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1. INTRODUCTION

Energy has become a world problem in a few years, because the energy sources that have been used
so far, such as petroleum, natural gas, and coal, are non-renewable energy sources and are increasingly scarce
[1], [2]. This problem encourages many technicians and scientists to use new and renewable energy sources.
This energy does not depend on quantity because it comes from a sustainable nature. Wind energy is one of
the renewable energies that can be used as an energy source with the help of wind turbines or windmills.
Mechanical energy gathered from the wind, such as torque and speed can be used directly or converted into
electrical energy [3]. Many kinds of wind turbines have been developed with different axis configurations,
different airfoil-profile blades, different shapes and sizes, and many others that can achieve different
aerodynamics performance and enhance the energy efficiency [4], [5]. Recently, the researchers investigated
several wind turbines that can achieve high performance in power generated at low wind speed [6].

Various scientific research about wind turbine efficiency and optimization have been worked. An
analysis of lift force, drag force, and pressure coefficient for the NACA S814 blade profile used in horizontal
axis wind turbines (HAWT) was presented in [7]. The modification of the NACA 0012 airfoil at various
angles of attack and its evaluation at Reynolds numbers of 1,000 and 5,000 were reported in [8], showing that
both lift and drag forces increase as the Reynolds number rises. The vertical axis wind turbine (VAWT) was
analyzed using computational fluid dynamics (CFD) in [9] to obtain an optimized turbine design. From those
researches, the HAWT and VAWT are kind of large size turbines that need heavy machinery to install.
The installation and maintenance of those are a difficult process because of the tall tower and heavy turbines.
So, those are not suitable for urban use [10].
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One of the wind turbines that can be installed on homes or cities is the archimedes spiral wind
turbine (ASWT) [11], which generates less noise than other turbines due to its very low rotational speed in
low-speed wind conditions. The profile of the ASWT blade is spiral like a natural creature, Thatcheria
mirabilis, which causes the ASWT can automatically align to the direction of the wind without any yaw
apparatus [12], which means the ASWT has the ability to adjust for changes in wind direction. A biomimetic
design study of ASWT blades incorporating spanwise grooves inspired by the ventral pleats of rorqual
whales demonstrated an 8.3% increase in power coefficient at 10 m/s, while surface bumps led to reduced
performance [13]. The ASWT is classified in horizontal axis and designed on Archimedes spiral principle. It
can produce energy from the wind by redirecting its flow 90 degrees relative to the original direction. Related
researches about ASWT were demonstrated that this turbine operates as a horizontal-axis drag-type rotor
obtained a maximum power coefficient of 0.293 at a tip-speed ratio of 2.19, and additional generator—
controller testing provided the electrical efficiency needed to predict the full power curve [14]. Further
development of a three-bladed ASWT with opening angles of 35°, 45°, and 65° was presented in [15], which
analyzed the lift (C;) and drag (Cp) coefficients and showed that C; increased with larger opening angles at a
wind speed of 5.5 m/s. An investigation focusing on blade opening angle design was carried out in [16],
where numerical and experimental tests demonstrated that the variable-angle configuration produced 14.7%
higher output than the fixed-angle design. The influence of blade angle on the aerodynamic performance of
ASWT was examined in [17], showing that increasing the blade angle reduced the maximum rotational speed
and output power, suggesting that Archimedes aerofoil wind turbines perform optimally under moderate to
light wind conditions. Wake flow characteristics of ASWT were analyzed in [18], showing that interactions
between downstream wake flow and tip-vortex-induced velocity were strongly influenced by wind speed and
blade rotational speed. A comparative numerical study using ANSYS fluent in [19] examined spiral wind
turbines with three different blade profiles, concluding that the Archimedean spiral with a 60° opening angle
provided the best acrodynamic performance.

The new finding with contrast to the previous works is the number of Archimedes spiral blade
effects. The blade number should be taken care of carefully in designing the wind turbine especially the
ASWT because it can affect the manufacturing process, the fabricated cost and the aerodynamics which mean
the efficient blade number is able to increase the wind energy [20]. The main theme of this study is the blade
design of ASWT. The specific goal of this study is to obtain the optimum design of ASWT by numerical
investigation in various numbers of blades in 2, 3, and 4 blades and modified each blade with the opening
angle variations in 45°, 55°, and 65°. This study is developed following two steps such as designing the
ASWT with both parameters using CAD Software, then simulating the ASWT designs using CFD Software.
The simulation results are the value of the drag coefficient (Cp), lift coefficient (C,) and moment coefficient
(Cy) for various variations in the number of blades and the blade angles. The values of Cp, C,, and C,, are
relevant to aerodynamics performance in wind turbines which indicated the efficiency of the fluid flow
through the turbine.

2. METHOD

This study is conducted by numerical simulation of ASWT by following the methods as follows:
First, the literature study is conducted by searching the reference of ASWT and finding out the gap analysis
of related research. The ASWT are characterized by its unique spiral blade design, which differentiates them
from conventional horizontal and vertical axis wind turbines. The previous studies had analyzed the
performance of ASWT that generally evaluated the opening angle in three blades to enhance the energy
capture in low wind speed. The research gap is the analysis of blade number variation and the opening angle
to capture the complex airflow interactions around spiral blades. Beside that, the efficiency model is
investigated especially for small-scale or residential applications. Second, the 3D modeling of ASWT’s blade
is designed using CAD Software. This blade turbine is designed in laboratory-scaled size. The blade is only
constructed because this study only investigated the fluid flow through the blade. There are 9 different blade
models including the fixed-opening angle (6=45°, 55°, 65°) and the number of blades (n =2, 3, 4). Third, the
3D model is imported into the simulation software to analyze the fluid dynamics occurring in these turbines
[21]. This simulation is based on CFD that detailed airflow patterns around the blades with a turbulence
model. The simulation approached the environmental conditions to assess turbine performance, such as the
wind speed is at 7 m/s, the wind direction is from the inlet section of the boundary wall, the temperature and
pressure are modeled with standard atmospheric conditions. Fourth, the preprocessing stage in simulation is
set, such as generating the mesh, setting the boundary conditions and parameters, determining the fluid flow
model and material properties, determining the scheme and discretization, then determining the governing
equation. The simulation stage is conducted by running the simulation. The details of the preprocessing stage
are explained in the next section. The turbine will be analyzed by wind speed, pressure, and airflow.
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The simulation will reach the convergence iteration. The results provide qualitative and quantitative data. The
qualitative data shows the illustration of airflow across the ASWT to interpret performance trends and
identify potential areas for improvement, and the quantitative data provides the coefficient of drag (Cp),
coefficient of lift (C;), and coefficient of moments (C),) to assess variability and significance of results.

2.1. ASWT design

The ASWT is a sort of HAWT. This turbine has some blades with spiral shape that adopt
Archimedes configuration [22]. This unique blade shape can use drag force to capture wind energy instead of
using lift force produced by air pushed down by an aerodynamic shape (airfoil) like a conventional HAWT
does. The focus of this study is the design of ASWT that can be seen in Figure 1. The parameter used in
ASWT such as r indicates the turbine radius means the radial distance between the blade tip at the exit and
the axis of rotation, 8 indicates the opening angle blade means the angle between the axis rotation and the
blade tip at the outlet, L indicates the length of turbine means the distance between the blade tip at the
beginning and the end, and n indicates the number of blades.

In the presented study, the ASWT performance is focused on the fixed-opening angle and the
number of blades. Table 1 presents different ASWT design with variation in the fixed-opening angle (8 =
45°,55° 65°) and the number of blades (n = 2,3,4). Those designs will cause aerodynamic interaction
between spiral blade design and wind flow. The diameter of the ASWT is 150 mm and the motor streamwise
length is 305 mm along the rotational axis. The model only focused on blade turbines, the bolt and nut
geometry had been simplified, and also the generators and other components had been removed. The blade
material is ignored because the blade material is not effected by the CFD simulation.

Figure 1. Definition of the parameters used in the ASWT design form side and isometric view

Table 1. The different design of ASWT based on the opening angle and the number of blades
Blade number 6 = 45° 6 =55° 6 = 65°

n= 2
n= 3
n= 4

2.2. Numerical methodology

This study is conducted numerically using CFD which utilized the Software simulation as the
instrumental. It is aimed to obtain the ASWT performance, such as the coefficient of drag (Cj), Coefficient
of Lift (C,), and coefficient of moments (C,;). The simulation procedure can be seen in Figure 2, which
shows that three stages of procedures should be followed step by step from pre-processing stage until post-
processing stage.
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Figure 2 explains the simulation procedure that is started from the pre-processing stage until the
post-processing stage. The mesh is generated for the simulation. The mesh type used is a tetrahedron with 10
mm of mesh size. The quality of mesh generation is checked and the result can be seen in Table 2.

Pre-processing stage >| Simulation stage >>| Post-processing stage
o Generate mesh e Run the simulation ¢ Quantitative output consist of:
o Set boundary condition and o Check the iteration - drag coefficient,
parameters - lift coefficient, and
o Determine the fluid flow model and - moment coefficient
material properties ¢ Qualitative output consists of:
e Determine the scheme and - speed contour,
discretization - speed vector, and
e Determine the governing equation - speed pathline

Figure 2. The simulation procedure

Table 2. The elements and nodes of mesh contained in ASWT models

Fixed-opening angle: 45° 55° 65°
Blade number Nodes  Elements Nodes  Elements Nodes  Elements
n=2 122,193 644,432 115,055 607,738 108,513 573,694
n=3 141,655 746,281 132,271 696,364 128364 675,892
n=4 141,103 735,686 133,882 700,491 153,370 799,341

The boundary condition is set in cylindric shape, then the ASWT rotor’s center is placed at 2D
distance from the inlet and a 8D distance from the outflow, as shown in Figure 3. The surface sections are set
as inlet velocity, wall, and outlet pressure. The fluid material is air or wind. This study configures the fluid
flow model as SST k — w model and illustrates the airflow across the ASWT, which adopted from [23],
shown in Figure 4. The simulation will show the force generated by the rotor surface. In the pre-processing
stage, the model that had been generated in CAD Software was imported into simulation software.

Outlet pressure

Inlet velocity E /
_—

> Wall

Figure 3. Boundary condition

Figure 4. The illustration of aerodynamic force analysis on the ASWT rotor
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This study was solved using the governing equations such as the time-averaged continuity as shown
in (1) and the momentum equation for steady flow as (2) [10], [24]:

aU; _
T (1)
Where the time-averaged continuity equation as in (1) uses U; to indicate the average velocity vector in three
dimensions.

_ (ou; ap d |omw; , ouj ) ——F
pu]-(i)——pﬂt [i+—’ o, (W) )

an axi an aX]' axi

The total convective change as in (2) in mean momentum consists of the three terms on the lefthand
side. The first term is pressure field that is written in p. The second term is viscous term that is written in
a [ow; , o1 o . . -
Fo a—::f + a—?] This viscous term can create stress. The third term is the Reynolds stress that is interpreted by

j 19%j i

(pu'lu']) in the mean turbulent velocity fluctuations. The notation of the equations such as p shows density
(kg/m*) which is 1.225 kg/m®, u means the fluid viscosity (N.s/m?), u’, and u’; indicate the velocity
fluctuation components (m/s). The subscripts i and j present the free indices. The i and j can be written in
1, 2, 3 of number to represent the x, y and z directions respectively. The model used in this study is SST k —
o model which is calculated in two additional transport equations, such as k is the kinetic turbulent energy
and w is the specific turbulent dissipation rate. The SST k-o turbulence model demonstrated superior
performance by providing the most accurate and consistent predictions of aerodynamic torque, pressure
distribution, and flap-wise bending loads across various wind speeds compared to the other models tested
[25]. Those equation is written as in (3) and (4).

ok Ak . a ok
M u =P f kw+67j[(v+ak1vT) (a—,)] 3)
Do _¥a, (24)_p 249 do
o =By, (axj) fros? + o [CERS (ax,.)] @)

The SST k —w model as in (3) and (4) consist of constants such as gy, = 0.85,0,0w = 0.5, f; =
2
0.075,8* = 0.09,k = 0.41, and y, = B oiwk

The term vy that indicates the turbulent kinematic eddy

=r T
viscosity can be represented in (5).
k a
vp =B =2 1k (5)
P w max(a1w,Qstrain-rate)

Where Qgirain—rate @s written in (5) is the shear strain rate, a; is a proportionality constant that can be
obtained from T = a, pk and k is the turbulent kinetic energy.

The scheme was set for the second-order upwind and central difference, then the discritization
adjusted in the kinetic turbulent energy k and the specific turbulent dissipation rate w. Then, the pressure
velocity coupling is carried out through the semi-implicit method for pressure-linked equations. The solver
was pressure based. The boundary conditions at inlet and outlet boundaries were adjusted in 1% of
turbulence intensity and 1 of turbulence viscosity ratio. The domain wall and the solid boundaries were set
with no-slip adiabatic conditions.

In the simulation stage, this study measures the coefficient of drag (Cp), coefficient of lift (C,), and
coefficient of moments (C,,). The simulation results in different values for each different ASWT design. The
lift coefficient that used to represent the lift force (F,) that is generated by lifting the body to the fluid
density, the fluid velocity and an associated reference area. In a turbine, the lift value increases by increasing
the angle of attack and turbulence on the active surface. The drag coefficient that used to represent the drag
force (Fp) on an ASWT that moves through a fluid which means the ASWT’s aerodynamic or hydrodynamic.
In a turbine, a lower drag coefficient indicates the turbine will have less aerodynamic or hydrodynamic drag.
Cy 1s a constant number of the moment of inertia possessed by a rigid object whose value is determined by
the shape and axis of rotation of the object [26]. Those are important parameters that affect the ASWT
performance. To obtain those coefficient values, the convergence value should be monitored within 1e-3 of
residue with the time step size is at 1e-3 and the number of time steps is at Se+5.
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3. RESULTS AND DISCUSSION

This paper investigates the changes of different parameters in terms of the coefficient of drag (Cp),
coefficient of lift (C.), and coefficient of moments (Cy,). These investigations are conducted using CFD
simulation. CFD performs the simulation and solves the flow governing equations around the turbine blade
for each nine different ASWT’s designs in 7 m/s of wind speed. Then, the results of the variations of the
fixed-opening angle (6 = 45° 55° and 65°) and the number of blades (n = 2,3,and 4) are discussed.
A comparison of the fixed-opening angle in terms of Cj, and C; is presented in Figure 5. And a comparison of
the 9 different ASWT’s designs in terms of Cy,is shown in Figure 6.

Figure 6 shows that the smallest C, value is for the spiral blade with an angle of 65° and the highest
C, value is for the spiral blade with an angle of 45°. In an ASWT with a small fixed-opening angle,
undisturbed free flow can pass through the blades more easily than with a large one. Therefore, an ASWT
with a large fixed-opening angle has a stronger air blocking effect than a rotor with a small one, and a
stronger blocking effect forces more fluid to flow through the spiral blade region of the turbine. A positive
Cp value means drag, and a negative Cp value means acceleration. It can be concluded that the spiral blade
with an inclination of 65° has the best acceleration because the Cp value is the smallest.

0 0.37 0?7--_-"“"-----.
0.5 - 0.13
7 -l
-1.69
RS - . — . 193
2 i = L — -2.18
2 - —s
-2.5
45 degrees 55 degrees 65 degrees
Fixed-opening angle
== ® «Drag Coefficient = = Lift Coefficient
Figure 5. A comparison of the fixed-opening angle in terms of Cpand C;,
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E 0.5 '.___..-——-.'-_‘"T:-.-.. c Em s s wmm s wm v @) 49
= o= ® el
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Figure 6. A comparison of the 9 different ASWT’s designs in terms of Cy,

The magnitude of the C,, value tends to increase as the number of blades and blade opening angle
increase. A small coefficient of moment (C,,) value means that the rotary torque produced by the turbine is
small, while a large coefficient of moment (C,,) value means that the rotary torque produced by the turbine is
large, so the turbine has good performance. Figure 6 shows the smallest €y, value when varying 2 spiral
blades with 45° of fixed-opening angle and the largest C,, value when varying 4 spiral blades with 65° of
fixed-opening angle.

To compare the speed pathline around the ASWT surface obtained from the CFD simulations.
Figures 7, 8, and 9 show the results at a constant wind speed of 7 m/s. These comparisons have been made
using the pathline view in the CFD post-processing.
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Figures 7, 8, and 9 show the illustration of airflow across the ASWT in terms of velocity pathline.
The solution bar represents the color line in velocity magnitude. The red color indicates an increase in airflow
velocity while the dark blue color shows a decrease in airflow velocity. The velocity magnitude can be seen
in Table 3. The increase in airflow speed is because the air is captured by the turbine spiral blades so that it
gathers in the center of the rotor with a subsequent increase in speed, which is shown by the red pathline
speed. In addition, the highest speed region appears near the tip of the turbine rotor, while the lowest speed
region appears behind the hub, resulting in turbulence in this area and reverse flow shown in the vector
direction back to the inlet. This is caused by the effect of forming the direction of air flow after passing
through the spiral turbine blade periodically. The same thing also happened in the research conducted by
[12], namely the appearance of turbulent flow in the area behind the blade.

Table 3. The velocity magnitude
The fixed-opening angle 6 =45° @ =55° 6 =65

n= 2 20.9 20.2 21.7
The number of blades n = 3 19 23.1 25.1
n=4 19.4 23.4 27
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Figure 7. The comparison of the speed pathline around the ASWT with the 45° of fixed-opening angle:
(a) 2 blades, (b) 3 blades, and (c) 4 blades
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Figure 8. The comparison of the speed pathline around the ASWT with the 55° of fixed-opening angle:
(a) 2 blades, (b) 3 blades, and (c) 4 blades
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Figure 9. The comparison of the speed pathline around the ASWT with the 65° of fixed-opening angle:
(a) 2 blades, (b) 3 blades, and (c) 4 blades

4. CONCLUSION

The variation of the fixed-opening angle is ASWT’s blade affects the value of the C;, and C;, such
as fixed-opening angle is small means the Cp and C; values increase, it can be seen that the 45° of fixed-
opening angle has the largest Cj, and C; values, namely C, = -1.69 and C; = 0.37. The Cj and C; decrease in
the 8 = 65° of fixed-opening angle with a value of Cp = -2.18 and C; = 0.13. The magnitude of the
coefficient of moment (Cy) is different in each turbine variation. The Cy; in ASWT with 45° of fixed-
opening angle has a 2.4% decline when it adds the number of blades in 4 blades. The enhancement occurs in
ASWT with 65° of fixed-opening angle when the number of blades add, namely 23.51%, which is the
highest C), is in ASWT with 65° of fixed-opening angle and 4 blades.
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