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INTRODUCTION

Wind energy is absolutely free to use and available
everywhere around the world. It releases no pollution into
the atmosphere after consumption. Because the use of wind
energy can efficiently decrease the consumption of fossil
energies while reducing greenhouse gas emissions, it is pres-
ently receiving more attention than ever before to address
the situation of the energy crisis [1-3]. The low speed wind
turbine is currently the hot issue for harvesting power from
the wind. A wind turbine can be classified based on the
alignment of its rotation axis, which are called either hor-
izontal axis wind turbines (HAWTs) or vertical axis wind
turbine (VAWTs). Nowadays, HAWTs are installed for elec-
tricity production globally in large-scale commercial wind
power stations, both offshore and onshore [4-6]. There are
two main types of VAWTs that are used, including drag
force (Savonius) and lift force (Darrieus) [7]. Additionally,
VAWTS are clearly popular due to the following advantages
[3]: (1) Easier construction and design, enhanced safety for
immigrating birds, lower noise emission; (2) Lower main-
tenance costs due to the drive train including the gearbox,
generator and beak that are placed near the ground; (3)
Lower manufacturing costs for the duplication of the airfoil
design in VAWT blades; (4) Independence from the wind
direction because of the low cost and troublesome yaw sys-
tem that is required.

Micro-wind turbines are gaining interest for placement
in urban areas. However, the turbulence of the wind flow
needs to be investigated as it is major feature of the air flow
in an environment based on the turbulence generated by
many properties such as high intensity, and sizeable veloc-
ity fluctuations with large vertical components due to the
existence of buildings in a city. The wind direction in urban
areas changes easily and affects the poor performance of all
types of wind turbines [8]. Nevertheless, recent develop-
ment of VAWTs revealed the performance of this turbine
could be enhanced with higher turbulence intensity for a
homogeneous isotopic turbulence flow. Further, it may be
a better option than HAWTs when applied in urban areas
[9]. Moreover, the design for combining many VAWTs to be
wind farm with tree structure can be harvested electricity
power and beautiful wind turbine [10, 11]. Therefore, the
VAWT can be continuously developed for the micro-wind
turbines.

Based on biomimicry, the pectoral fins belong to hump-
back whales that helped as the general for the aerodynamic
idea of leading edge tubercles (LET). To advance their
swimming higher efficiency, humpback whales have oper-
ated perfectly a series of tubercles or bumps along the lead-
ing edge of their fins. These tubercles fabricat small vortices
on the surface of the pectoral fin that lessen drag and ener-
gize the flow [12]. Geometry plant leaf optimizations simu-
lated by Liu et al [13], demonstration of wind blades based
on the plant leaf structure performed better structural and
mechanical properties such as the static strength, stiffness,

and fatigue life compared to the general structures [14].
DTU Wind was indicated which basically all typical wind
turbine blade degradation mechanisms such as buckling,
coating detachment, trailing edge failure, spar cap/shell
adhesive joint degradation. It have revealed their roots in
interface degradation. There was development of biomim-
icry inspired dual-mechanism-based interface adhesives
that served combining mechanical interlocking of fibers
and chemical adhesion that possible adhesive joint separat-
ing parts for re-use of the blade parts [15].

The main component of the VAWT wind turbine is
the blades, which should be investigated higher efficiency.
The biological approach has been used to design blades
that mimic the shape of triplaris samara seeds and maple
seeds, which cause the geometrical properties to fabricate
typical lift force [16]. These flying flowers produce stable
leading-edge vortices (LEV) which boost the lift force while
descending [17]. Although the blades of the wind turbine
cannot be directly descending, it can duplicate the geome-
try of the wing part of the seeds and form them into blades
to increase the lift produced by the VAWT with higher effi-
ciency. The LEV can be evoked near the base of the wing
that should be reliant upon the geometry of the wind, angle
of attack and Reynolds number [17]. Moreover, Diptero-
carpus alatus is the one of flying flowers that can produce
lift force that has been determined for the terminal velocity
of the seeds [18].

This investigation studied the characteristics of Diptero-
carpus alatus in terms of its geometrical properties for use
in VAWT blades. The condition of blades were changed,
including the number of blades, angle and Aspect Ratio
(AR). The airfoil of Diptero-carpus alatus was tested by a
wind tunnel at 1-10 m/s wind speeds to compare revolution
per minute (rpm), and the action of starting up of turbine
(Cut in). Acrylic materials were used to form the VAWT
blades.

MATERIALS AND METHODS

Materials

The small wind tunnel was designed to investigate the
original Diptero-carpus alatus flower aerodynamics. The
small wind tunnel was produced from acrylic materials with
0.003 m thickness and 3.8 m length of tunnel. The contents
for 3 parts of the wind tunnel are shown in Figure 1 (a).
Part number 1 shows the 0.8 m length square-based pyra-
mid shape that is connected with 0.5 x 0.5 m diameter in the
front and the 0.3 x 0.3 m diameter connected honeycomb
(hole with 0.002 m diameter) to generate the smooth air
flow. Part number 2 shows the 2 m length longer cube shape
that is combined 0.3 x 0.3 m diameter and Diptero-carpus
alatus flower installed at the middle side, which composes
the mini shaft and bearings. Part number 3 shows the 1.0 m
length square-based pyramid shape that is connected to 0.6
x 0.6 diameter fan section and 0.3 x 0.3 diameter connected
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to the longer length cube shape. The fan produced wind

speed from 0-6 m/s using a 1 hp motor that sucks wind flow

s

ot b g
Tachometer

Figure 1. A small wind tunnel used to investigate the orig-
inal Diptero-carpus alatus flower aerodynamics showing
(a) the structure of the small wind tunnel and (b) the in-
stallation of an anemometer to measure wind speed and a
tachometer to measure the revolution of the sample.

from part number 1 of the tunnel. Figure 1 (b) shows the
installation of an anemometer for measuring wind speed
and a tachometer for measuring the revolution of the sam-
ple. The anemometer used GM8903 Hot Wire (Resolution:
0.1°C, 0.001m/s) from Shenzhen, China. The tachometer
used Digital Photo DT-2234C* (Resolution: 0.1 rpm) from
Shenzhen, China.

Figure 2 shows the wind tunnel used to investigate the
properties of the VAWT blades. The wind tunnel contained
a 0.002 thickness metal sheet, 4.2 m length and 1.2 x 1.2
m diameter. The wind tunnel can be used for investigation
of 12 sections. 1) The blade model was fabricated from an
acrylic sheet 0.003 m in thickness that was designed from
the Diptero-carpus alatus flower shape. 2) The shaft and
screws can be adjusted and supported by the arm stick
and circle plate. The screw at the shaft and arms stick were
scaled for the varied angles of VAW Ts blades and the circle
plate was scaled for the varied degrees of VAWTs blades,
as shown in Figure 3. 3) The honeycomb (holes with 0.003
m diameter) was 1.2 x 1.2 m in diameter that controlled
smooth airflow. 4) The 5 fans produced wind speeds of
1-10 m/s, which used 1 hp induction motors. 5) The elec-
trical controller circuit used a 5kW inverter for controlling
5 motor induction generated 1-10 m/s wind speed. 6) The
anemometer for measuring wind speed used UNI-T UT363
ranging between 0-30m/s. 7) The torque meter for measur-
ing torque force used DRBK-A 0 with a range of (1-100
Nm). 8) The tachometer for measuring revolution used
Digital Photo DT-2234C* (Resolution: 0.1 rpm). 9) The
mechanical load of VAWT wind turbine used Drum brake.
10) Wind inlet of the tunnel. 11) Wind outlet of the tunnel.

Figure 2. Wind tunnel used to investigate the properties of VAWT blades.
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Etment Screw/

VAWTs blade

Figure 3. VAWT blade based on Diptero-carpus alatus
flower that can be adjusted for blade angles.

12) The 12V power supply for torque meter. 13) Digital
multimetre (PM8236) for measuring the signal from the
torque meter and transform to record on a laptop computer.
14) Laptop computer (ASUS TUF Gaming FX505DT) for
recorded torque values.

Experimental Blade Design

Figure 4 shows the original Diptero-carpus alatus flower
used to fabricate the VAWTs blade. Diptero-carpus alatus
grows from March-April every year, and the flowers are
harvested from Kuen-Mahachai Village, KuenSri district,
Nasan canton, Surat-Thani, Thailand. The Diptero-carpus

Figure 4. Original Diptero-carpus alatus flower for fabricat-
ing the VAWTs blade. (a) The Diptero-carpus alatus flower
installed in a small wind tunnel; (b) The upside-down Dip-
tero-carpus alatus flower installed in a small wind tunnel.

alatus flower must be a perfectly selected seed. Lacquer was
sprayed on the flower against the decadent flower, which
increased the strength of the flower when operated in
the experiment. Figure 4 (a) shows the experiment of the
Diptero-carpus alatus flower installed in a small wind tun-
nel, and Figure 4 (b) shows the experiment of the upside-
down Diptero-carpus alatus flower installed in a small wind
tunnel.

Figure 5 shows the duplication of Diptero-carpus ala-
tus flower using grid paper with 1 mm resolution. Figure
5 (a) shows the Diptero-carpus alatus flower deposited
on the grid paper that can make the position of the curve
inside and the physical curvature of the flower. Figure 5 (b)

(b)

_._l

~N
000000

Figure 5. Duplication of Diptero-carpus alatus flower using
grid paper with 1 mm resolution, with (a) showing the Dip-
tero-carpus alatus flower deposited on the grid paper, (b)
showing the curve inside Diptero-carpus alatus flower with
different positions at 1 to 7, and showing the width of Dip-
tero-carpus alatus flower, (c) showing the physical curvatu-
re of Diptero-carpus alatus flower.
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shows the scale of the width of the flower, which was in the
range of 40 mm maximum, while the curve exhibited inside
ranged up to 5 mm maximum, which was measured from
7 positions of the Diptero-carpus alatus flower. Figure 5 (c)
shows the physical curvature of the Diptero-carpus alatus
flower. The width was 45 mm maximum and height was 85
mm maximum.

The VAWT blade was duplicated from the original
Diptero-carpus alatus flower to be the scale shown in
Figure 5, after which the scale was expanded 100 times
using an acrylic sheet, thus forming a curvature as a
procedure, as shown in Figure 6. Figure 6 also shows
the procedure for forming the VAWT blade that used
the acrylic sheet materials. The mould fabricated from
Expandable Polystyrene (EPS) is exhibited in Figure 6 (a)
with foam materials, which easily produced a curvature
on the mould, as shown in Figure 6 (b). The surface of
the mould should be stronger for compaction and high
temperature than coated Polyester putty cream, as shown
in Figure 6 (c). The acrylic sheet was shaped following the
design after being heated in a furnace until the sheet was
soft, which was then deposited in the mould, as shown
in Figure 6 (d). The soft acrylic sheet was compacted by
2 moulds that could control the shape under design and
then left for more than 15 minutes to form the saturated
acrylic sheet, as shown in Figure 6 (e-f).

Figure 6. Procedure for forming a VAWT blade. (a) The
mould for forming the VAWT blade used Expandable
Polystyrene (EPS) foam materials. (b) Producing a curve of
VAWT blade based on the design. (c) Polyester putty cream
coated on the mould with a stronger surface. (d) Acrylic
materials were shaped for the VAWT blade that was heated
in a high-temperature furnace. (e) After the Acrylic VAWT
blade is heated, it should be soft for easy forming. (d) Com-
paction of soft Acrylic VAWT blade in the EPS form mould.

Figure 7 shows the parameters for the shape of the fruit
and its sepals using dried fruit and wings from the Diptero-
carpus alatus. Figure 7 also reveals the blade element in the
plane perpendicular to the wing span. Here, ¢ is the angle
of the relative wind, « is the angle of attack, L and D are
the lift and drag components, respectively. Fy exhibits the
vertical forces resulting from F; and Fp,. The camber pro-
file is declarative by the curvature of the blade element.
The angular frequency is provided by 8 = 2n f, where fis
the rotational frequency [18]. While a vertical motion of
Diptero-carpus alatus depends on the components of life
force Fy, drag force Fj, and the gravitational force F. The
magnitude of F; and F, on the Diptero-carpus alatus can
proportional to life and drag coeffients, C; and C, repre-
sentively. Thereforce, it can be combined the total forces as
shown in Equation (1).

|F; + F, + Fpl = —mg + A v? (1)

Where v is the relative wind at the blade and a constant
A, m is mass and g is acceleration due to gravity as shown
in Equation (2)

A= 2pA(C,+Cp) @)

Where A is the area of the blades of Diptero-carpus
alatus and p is the air density (approximately 1.225 kg/m?).
Particularly, the drag and life coefficients depend on the
blades of Diptero-carpus alatus’s angle of attack « that based
on C; (a) and Cp, ()[18].

Figure 7. The shape of the seed and its sepals using dried
fruit and wings from the Dipterocarpus alatus [18].
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(b)

Figure 8. Variation of aspect ratio (AR), 5 angle, « angle;
(a) shows the ratio of AR can be varied by D and H length,
representing the f3 angle between blades; (b) shows the «
angle of each blade.

RESULTS AND DISCUSSION

A schematic diagram illustrating the morphology of
the Dipterocarpus alatus seed during motion is shown in
Figure 9. Five experimental cases were examined, with each
case having different blade angles consisting of the differ-
ent angle configurations used in this investigation. The air-
flow conditions supplied were the same for each case when
considering the attack angles and cone angles of the five
samples as shown in Table 3 (The five Dipterocarpus alatus
sample cases are represented as D, ).

Five experimental cases were examined, with each case
having different blade angles, consisting of the different

Table 1. Blade parameters

(a)

g =270°

16=0

=90 Wind Flow

6 =270

#=90" Wind Flow

Figure 9. Wind blade angle of dipterocarpus alatus.

angle configurations used in this investigation. The airflow
conditions supplied were the same for each case. The com-
parison of rotational speed (RPM) and wind speed (m/s)
discussed in this section is shown in Figure 10.

The plots of rotational speed (RPM) against wind speed
(m/s) ranging from 1 m/s to 6 m/s are shown in Figure 10,

Structure of VAWT (Number of blades)

2 3 4
Height (H) 0.9m 0.9m 0.9 m
Dimension (D) 0.9 and 0.6 m 0.9 and 0.6 m 0.9 and 0.6 m

Twist Angle, (b)
Attack Angle, (a)
Thickness

Materials

09,60°and 120°
-30°,09,30°,60° and 90°©
0.003 m

Acrylic

0° and 60°
-309,09,30°,60° and 90°

0,60 and 120°
-309,09,30°,60° and 90°
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Table 2. The experiment parameter

Number of Blades AR, (Aspect Ratio)  Twist angle, (b) Attack angle, (a)

2 3 4 1.5 1.0 0 60 120 -30 0 30 60 920
Tfh) . [ . [
'U L] L] L] L]
=)
2 L] L] L] L]
=
§ . . . .

*** Make: 2 blades can stop the rotation when the blades of alignment are at 0°, 90°, so there were no more experiments.

Table 3. Attack angles and cone angles of the five samples; A and B were the two blades which were twisted at attack angles
(a) and cone angles (f) as shown in Figure 7.

Samples Attack angles, o (Degree) Cone angles, ¢ (Degree) Direction

A B A B
D1 -13.432 -13.067 31.465 23.798 Counter Clockwise
D2 12.702 18.845 34.715 30.179 Clockwise
D3 21.040 22.630 30.290 30.742 Clockwise
D4 -18.202 -25.932 24.426 24.228 Counter Clockwise
D5 13.378 18.442 36.821 37.903 Clockwise

with a total of five different samples used. All the patterns  [14]. The higher the wind speed, the greater the shaft
were observed to form a linear graph against increasing speed generated [14, 15]. In Figures 10(a) to 10(e), sam-
wind speed. Wind speed influences the rotational speed of ple D Normal wind turbines start rotating at a lower speed
the shaft and thus the power production of a wind turbine than sample D Upside down wind turbines. This can be
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Figure 10. The rotational speed of (RPM) performance
against wind speed (m/s) for (a) sample D1, (b) sample D2,
(c) sample D3, (d) sample D4, and (e) sample D5.

seen from the rotational speed produced by the sample D
Normal turbine, which is higher than the sample D Upside
down. When the wind speed is 1.5 m/s, the rotors for the
D1 Normal and D3 Normal type wind turbines have started
to spin. Conversely, Figure 10(d) shows that both samples
have similar wind speeds and rotational speeds at 5.5 m/s;
the D1 Normal and D1 Upside down turbines have rota-
tional speeds of 790 and 750 RPM, respectively.

Turbine performance using blade D4 Normal is bet-
ter than the other types. This is due to the low turbulence
that occurs. This small intensity of turbulence reduces the
formation of vortices downstream of the blade, so the flow
that occurs behind the blade is smooth. This phenomenon
causes an increase in turbine rotation, which will be linear
with an increase in wind speed [16].

The angle of attack of the VAWTs blades played a dom-
inant role in the production of the aerodynamic power
and the power production of the turbine. The proposed
method can decrease the Root Mean Square Error (RMSE)
by as much as approximately 33.8% for the three tested air
flow velocities slackened to small wind turbine conditions
[19]. The twisted blade rotor design not only enhances the
power coefficient but also enables the self-starting ability.
However, the blades generated slightly higher thrust for the
load [20]. The twisted blades achieve a higher static torque
coefficient over the whole revolution that in turn augments
the self-starting capabilities of the blades [21].

Figure 11 shows the VAWT model and the cut-in speed
of 3 Blades with AR=1.5, 3 Blades with AR=1.0, 4 Blades with
AR=1.5 and 4 Blades with AR=1.0 with varying twist and
attack angles. It was found that the 4 Blades with AR=1.5 and
4 Blades AR=1.0 had lower cut-in speeds than the others, at
about 1.70 to 1.80 m/s wind speed. The 4 Blades with AR=1.5
showed the best lower cut-in at 1.70 m/s operated under the
angles of (0° Twist, -30° Attack), (60° Twist, 0° Attack), (60°
Twist, 30° Attack) and (60° Twist, 60° Attack). Meanwhile,
the 4 Blades with AR=1.0 achieved the best lower cut-in at
1.70 m/s operating under the angles of (0° Twist, -30° Attack),
(60° Twist, 30° Attack) and (60° Twist, 60° Attack). However,
the conditions of angles at (120° Twist, 30° Attack), (120°
Twist, 60° Attack) and (120° Twist, 90° Attack) could not be
installed on the plate because of the highly tortuous angles
of the blades which would result in insufficient surface area.

Additionally, the 3 Blades with AR=1.5 operated with
lower cut-in than the 3 Blades with AR=1.0. The 3 Blades
with AR=1.5 cut in at 1.75 - 2.10 m/s, with the best lower
cut-in at 1.75 m/s which occurred under the angle of (120°
Twist, 30° Attack). Meanwhile, the 3 Blades with AR=1.0
cut in at 2.10 - 2.40 m/s, exhibiting the best lower cut-in
at 2.10 when operating under the angles of (60° Twist, 0°
Attack), (60° Twist, 60° Attack), (120° Twist, 30° Attack),
(120° Twist, 60° Attack) and (120° Twist, 90° Attack). The
number of blades can affect the generation of torque, with
the 4 blades rating higher than 3 blades [22]. The helical
savonius blade angle affected the average power efficient
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- 3 Blades
AR=1.5

" 3 Blades
AR=1.0

1.70

Cut in (m/s)

=
=)

0.5

]
N B
R S S S S i

Z a
R R AR AR R LRIl B
s ¢

0°Twist  0°Twist 0°Twist 60°Twist 60°Twist

-30°Attack 0°Attack 30°Attack 0°Attack
VAWT Model

§4 Blades
~AR=1.5

4 Blades
“AR=1.0

92
(=]

R R R0 et

60°Twist 120°Twist 120°Twist 120°Twist
30°Attack 60°Attack 30°Attack 60°Attack 90°Attack

Figure. 11 VAWT model and cut-in wind speed of 3 Blades with AR=1.5, 3 Blades with AR=1.0, 4 Blades with AR=1.5and
4 Blades with AR=1.0 that were varied the Twist and Attack angle of VAW T Model.

Figure 12. The 15 kW wind turbine pole was installed in Krabi province, Thailand. This wind turbine used the 3 blades
with AR=1.5, operating with cut-in at 1.75 m/s that acted under the angles of 120° Twist and 30° Attack.

(Cp), but this depends on the angles of the blades which
transfer wind speed to power [23].

Finally, the model of 3 blades with AR=1.5 operating
with cut-in at 1.75 m/s which operated under the angles of
120° Twist and 30° Attack was fabricated as a 15 kW wind
turbine which was installed in Krabi province, Thailand.
This wind turbine combined 54 wind turbines connected to
300 W electrical generators. The combination of 54 turbines

took the form of a beautiful wind tree turbine which can
produce electrical power for the grid of the Provincial
Administrative Organization.

CONCLUSION

The Dipterocarpus alatus has been used to design effec-
tive airfoil blades that can be duplicated for use in vertical
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axis wind turbine blades. The D1 and D4 were the origi-
nal structures of Dipterocarpus alatus that could be turned
counter-clockwise with greater efficiency than the alter-
natives. According to the experiment, D1 Normal has a
rotating speed of 180 RPM and a minimum wind speed of
1.5 m/s. Therefore, the VAWT model was based on the D1
structure fabricated from acrylic materials at 3 mm thick-
ness (0.9 m high x 0.9 m diameter). This design used both
3 blades and 4 blades and aspect ratios (AR) of 1.5 and 1.0.

The results indicated that the 4 Blades with AR=1.5
showed the best lower cut-in at 1.70 m/s operating under the
angles of (0° Twist, -30° Attack), (60° Twist, 0° Attack), (60°
Twist, 30° Attack) and (60° Twist, 60° Attack). Meanwhile,
the 4 Blades with AR=1.0 achieved the best lower cut-in
at 1.70 m/s operating under the angles of (0° Twist, -30°
Attack), (60° Twist, 30° Attack) and (60° Twist, 60° Attack).

Meanwhile, the 3 Blades with AR=1.5 operated with
a clearly lower cut-in than the 3 Blades with AR=1.0. The 3
Blades with AR=1.5 cut in at 1.75 - 2.10 m/s, with the best
lower cut-in at 1.75 m/s operating under the angle of (120°
Twist, 30° Attack). In comparison, the 3 Blades with AR=1.0
cut in at 2.10 - 2.40 m/s, with the best lower cut-in at 2.10
operating under numerous angles of (60° Twist, 0° Attack),
(60° Twist, 60° Attack), (120° Twist, 30° Attack), (120° Twist,
60° Attack) and (120° Twist, 90° Attack). The conditions of the
VAWT blades affecting the efficiency included AR, number of
blades and the tortuous blade angle. The interesting model is
the one with 3 Blades and AR=1.5 with the operating cut-in
at 1.75 m/s under the angle of (120° Twist, 30° Attack) since it
delivered high torque at low speed, and low cost. Therefore, the
biomimicry duplicating Dipterocarpus alatus has the potential
to be used for producing VAWT blades.

ABBREVIATIONS

VAWTs  Vertical axis wind turbines

HAWTs Horizontal axis wind turbines
RPM Revolutions per minute

AR Aspect ratio

LET Leading edge tubercles

LEV Leading edge vortices

DTU Danmarks Tekniske Universitet
EPS Expandable polystyrene

¢ The angle of the relative wind
o The angle of attack

0 The angular frequency of rotational shaft
B Twist angle

f Frequency

L Lift components

D Drag components

F, Lift force

Fp Drag force

Fg Gravitational force

C. Lift coefficients

Cp Drag coefficients

v The relative wind velocity at the blade

Constant value

Mass

Acceleration due to gravity

The area of the blades of Dipterocarpus alatus
The air density (approximately 1.225 kg/m?)
Height

Dimension

1 to 5 Dipterocarpus alatus model

Root Mean Square Error
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