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generated by using the pugh method. Then the structure of the blade was analyzed in
terms of displacement and von Mises stress, followed by topology optimization.
Results show that peak stress for both forces applied and pressure applied was located
at the center where maximum displacement is about 5.43x10-6m while the maximum
value of von Mises stress is about 0.9763Mpa at the edge of the blade and 0.6641MPa
when pressure is distributed uniformly. Based on topology optimization, the blade area
can still be reduced at the top and bottom part.
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1. Introduction

Current modern wind turbines can be divided into two categories that are Horizontal Axis Wind
turbines (HAWTSs) and Vertical Axis Wind Turbines (VAWTSs). The primary difference for both types of
the wind turbines is the orientation of their axis of rotation. In general, HAWTs are more efficient
than VAWTSs in terms of producing electricity and it can be categorized as partial load operation and
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full load operation [1-4]. Due to efficiency that HAWTs can generate more electricity than VAWTSs,
HAWTs be-come dominant commercialize in the wind power market. The main advantages for
VAWTs are their capability to obtain wind from any direction [5]. Besides that, VAWTs do have a
strong ability to resist wind compared with HAWTs and have much smaller noise than HAWTs as well.
Although HAWTs is currently dominant in the wind power market [6], the potential capability of
VAWTs to produce electricity at low wind speed cannot be denied. VAWTSs can be further divided into
three types, which are Darrieus wind turbine, Savonius wind turbine, and Giromill wind turbine. The
curved blade design is to spread the bending stresses all over the blade by causing tension instead of
bending [7]. The simplest design for the Savonius wind turbine is two half drums-like or cup-like fixed
to a central shaft in opposite direction. The same person who created Darrieus wind turbine
developed Giromill wind turbine. A Giromill wind turbine has a straight vertical blade which just
replaces the Darrieus wind turbine curved blade design. Previously, Saha et al., [8] designed VAWT
in their works considering the aspect ratio and the diameter of rotor, without mentioning engineering
design method. In a country like Malaysia, the wind speed is transient. According to lbrahim et al.,
[9], wind power density of Malaysia fell into class 1 as shown in Table 1.

Table 1

Classes of wind power density

Wind 30m 50 m

Power Wind Power Wind Speed Wind Power Wind Speed
Class Density (W/m?) (m/s) Density (W/m?)  (m/s)
1 <160 <51 <200 <5.6
2 <240 <5.9 <300 <6.4
3 <320 <6.5 <400 <7.0
4 <400 <7.0 <500 <75
5 <480 <74 <600 <8.0
6 <640 <8.2 <800 <8.8
7 <1600 <11.0 <2000 <119

Class 1 normally considered as a moderate range of the rural power applications. The highest and
lowest wind speed value in Malaysia is 3.9 m/s and 2.2 m/s respectively [10]. According to Najid et
al., [11], Malaysia can reach the highest wind speed of 15.4 m/s during the monsoon season. Most of
the wind turbines have a cut-in speed range from 3 to 4 m/s [12]. Turbulent airflow will cause
unnecessary stress on the blade and decreases its efficiency [13]. This investigation will focus on
designing the concept of Giromill VAWTSs, analyzing its displacement and stress distribution based on
corresponding wind speed and optimizing the blade design in terms of material usage topologically.
The factors listed in this paper later will expose the potential problems encountered by VAWTs and
possible solution in solving the power generation at low wind speed.

2. Methodology

House of Quality (HOQ) helps in the planning process of designing Giromill wind turbine by
examining the customer satisfaction information. In HOQ, there has a step to begin which are
clarifying customer needs, interrelationship matrix, engineering characteristics, technical correlation
matrix and target value/specification [14,15]. In order to fulfill all the customer needs some of the
factor should be considered in constructing the house of quality. Engineering characteristics identify
what the customer requires and it must be achieved to satisfy these requirements. Then, the
relationship between customer requirements and product requirements will be evaluated.
Morphological chart generated the possible solution to design Giromill wind turbine which helps to
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give the idea in conceptual design section. In the pugh decision matrix, an alternative that is judged
better than the datum is given a ‘+’, and a ‘-’ for a poorer alternative. When the alternative to be
judged is about the same with the datum, it will be given an ‘S’ or '0". The sum of each ‘+’, " and ‘S’
or '0' responses are then evaluated with the chosen design. The highest rank will be chosen among
the five design. For structure analysis, the pressure on the whole surface of the blade and the force
applied on the edge of the blade is tested using simulation and result of displacement and von Mises
stress is recorded. The value for pressure and force used is based on the wind speed stated in the
previous section where maximum wind speed equal to 15.4 m/s. Moreover, the maximum pressure
and force on the same location as stated above of the maximum allowable stress for the chosen
material will be determined and compared with the result obtained from maximum wind speed.
Lastly, topology optimization is carried out to generate the most optimal material distribution for the
chosen design. Different from topography [16] analysis, the chosen design can have optimal stress
distribution throughout the blade as wind penetrates on the blade and minimally used of material in
developing the prototype.

3. Results

House of quality of Giromill wind turbine blades is shown by Figure 1. There are six customer’s
requirements need to be discussed, which include costs, lightweight, durability, flexibility, user
friendly, and the amount of wind received. Besides that, engineering characteristics also have seven
features which include density, weight of turbine, ultimate tensile strength, Young's modulus, impact
strength, size of the turbine and improve safety. The first customer requirement is the cost of wind
turbine blades. The cost of wind turbine blades has a strong relationship with the ultimate tensile
strength. This means that as the higher the ultimate tensile strength, the higher the cost of wind
turbine blades. Then, the weight of the turbine and Young's modulus are moderate relationship with
the cost of wind turbine blades. While the density has weak relationship with the cost of wind turbine
blades. The second customer requirement is lightweight wind turbine blades. The weight of turbine
has the strongest relationship to the lightweight wind turbine blades. The weight of the turbines will
affect the performance when it is too heavy. The ultimate tensile strength and Young's modulus have
a moderate relationship to the lightweight of wind turbine blades while density has a weak
relationship to the lightweight of wind turbine blades. Then, next customer requirement is durability
of wind turbine blades. When comes to the durability of wind turbine blades, it is very important as
it is the ability to withstand the wind pressure. Thus, ultimate tensile strength has the strongest
relationship with the durability of wind turbine blades and impact strength and improve safety also
have a very strong relationship to the durability of wind turbine blades. However, density and weight
of the turbine did not have a relationship to the durability of wind turbine blades. Next customer
requirement is the flexibility of the wind turbine blades. The wind turbine blades should be able to
withstand the changes in length when under high wind pressure. Therefore, Young's modulus has the
strongest relationship to the flexibility of the wind turbine blades. The next customer requirement is
the ease to use of wind turbine. Although it does not have a strong relationship with other
engineering characteristics, it still needs to be considered when making the wind turbine. The last
customer requirement is the amount of wind received by the wind turbine. This is one of the most
important requirements as the more wind received by the wind turbine, the higher the wind turbine
rotation to generate the power electricity. Lastly, when all the relationship between customer
requirements and engineering characteristics is evaluated, the average score and percentage of total
value are calculated.
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Fig. 1. House of quality

The rank shown in Figure 1 is to determine which engineering characteristics is the priority of
producing the wind turbine blades. The most important engineering characteristics which are related
to the customer requirement is ultimate tensile strength and then followed by the size of the turbine,
Young's modulus, impact strength, improve safety, the weight of turbine and density. The result is
interpreted into a morphological chart as shown by Table 2. From the morphological chart, 5
concepts as combined as shown in Table 3. The five chosen possible solutions as shown is then
evaluated in the Pugh method section as shown by Table 4 in order to choose only one best concept
design before fabricating the blade. Blade design 1 is chosen as datum or reference to compare with
other blade design. From Table 4, the highest rank among the blade design is blade design 3 and
blade design 5. However, blade design 5 is chosen among the five design. This is because blade D has
a better aerofoil-like effect since it is in curve shape than the Blade C. Moreover, the blade connecting
method of the second column has better stability as it supports the blade with two points but the
method for iii only support the blade with one point only. Lastly, for the blade distance from
rotor/hub, at distance of about 13.5 cm is the best as it has a better gap between the blade so that
it is unable to hit the generator easily which is located bottom of the blade.
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Table 2

Morphological chart

Parameter Possible Solution
Chord Length 10cm 15cm 20 cm 25cm
Blade design

\

\

A B
Blade material  Polycarbonate Titanium Aluminium Stainless steel
Blade
connecting

method

Blade distance 10cm 12cm 13 cm 13.5cm
from rotor/hub

Table 3
Selected concepts
Design No.  Possible Solutions

1

10em A
2

15cm B
3

20 em C
4

25cem D
5

20em D
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Table 4
Pugh Method

Blade Design Alternative

1 (reference) 2 3 4 5
Chord Length S + + + +
(cm)
Material Cost S - + + +
Weight S - - - -
Tensile Strength S + + + +
Density S - + - +
S+ 0 2 4 3 4
32 5 0 0 0 0
3- 0 3 1 2 1
Rank 3 1 2 1

For point load, the force applied to the edge of the blade is in range of 0 to 0.9 N based on the
maximum wind speed of 15.4 m/s while for uniform distributed pressure, a pressure in the range of
0to 150 Pais applied to the whole outside surface of the blade. Figure 2 and Table 5 shows that very
small displacement involved and the force applied is directly proportional to the displacement.

vy e

Fig. 2. Displacement Contour

Table 5

Pressure vs Displacement
Pressure (Pa) Displacement (m)
0 0

15 6.924E-7
30 1.377E-6
45 1.969E-6
60 2.462E-6
75 2.954E-6
90 3.447E-6
105 3.939E-6
120 4.431E-6
135 4.924E-6
150 5.432E-6
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In Figure 3, it shows that the maximum von Mises stress obtained when pressure is uniformly
distributed is 0.6641MPa. The value of stress is also directly proportional to the given pressure (Table
6). A study done by Liu and Xiao [17] shows that an unevenly distributed stress with a high-stress
regime has been observed in their experiment. This situation is possibly due to the different stiffness
value used in the experiment. On the other side, Micallef et al., [18] concluded in their study that the
use of substantial axial wake induction at the equator will lessen the power generation. On topology
optimization shown by Figure 4, the blade area can be reduced at top and bottom parts. However,
another study must be conducted to investigate whether the blade area in capturing pressure from
wind is good enough to rotate the blade at a minimum rotational speed in generating power.

Fig. 3. Von Mises Stress Contour

Table 6

Pressure vs Von Mises Stress
Pressure (Pa) Von Mises Stress (MPa)
0 0

15 0.10041
30 0.18200
45 0.24120
60 0.30160
75 0.36200
90 0.42240
105 0.48280
120 0.54330
135 0.60370
150 0.66410
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Fig. 4. Topology optimization
4. Conclusions

There were three objectives that need to be achieved for this project. The first objective was to
design the concept of Giromill VAWT blade using the Pugh method. In order for this objective to be
achieved, research about the VAWT was needed before the design phase can be produced. Thus,
after research on Giromill VAWT had been done thoroughly, a few methods were used to aid in the
design phase, which included the house of quality, morphological chart, Pugh Method and
conceptual design. After a blade design chosen from conceptual design, SolidWorks software was
used to draw the chosen blade design. The second objective was to analyze the performance of
prototype design using finite element analysis. The prototype design was then simulated using
SolidThiking software by determining the displacement and von Mises stress when load and pressure
applied on the different location of the prototype design. The simulation results were showed that
load and pressure on the side of the blade have the highest from the two aspects which are
displacement and von Mises stress. The third objective of this project was to fabricate the prototype
of Giromill VAWT. The prototype was fabricated successfully according to the parametric dimension.
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