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Abstract: Since the affirming of global warming, most wind energy projects have focused on the large-
scale Horizontal Axis Wind Turbines (HAWTs). In recent years, the fast-growing wind energy sector
and the demand for smarter grids have led to the use of Vertical Axis Wind Turbines (VAWTs) for
decentralized energy generation systems, both in urban and remote rural areas. The goals of this study
are to improve the Savonius-type VAWT’s efficiency and oscillation. The main concept is to redesign
a Novel Blade profile using the Taguchi Robust Design Method and the ANSYS-Fluent simulation
package. The convex contour of the blade faces against the wind, creating sufficient lift force and
minimizing drag force; the concave contour faces up to the wind, improving or maintaining the drag
force. The result is that the Novel Blade improves blade performance by 65% over the Savonius type
at the best angular position. In addition, it decreases the oscillation and noise accordingly. This study
achieved its two goals.

Keywords: renewable energy; green energy; vertical axis wind turbine (VAWT); Savonius wind
turbines; wind blade; Taguchi Method; ANSYS-Fluent

1. Introduction

In 2010, the United Nations affirmed that global warming is caused mainly by carbon
dioxide (CO2), emitted mostly from fossil fuels. Severe global climate changes are now
believed to be the most significant environmental threat to the earth and to human beings.
There has been a global push for renewable energy and zero CO2 emissions, which is
generally called “Green” energy; this energy includes hydraulic, thermal, solar, and wind
energy, among others. Most of those energies must be transformed into “Electricity” and
stored or transmitted before usage. The wind energy system is one of the most cost-effective
and fast-growing systems among the currently exploited green and renewable energy
sources. As a result, wind power generation systems have seen increasing investment and
improved efficiency over the last decades.

The wind turbine generating system has two basic categories: Vertical Axis Wind
Turbines (VAWTs) and Horizontal Axis Wind Turbines (HAWTs). The efficiency of VAWTs
is generally in the range of 15–20%, which is less than half of the HAWT efficiency. The
main reason is that only half of the VAWT sliding area can create a productive driving force.
In addition, the VAWT’s constant changes in the angle of attack (AOA) during the rotating
cycle causes flow separation, dynamic stall, and imbalanced driving force onto two sides of
the rotor. This subsequently results in significant instability of aerodynamic performance
and induces oscillation and noises [1,2]. This is why the VAWT has long been ignored and
devalued. However, the VAWT has certain natural advantages over the HAWT, such as
its simple mechanism, easy maintenance, simple structure, low cost, and lack of yawing.
The VAWT has become more popular in recent years and will play a leading role in future
wind power [3,4], especially for smarter grids with decentralized wind energy generation
systems located in urban and remote rural areas, where the wind can be very turbulent
and unsteady [5–7].
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The modern VAWT has evolved into three basic types: Savonius [8,9], Darrieus [10,11],
and H-rotor [12]. Darrieus and H-rotor are lift-type VAWTs. At the still position, the
lift-type blades generate insufficient lift forces or minor drag forces only, which results
in an inability to self-start. This is a serious disadvantage of the lift-type VAWT. The
Savonius type is the iconic drag type and the pioneer model of the VAWT. Both the concave
and convex profiles of the blade generate drag forces, but in the opposite direction of
spinning. This is the reason that the efficiency of the Savonius type is lower than the lift
type. Nevertheless, the Savonius-type VAWT has many advantages over the lift type, such
as its compact scale, excellent self-starting, low cost, low rotation speed, and low noise
emission [9,13]. Moreover, there is no severe restriction for the blade material, and the
manufacture of the Savonius turbine for power generation is easy to realize on-site [14,15].
Therefore, the Savonius-type VAWT has been developed widely up to now.

The efficiency of the wind turbine generating system is related to the generator
performance, turbine rotor, and blade profile as well as the compatibility of these three
elements. Aerodynamically, the wind blowing over and onto a wind blade will create a lift
force and drag force. The primary goal is to improve the efficiency of the Savonius-type
VAWT by focusing on redesigning a Novel Blade profile. The secondary goal is to minimize
the disparity between the drag force on the concave contour and the lift force on the convex
contour; this is the key factor related to oscillation and noise.

The novelties of the optimal design of drag-type blades are as follows: (1) On the
convex contour of the wind blades, the focus is not only to reduce the drag force but also
to generate maximum lift force to pull the blades forward. (2) On the concave contour of
the blade, the focus is to extract more drag force to push the blade backward. There are
few studies on increasing the lift force on the convex contour; research is generally focused
only on increasing drag force on the concave contour. By solely focusing on the latter, it is
impossible to improve the overall efficiency and reduce the oscillation and noise issues of
the Savonius-type VAWT.

First, we identify the control factors with different levels of the drag-type blade profile,
then we perform the Taguchi Method to format the orthogonal array table to list the
required combinations for simulations. This facilitates initial analysis of possible designs
with sufficient accuracy and saves abundant computational resources at the design stage.
Then, we use the ANSYS-Fluent simulation software to simulate each possible blade profile
combination for obtaining detailed transient analysis and the flow line distribution. Finally,
we compare, analyze, and verify the derived simulation data.

This paper is composed as follows: Section 1, the Introduction, presents the back-
ground of this study. Section 2, the methodology, presents the method of designing and
modeling the novel blade profile. Section 3, the modeling, addresses the Taguchi Method
to identify each parameter of the optimal blade profile and then details the ANSYS-Fluent
used to simulate the lift coefficient (Cl) on the convex contour and the drag coefficient (Cd)
on the concave contour. Section 4, the results, presents the final optimal blade geometry
with several considerations, and Section 5 outlines conclusions and recommendations.

2. Methodology

The methodology used in this study is described in four sections. Section 2.1—Why
and How—lists basic knowledge and theories relevant to aerodynamics and wind tur-
bines. It brings forth the ideas of why and how to improve the efficiency of the Savonius-
type VAWT. Section 2.2—Taguchi Robust Design Method—examines the usage of the
Taguchi Method as a robust design framework for the optimal solution and for saving
necessary resources. Section 2.3—ANSYS-fluent Meshing—describes the workflow and
parameter settings. Section 2.4—ANSYS-fluent Simulation—outlines the workflow and
parameter settings.
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2.1. Why and How

The wind rotor efficiency depends on the blade geometry, the number of blades, and
blade positioning. Although the drag force is greater than the lift force in aerodynamics,
the efficiency of the Savonius-type VAWT is far lower than the lift type. The main reason
is that it extracts only half of the wind energy for positive work, and the other half is for
negative work. While the concave side faces against the wind, it produces the major drag
force pushing the rotor spinning positively. While the blades turn 180◦, the convex side
faces upwind and creates some drag force pushing the rotor spinning reversely.

There are several papers related to the performance improvement of the Savonius
VAWT. Some blocked one side of the rotor—the convex side—and diverted the wind
energy to the concave side [16–19]. Some changed the number of Savonius half-cylindrical
blades [20] or built a wind tower [21]. Some merely modified the contour of the wind
blades for increasing drag coefficient only, using blades such as spline-type and Bach-type
blades [22,23], elliptical blades [24], and twisted blades [25]. Most of these improved
efficiency of the drag force on the concave side of the blade only. This also entailed certain
disadvantages, such as complex structure, increased cost, and more oscillation.

The choice of a wind machine is based on the energetic performance of the rotor
blade. The equations of lift force and drag force use the same equation but with a different
coefficient (drag/lift), as specified in Equation (1).

F =
1
2

ρν2CA (1)

where F = force (drag/lift); ρ = air density; ν = wind velocity; C = coefficient (drag/lift);
A = the reference area.

Increasing the reference area is simple, and can be done solely by enlarging the blade
size as long as the stress and structure can sustain its weight. Increasing the coefficient
is much more complicated and involves the design of blade geometry and positioning.
The value of the drag/lift coefficient is not calculated but measured. It is not an absolute
constant figure. It varies with the blade geometry and wind velocity and more generally
with Reynolds number (Re). In this study, the drag coefficient of various three-dimensional
blade geometries, measured at Re number between 104 and 106, is specified in Figure 1 [26].
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Based on aerodynamic theories and equations, relevant references of lift and drag
characteristics, and empirical principles, the preliminary conceptual design of the Novel
Blade geometry was composed. The main framework is used to create sufficient lift
coefficient and to reduce the drag coefficient on the convex contour. At the same time, it
must not lose any of the drag coefficient on the concave profile. It also must minimize
the disparity value and the drag force on the concave contour versus the lift force on the
convex, for reducing oscillation and noise.

As per Ref. (1) and (2) in Figure 1, where referenced drag coefficients show longer
hollowed blade shapes, the drag coefficient increases. Therefore, the concave side of the
novel blade may curve inward deeper to some extent. As per Ref. (3), (4), and (5) in
Figure 1, a sharper and smoother shape has a lower drag coefficient; the acute angle, oval
shape, and rounded shape may be considered as the apex of the convex profile. In addition,
it is covered with the shelters on both the top and bottom sides of the novel blade body.
It covers the inside edge of the blade body and may maintain the wind energy inside the
concave contour rather than flowing out of it. It improves the positive drag forces but
must not exceed Betz Limits: 59.3% kinetic energy of the wind. The shelter that spreads
outside of the blade edge works as the winglet of an airplane. It may guide the wind stream
smoothly, flowing along the blade surfaces, and eliminate the eddy current at the edge
of the blade body. This may increase more lift forces and reduce the drag forces onto the
convex contour. The design of the conceptual geometry is illustrated in Figure 3.

2.2. Taguchi Robust Design Methods

There are many different algorithms for optimizing VAWT efficiencies, such as artifi-
cial neural networks and genetic algorithms [27]. This study chooses the Taguchi Methods
of Robust Design, an engineering methodology for improving productivity at the research
and development stage. It provides high-quality solutions quickly and at a lower cost.
The robust design draws on many ideas, from statistical experimental design to planning
experiments for obtaining reliable information about the variables involved in making
engineering decisions. The Taguchi Methods of Robust Design use two primary imple-
ments. The first one is the orthogonal array, which studies multiple design parameters
simultaneously; the second one is the signal-to-noise (S/N) ratio, which measures the
quality value. The methods have been used in virtually all engineering fields and business
applications. As to the loss functions, the Taguchi Methods specify the three characteristics
of larger the better, smaller the better, and nominal the better. In this study, the purpose is
to maximize both the drag coefficient and lift coefficient of the blade. Therefore, this study
uses the characteristic of larger the better and lists its equation of S/N ratio as Equation (2):

S/N = −10 log(1/y2) (2)

where S/N = Signal/Noise Ratio; y = Coefficient (measured value).
In the study, the steps of executing the Taguchi Methods are summarized as follows:

1. Identify four control factors, each with three alternative levels according to relevant
engineering knowledge for designing the novel rotor blade.

2. Design the matrix combinations as an orthogonal array of L9(34) for the required
experiments for studying the effect of four control factors and three levels simultane-
ously.

3. Simulate each combination in the matrix of the orthogonal array by using the ANSYS-
Fluent, and log simulation data into the orthogonal array table.

4. Analyze the simulation data, through the large the better equation of the S/N ratio,
to calculate the optimum levels for the control factors and predict performance under
these levels.

5. Conduct the verification experiment for the best combination, with each control factor
having the optimum level derived from matrix experiments.
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2.3. ANSYS-Fluent Meshing

The ANSYS-Fluent has built-in meshing capability that creates the exhaustive mesh
and troubleshoots mesh connectivity within the same workflow. Therefore, the grid
generation in the study is obtained by setting at the default value all required parameters
of volume settings, including local sizing, surface meshing, volume mesh, boundary layers,
and growth rate. As for checking the mesh quality metrics, the number of nodes and
cells, the skewness, and the aspect ratio are calculated automatically and indicated on the
console. The y+ is derived from the Plot of the Result for each simulation. The details are
listed in Mesh #1 of Table 1, as follows.

Table 1. Mesh quality parameter table.

Items Mesh #1 Mesh #2 Mesh #3 Mesh #4

Min. Size 1.708978 1.3 1 1
Max. Size 43.74985 30 20 20

Growth Rate 1.2 1.2 1.2 1.2
Boundary layers 3 3 3 6

Nodes 991,061 1,557,733 2,722,790 3,034,992
Cells 236,279 367,210 627,949 806,148

Avg. Skewness 0.276009 0.210008 0.170779 0.171042
Avg. Aspect Ratio 5.600064 4.687842 4.028246 4.057328

y+ value 2.423599 - - -
Cd value 0.213968 0.215339 0.214406 0.213054

Note: Based on simulations of Combination #3: A2-B3-C4-D4.

The mesh independence study recommended selecting three significantly different
sets of grids with geometrically similar cells and running simulations to determine the
values of required variables important to the objective of the simulation study [28]. This
study performed three more simulations according to the recommendations of increasing
the cell number as indicated in Mesh #2, Mesh #3, and Mesh #4 of Table 1, as above. The
comparison of the three simulation Cd results shows only a slight variance, with all within
one percent.

2.4. ANSYS-Fluent Simulation

The ANSYS-Fluent is a general-purpose software package for simulating interactions
with physics, structure, vibration, fluid dynamics, heat transfer, and electromagnetics for
engineers. The setting of the ANSYS-Fluent solver has the default of the Pressure-Based
Type, Absolute Velocity Formulation, and Steady Time Step. The governing equations of
the fluid flow model considered in the study are the incompressible Reynolds-averaged
Naiver–Stokes equations (RANS) coupled with the one-equation Spalart-Allmaras model
(SA), a low-cost RANS model solving a transport equation for a modified eddy viscosity
for aerospace applications involving wall-bounded flows that has given good results for
boundary layers subjected to adverse pressure gradients. Adopting the standard SA model,
the complete set of governing equations (Equations (3)–(5)) are as follows:

∂ρ

∂t
+

∂ρui
∂xj

= 0 (3)

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂ρ

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂um

∂xm

)]
+

∂

∂xj

(
−ρu′ iu′ j

)
(4)

Dṽ
Dt

= Gv

 ∂

∂xj

[
(µ + ρṽ)

∂ṽ
∂xj

]
+ Cb2ρ

(
∂ṽ
∂xj

)2
− Yv+Sṽ (5)

where:
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− ρu′ iu′ j = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
δij

(
ρk + µt

∂um

∂xm

)

µt = ρṽ fv1 = ρṽ
(ṽ/v)3

(ṽ/v)3 + C3
v1

where Gυ = the production of turbulent viscosity; Yυ = the destruction of turbulent viscosity;
υ̃ = molecular kinematic viscosity; συ̃ , Cb2ρ = constants; Sυ̃ = user-defined source term.

The SIMPLE (Semi Implicit Method for Pressure Linked Equations) algorithm was
chosen to solve the conservation equations via pressure correction because of its computing
efficiency, robust iteration for coupling parameters, and high-order differencing schemes.
The second-order upwind interpolating scheme was used for all the equations and applied
the first-order implicit for transient formulation. This second-order algorithm is capable of
reducing interpolation errors and computing correct numerical diffusion. The inlet wind
speed of boundary condition is 3 m/s. The equation residual value was at a setting of
1 × 10−5, and all simulations converged to a residual of 1 × 10−9. The solution method is
the coupled scheme and second-order upwind turbulent viscosity, the solution initialization
is the hybrid method, and the run calculation is 300 iterations. The other parameters are all
in default as recommended by ANSYS-Fluent.

3. Modeling Method

For easy referencing, the modeling process flows for both the Taguchi Methods and
the ANSYS-Fluent are illustrated step by step in Figure 2, the Diagram of Modeling
Process Flow.
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Based on the conceptual design and understanding, the dimensions and geometries
of the novel blade model are as follows: on the concave profile, the setting of the reference
area is 120 mm width and 120 mm height, then curve inward 110, 120, and 130 mm in
depth. On the convex profile, the apex contours are designed in the acute angle and oval
shape and are rounded in three different contours. At the top and bottom shelters of the
blade, winglets with 5, 10, and 15 mm in width are spread to the outside blade edge, then
covered with 1/3, 2/3, and full-size shelter to the inside blade edge. For easy referencing,
the conceptual dimensions and geometries of the Novel Blade profile are illustrated in
Figure 3 below, which includes three diagrams of rotating direction as well as front- and
back-view diagrams as the concave and convex contours, respectively.
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As illustrated in Figure 3, there are four control factors, each with three levels, as
specified in Table 2 below.

Table 2. Control factors and levels.

Factors A B C D

Desc. Apex Depth Winglet Shelter

Level #1 Acute 110 mm 5 mm 1/3
Level #2 Oval 120 mm 10 mm 2/3
Level #3 Round 130 mm 15 mm Full

Material Thickness = 1 mm, Radius: Round = 30 mm at top, Oval = 60 mm depth.

As per Table 2, the matrix combination is formed according to the Taguchi method
designated for four control factors with three levels each, namely the L9 (34) orthogonal
array as specified Table 3 below. The L9 (34) also means that only nine experiments are
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required instead of 81 of each possible combination. That saves a vast amount of effort,
resources, time, and cost.

Table 3. L9 (34) orthogonal array.

Control Factor/Level Data/Log

Simulation A B C D Y S/N

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

Y = Coefficient; S/N = Signal/Noise Ratio (the larger the better).

First, for simulating the concave contour, it is positioned against the direction of
wind velocity. Then, nine combinations of the concave profiles are simulated using the
ANSYS-Fluent, as shown in Table 3, and nine sets of Cd data are derived. The purpose of
this study is to create optimal drag force on the concave side. It calculates Cd data with the
characteristic of the larger the better for the S/N ratio. Finally, each set of derived Cd data
and S/N ratio is logged in the columns of Y and S/N (Table 4 below), respectively.

Table 4. Concave ANSYS simulation data.

Control Factor/Level Data/Log

Simulation A B C D Y S/N

#1 1 1 1 1 0.2075 −13.6598
#2 1 2 2 2 0.1996 −13.9956
#3 1 3 3 3 0.1973 −14.0956
#4 2 1 2 3 0.1964 −14.1389
#5 2 2 3 1 0.2201 −13.1478
#6 2 3 1 2 0.1980 −14.0676
#7 3 1 3 2 0.1942 −14.2358
#8 3 2 1 3 0.1973 −14.0967
#9 3 3 2 1 0.2111 −13.5115

Y = Cd; S/N = Signal/Noise Ratio (the larger the better).

In the next step, the S/N ratio is analyzed for identifying the optimum levels for each
control factor of concave contour and predicting performance under these levels. From the
nine experiment results listed in Table 4, three sets of the S/N ratio are excerpted for each
control factor with three different levels and then averaged and formed into the matrix in
Table 5 below.

As per Table 5, the average value of S/N ratio is excerpted for all factors at each level
and put it into Table 6 accordingly. Table 6 identifies the best combination of factors with
the best level as A2-B2-C3-D1.
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Table 5. Concave S/N ratio for factors/levels.

Factors/Levels 1 2 3 Average

A 1 −13.6598 −13.9956 −14.0956 −13.9170
A 2 −14.1389 −13.1478 −14.0676 −13.7848
A 3 −14.2358 −14.0967 −13.5115 −13.9480

B 1 −13.6598 −14.1389 −14.2358 −14.0115
B 2 −13.9956 −13.1478 −14.0967 −13.7467
B 3 −14.0956 −14.0676 −13.5115 −13.8915

C 1 −13.6598 −14.0676 −14.0967 −13.9414
C 2 −13.9956 −14.1389 −13.5115 −13.8820
C 3 −14.0956 −13.1478 −14.2358 −13.8264

D 1 −13.6598 −13.1478 −13.5115 −13.4397
D 2 −13.9956 −14.0676 −14.2358 −14.0997
D 3 −14.0956 −14.1389 −14.0967 −14.1104

Table 6. Concave factor/level response.

A B C D

Level #1 −13.9170 −14.0115 −13.9414 −13.4397
Level #2 −13.7848 −13.7467 −13.8820 −14.0997
Level #3 −13.9480 −13.8915 −13.8264 −14.1104

Effect 1 > 2 0.1323 0.2648 0.0594 −0.6600
Effect 2 > 3 −0.1632 −0.1449 0.0556 −0.0108

Best combination of factors with best level: A2-B2-C3-D1.

For drag-type rotor blades, both concave and convex sides would be facing upfront to
the wind blow direction alternately. Therefore, it is necessary to perform simulation on
both sides of the blade. The simulation of the convex contour requires an angle of attack
(AOA) toward the wind velocity to produce the lift force. This study positions the blades
at 20◦ of AOA because the AOA for many airfoils is typically around 15◦–20◦.

For the convex contour simulation, the blades are turned to 20◦ in the direction of
the wind velocity. Then, nine experiments are conducted using ANSYS-Fluent to simulate
nine convex profiles with different combinations, as shown in Table 3, and derive nine
sets of Cι data. The purpose of this study is to create optimal lift force on the convex side.
Therefore, Cι data is calculated for the S/N ratio with the characteristic of the larger the
better. Finally, each derived set of Cι data and S/N ratio is logged into the columns of Y
and S/N, respectively, in Table 7.

Table 7. Convex ANSYS simulation data.

Control Factor/Level Data/Log

Simulation A B C D Y S/N

& 1 1 1 1 1 0.0751 −22.4907
& 2 1 2 2 2 0.0864 −21.2652
& 3 1 3 3 3 0.0965 −20.3087
& 4 2 1 2 3 0.0872 −21.1857
& 5 2 2 3 1 0.0910 −20.8212
& 6 2 3 1 2 0.0921 −20.7148
& 7 3 1 3 2 0.0857 −21.3427
& 8 3 2 1 3 0.0851 −21.4049
& 9 3 3 2 1 0.0863 −21.2830

Y = Cι; S/N = Signal/Noise Ratio (the larger the better).

In the next step, the S/N ratio is analyzed to identify the optimum levels for each
control factor of the convex contour and to predict performance under these levels. From
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the nine experiment results listed in Table 7, three sets of the S/N ratio are excerpted for
each control factor with three different levels and are averaged to form the matrix in Table 8,
below.

Table 8. Convex S/N Ratio for factors/levels.

Factors/Levels 1 2 3 Average

A 1 −22.4907 −21.2652 −20.3087 −21.3549
A 2 −21.1857 −20.8212 −20.7148 −20.9072
A 3 −21.3427 −21.4049 −21.2830 −21.3435

B 1 −22.4907 −21.1857 −21.3427 −21.6730
B 2 −21.2652 −20.8212 −21.4049 −21.1638
B 3 −20.3087 −20.7148 −21.2830 −20.7689

C 1 −22.4907 −20.7148 −21.4049 −21.5368
C 2 −21.2652 −21.1857 −21.2830 −21.2446
C 3 −20.3087 −20.8212 −21.3427 −20.8242

D 1 −22.4907 −20.8212 −21.2830 −21.5316
D 2 −21.2652 −20.7148 −21.3427 −21.1076
D 3 −20.3087 −21.1857 −21.4049 −20.9664

As per Table 8, the average value of S/N ratio for the factors and each level is excerpted
and put it into Table 9, below. Table 9 identifies the best combination of factors with the
best level as A2-B3-C3-D3.

Table 9. Convex factors/level response.

A B C D

Level #1 −21.3549 −21.6730 −21.5368 −21.5316
Level #2 −20.9072 −21.1638 −21.2446 −21.1076
Level #3 −21.3435 −20.7689 −20.8242 −20.9664

Effect 1 > 2 0.4477 0.5093 0.2922 0.4241
Effect 2 > 3 −0.4363 0.3949 0.4204 0.1411

Best combination of factors with best level: A2-B3-C3-D3.

4. Results and Discussion

As per Tables 6 and 9, the data analysis is summarized as follows:

1. Factor/Level A2 and C3 are consistent for both the concave and convex contour.
2. Factor/Level A2 oval shape is the best for the apex.
3. The B3 for Factor B, Blade Depth, is recommended, regardless of the fact that in

Table 6 the best factor/level on the concave surface is B2. This is because the S/N
ratio loss between B2 and B3 is slight when comparing the loss on the concave contour
to the convex.

4. For the Factor/Level C3, Winglet, the results show that a wider winglet is better.
Therefore, we recommend enlarging from C3 = 15 mm to C4 = 20 mm. This may
extend farther as long as the structure can tolerate it.

5. For the Factor D, Shelter, we adopted both Level 1 and 3 as Combination #1 A2-B3-
C4-D1 and Combination #2 A2-B3-C4-D3, respectively, as expressed in Table 10. The
simulation results show the optimal shelter coverage should be between 1/3 and 2/3.
Therefore, the Level is adjusted to 4, 1/2 Shelter, and expressed as Combination #3
A2-B3-C4-D4 in Table 10.

6. For increasing the drag/lift coefficient, the height of Combination #3 is elongated
from 120 to 140 mm, expressed by Ex, becoming the Novel Blade indicated as A2-B3-
C4-D4-Ex in Table 10 and pictured as Figure 4 below.

7. For comparison, the semi-circular Savonius type is set with the same reference area,
140 mm * 120 mm, without the Factor C, Winglet, and Factor D, Shelter, and expressed
as A3-B0-Co-Do-Ex in Table 10 and pictured as Figure 5 below.



Energies 2021, 14, 3484 11 of 14

Table 10. Analysis results summary.

Blade Profile: Factor/Levels Concave Cd Convex Cl Convex Cd Total Cd+Cl

Best Concave: A2-B2-C3-D1 0.2201 0.0910 - -
Best Convex: A2-B3-C3-D3 0.1897 0.1029 - -

Combination #1: A2-B3-C4-D1 0.2180 0.0957 - 0.3137
Combination #2: A2-B3-C4-D3 0.1887 0.1067 - 0.2954
Combination #3: A2-B3-C4-D4 0.2140 0.1029 - 0.3169
Novel Blade: A2-B3-C4-D4-Ex 0.2361 0.1298 −0.1128 0.2531

Savonius type:
A3-B0-Co-Do-Ex 0.2293 0.0354 −0.1115 0.1532

C4 = 20 mm, D4 = 1/2, Ex = 140 mm height, B0 = 60 mm, Co, Do = none.
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Table 10 shows that on the convex profile, the Novel Blade lift coefficient (0.1298) is
much higher than the Savonius-type (0.0354), and the drag coefficient is about the same,
0.1128 vs. 0.1115, respectively. As to the drag coefficient on the concave profile, the Novel
Blade shows some improvement over the Savonius type: 0.2361 vs. 0.2293, respectively.
The total drag/lift coefficient for the positive work is the sum of concave Cd, the convex Cl,
and the convex Cd, for which the Novel Blade value is 0.2531 and the Savonius type value
is 0.1532. The total drag force is the sum of both sides’ drag coefficients, and the lift force is
the lift coefficient on the convex contour only, as there is no lift coefficient on the concave
profile. The total drag coefficient for the Novel Blade and the Savonius type is 0.1233 and
0.1178, respectively.

For visual comparison of the above numerical simulation and comparison, the pressure
distribution diagram confirms that the pressure force on the concave contour of the Novel
Blade is greater than on the Savonius type, about 6.13 vs. 5.32 (pascal), respectively, as
illustrated in Figure 6. This means that the Novel Blade will produce more drag force. The
diagram of streamlines flew over the convex contour, indicating that the flow lines on the
Novel Blade are much longer and denser than the Savonius-type, as illustrated in Figure 7.
This means that the novel blade will create more lift force.
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5. Conclusions

In this study, the blades were simulated at the best angular position for the drag force
concave profile facing upfront to the wind and for the lift force convex contour facing
against the wind at an AOA of 20 degrees. Although the simulation results showed the
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best angular position only, they could still show the tendencies of the characteristics of the
wind blades.

In summary, it is startling that the total drag/lift coefficient for the positive works
increases by over 65% (0.2531 vs. 0.1532), which means that the Novel Blade improves
blade performance over the Savonius type by 65% at the best angular position.

The disparity value is an imbalanced driving force on the two sides of the rotating
rotor, which is the difference between the total drag force on the concave contour and the
lift force on the convex profile. The disparity values of the Novel Blade and Savonius type
are 0.0065 (0.1298–0.1233) and 0.0824 (0.1178–0.0345), respectively. The disparity of the
Novel Blade reduced by 93% (0.0065 vs. 0.0824) compared to the Savonius type, which
means the Novel Blade improves the instability of aerodynamic performance and decreases
oscillation and noises accordingly.

In conclusion of this study, it achieved its two goals. The results are promising, as
both design tools used coincided with each other sufficiently. This study confirmed the
future possibilities of the Novel Blade as a Savonius-type VAWT.

In the process of study, we explored many ideas and questions. There are recommen-
dations on two themes: (1) further fine-tuning the winglet width and coverage area of
shelter using the same methodology as this study; (2) building a full-scale Novel Blade and
mounting it on a wind rotor, then testing it in a wind tunnel for verifying the improvement
of the wind rotor performance.
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