the turbine was measured using Digital Laser Photo
Tachometer. Therefore, the measured power is the factor of the
resistance torque and the corresponding measured angular
speed.

IV. RESULTS AND DISCUSSIONS

The ultrasonic diagnostics tests are performed dealing with
five different specimens of the composite blades to measure the
values of () and (C;) in addition to (Eg) considering the first
two echoes. These values are listed in Table 1 for five different
specimens have volume percentages of ZnO nanoparticle (0%,
0.1%, 0.3%, 0.5%, and 0.7%). The obtained values indicated
that the values of (C, and Eg) have an increasing trend
associated with the increasing rate of the ZnO volume
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percentage. On the other hand, ({) has opposite trend. The
maximum values of (C, and Eg) in addition to the minimum
value () are corresponding to the ZnO volume percentage
equals 0.7%, where increasing the volume percentage of ZnO
resists the wave propagation path in the specimen. Moreover,
the specimen of zero ZnO volume percentage has the highest
value of the attenuation coefficient. This is related to the
dissipation energy and damping effects via ZnO NPs. These
damping effects may be related to the viscoelastic nature of
matrix in addition to fiber materials as well as viscoelastic
damping at large amplitudes of vibration. Also, the frictional
damping effect can happen due to slipping in unbound regions.

TABLE 1

Values of (£), (Cp) and (Eq) for different ZnO volume percentages
Volume % of ZnO C Cp [mis] Eq [GPa]

0 0.00913 3337.3 9.08

0.1 0.00725 3635.3 12.45

0.3 0.00526 4050.4 17.26

0.5 0.00343 4403.5 20.15

0.7 0.00201 4981.9 24.69

The composite blades of the tested prototype are fabricated
using a volume percentage of ZnO NPs equal to 0.3%. Here,
this ZnO volume percentage is selected as a moderate value
with reasonable manufacturing costs.

The power coefficient of this model is evaluated
experimentally by evaluating the rotational speed and the
corresponding torque at different wind speeds (V m/s). The
corresponding power can be computed as the product of the
torque with the equivalent angular velocity. Hence, the
experimental power coefficient is calculated by dividing the
computed power by (0.5p AV3, where As = 2WH). First, the
experimental power coefficient was evaluated at seven different
shift-angle of the middle blades layer related to the other two
layers at a wind speed equals (9 m/s), for assessing the effect of
changing the shift-angle on the efficiency of the prototype. The
relation between the shift-angle and the experimental power
coefficients is shown in Fig. 15. This relation indicates that the
maximum power coefficient occurs at the shift-angle = 45°.
Thus, both the theoretical and experimental power coefficients
are illustrated in Fig. 16, for different wind speeds within the
range (4.1 <V <10 m/s) and the shift-angle = 45°. The values
of the theoretical and experimental power coefficients of the
prototype approximately have the same trend.
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Fig. 15. Effect of shift-angle on experimental power coefficient
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Fig. 16. The prototype power coefficients at different wind speeds

The theoretical natural frequencies of the prototype and
mode shapes are evaluated. Furthermore, the equivalent
experimental natural frequencies are presented by inspecting
the measured frequency response. Two examples of the
measured frequency response (which is the main parameter for
assessing the required natural frequencies) in addition to the
coherence function of the prototype using a volume percentage
of ZnO equals 0.3% are shown in Fig. 17 and Fig. 18,
respectively. Besides, the first four mode shapes of the
prototype are shown in Fig. 19.
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Fig. 17. Frequency response function using Vol 0.3% ZnO
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Fig. 18. Coherence function using Vol 0.3% ZnO
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Mode3

Both the theoretical and the experimental natural
frequencies of the model are presented in Fig. 20, with respect
to different four mode shapes. The experimental prototype
natural frequency values are similar to their equivalent
theoretical ones for the first four-mode shapes. The value of
natural frequencies increases when the value of the volume
percentages of ZnO increases. Both the theoretical and
experimental natural frequencies have high values, especially
for the third and the fourth mode shapes. Therefore, the model
can safely rotate with rotational speeds less than the values of
these frequencies.
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Fig. 20. Natural frequencies (Hz) at different volume percentages of ZnO

V. CONCLUSION

This paper is mainly concerned with enhancing the blades'
structure of a vertical axis wind turbine, which is appropriate
for countries that have a reasonable wind speed. The blades'
structure of this kind of turbines can be improved for increasing
its durability through reinforcing its light composite blades
using Zinc-Oxide nanoparticles. Moreover, the obtained results
about epoxy/ZnO-NPs nanocomposites confirm the significant
role of inorganic NPs, with a good degree of dispersion
throughout the epoxy matrix, in the improvement of the
mechanical performance of epoxy composites to be qualified
for real-use applications.
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A multistage (layers) of Savonius blades VAWT prototype
is built for performing the necessary ultrasonic and vibration
tests to assess the performance of the proposed design. Also, a
simple theoretical model is presented to assess the theoretical
power coefficient (Cr) of this proposed VAWT. Moreover, the
effect of the shift-angles between the blades' layers on
experimental power coefficient (Cgx) has been evaluated. The
tests indicate that the maximum (Cegx) of the VAWT which has
three stages of blades occurs at shift-angle equal to (45°) of the
middle stage related to the other stages. Furthermore, five
different VAWT composite blades having five different ZnO
volume percentages (0%, 0.1%, 0.3%, 0.5%, and 0.7%) are
tested for assessing their values of the attenuation coefficient
(¢) and the phase velocity (Cy) in addition to the dynamic
Young's modulus (Eg).

The manufactured prototype has been used for measuring
the experimental natural frequencies to compare it with the
theoretical natural frequencies. The values of the experimental
natural frequencies are found to be similar to their
corresponding theoretical values for the first four mode shapes.
Furthermore, the values of the experimental and theoretical
natural frequencies have significantly high values, especially
for the third and fourth mode shapes. Therefore, the proposed
model can rotate with large rotational speeds lower than the
values of the fourth mode shape's frequencies to avoid the
resonance scenarios risks.

The results of this research reveal that the more the ZnO-
NPs, the better the performance of the composite blades
VAWT. However, in real case scenarios, tradeoffs between the
cost and performance have to be considered.
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