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ABSTRACT

This study addresses the optimization of small-scale renewable energy systems for low-wind environments, aim-
ing to improve wind energy utilization efficiency in regions with limited wind resources such as Indonesia. The
aerodynamic performance of an Archimedes spiral wind turbine (ASWT) was numerically investigated using
computational fluid dynamics (CFD) under varying blade inclination angles (30°, 35°, 40°, 45°, 50°, and 60°) at a
constant wind speed of 5 m/s. The simulations were performed based on the Navier-Stokes framework using k-¢
turbulence modelling with standard wall functions, enabling detailed analysis of flow behavior, torque generation,
power output, and wake development. The results demonstrate that turbine performance strongly depends on blade
inclination angle. Higher blade angles improved aerodynamic interaction, increasing torque and power output.
The best performance was achieved at 60°, producing 29.691 W with 37% efficiency, while the 30° configuration
showed the lowest performance at 21.076 W and 26% efficiency. Wake analysis indicated that larger blade angles
enhanced momentum extraction and kinetic energy conversion, but also increased downstream flow disturbance.
The simulation is performed under unsteady conditions, and the effects of atmospheric turbulence variation and
structural deformation are not considered in this study. The findings provide practical value for the design of low-
speed wind energy systems by identifying optimal geometric configurations for improved energy harvesting in
low-wind regions. From an ecological engineering perspective, the results support the development of compact,
efficient wind turbines capable of decentralized clean energy production, reducing reliance on fossil fuels in rural
and urban low-wind environments. The originality of this work lies in the systematic CFD-based evaluation of
blade inclination angle effects on Archimedes wind turbine performance under low wind speed conditions, sup-
ported by aerodynamic and wake-field analysis. The results contribute to a deeper understanding of spiral turbine
behavior and provide a foundation for environmentally adaptive wind energy system design.

Keywords: renewable energy, computational fluid dynamics, wind turbine, aerodynamic performance.

INTRODUCTION

Global electricity demand continues to increase
due to industrial growth, population expansion, and
rising energy consumption, resulting in greater de-
pendence on fossil fuels. This dependence has sig-
nificantly contributed to greenhouse gas emissions,
climate change, global warming, and environmen-
tal degradation (Budiman and Khoirunnisa, 2025).
In response to these challenges, many countries are
accelerating the transition toward sustainable and

low-carbon energy systems through the develop-
ment of renewable energy technologies (Ardoin
and Bowers, 2025).

Indonesia has committed to reducing green-
house gas emissions and increasing the share of
renewable energy in its national energy mix (Pam-
budi et al., 2025). However, growing energy de-
mand and declining fossil fuel reserves highlight
the urgent need for sustainable and decentralized
power generation systems, particularly in remote
regions with limited infrastructure (Budiarto and
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Surjosatyo, 2021). Therefore, small scale renew-
able energy technologies are considered essential
for supporting environmental sustainability and low
carbon development (Pandyaswargo et al., 2024).

Among various renewable energy sources,
wind energy has emerged as a promising alterna-
tive because of its clean, sustainable, and envi-
ronmentally friendly characteristics (Kusuma et
al., 2024). Indonesia possesses considerable wind
energy potential, with average wind speeds gen-
erally ranging from 3 to 7 m/s (Maulana et al.,
2024). Although these wind speeds are relatively
low compared with those in temperate regions,
they remain suitable for specially designed low-
wind-speed turbines. Consequently, the develop-
ment of wind turbines capable of operating effi-
ciently under low wind speed conditions is im-
portant for supporting decentralized sustainable
energy systems in Indonesia.

One promising technology for low-wind-
speed applications is the ASWT (Ortiz-Velazquez
et al., 2026). Unlike conventional horizontal-axis
wind turbines, which mainly rely on lift forc-
es, the ASWT utilizes both lift and drag forces
through its spiral blade configuration, enabling
more effective energy extraction at low wind
speeds (Kim et al., 2014). Due to these advantag-
es, the ASWT has attracted increasing attention as
a potential solution for small-scale renewable en-
ergy generation in areas with low wind potential.

Several studies have investigated the aerody-
namic performance of the ASWT through compu-
tational and experimental approaches. Labib et al.
(2020) examined blade angle effects on a small-
scale ASWT using CFD, varying angles from 50°
to 65° at wind speeds of 5 to 12 m/s, but the narrow
angular range left the aerodynamic behavior below
50° unexplored. Kamal et al. (2022) investigated
pitch-to-diameter ratio and aerofoil profile at high
wind speeds of 8-10 m/s without systematically
isolating blade angle as an independent variable
under low wind speed conditions. Herraprastanti
and Saputro (2021) simultaneously varied both
blade angle and blade number, making it difficult
to determine the independent contribution of blade
angle alone. Ansari et al. (2021) conducted a CFD
analysis at 5 m/s confirming that a 70° blade an-
gle achieved the highest efficiency of 30.3%, yet
evaluated only a single configuration, leaving the
comparative performance across a broader an-
gular range unaddressed. Ortiz-Velazquez et al.
(2026) and Faisal et al. (2025) advanced ASWT
optimization through multi-parameter and surface
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modification approaches respectively. While Sy-
aukani et al. (2024) demonstrated blade optimiza-
tion for Indonesian horizontal axis wind turbine
(HAWT) conditions using blade element momen-
tum (BEM) theory, none of these studies system-
atically isolated blade angle as a single variable
under low wind speed conditions. Furthermore,
the investigations were not conducted using CFD,
which provides greater fidelity for capturing the
complex flow phenomena inherent to helical blade
structures. Mutasher (2024) employed CFD using
ANSYS-CFX with the k-o SST turbulence model
to investigate small-scale ASWT performance.
The study reported a maximum power coefficient
of 0.2 at a TSR of 1.5. However, the investigation
was limited to a fixed blade opening angle of 60°,
leaving the effect of blade angle variation unexam-
ined. Faroja et al. (2026) conducted a seven-day
field experiment in Palembang-Indonesia compar-
ing three and four-blade ASWT configurations un-
der low wind speeds (0.8—4 m/s). The four-bladed
turbine achieved superior performance, reaching
0.29 W at a wind speed of 4 m/s due to improved
torque continuity and rotational stability. Howev-
er, the study was limited to a fixed pitch angle of
60° and a short testing duration. Song et al. (2025)
used CFD to analyze the effects of winglet geom-
etry on ASWT performance. The study found that
a 135° winglet angle with a length of 6—7% of the
rotor diameter increased the peak Cp by 13.4%
through tip vortex suppression.

Based on the foregoing review, the follow-
ing research gaps are identified: first, most prior
ASWT studies investigated blade angles only
within a limited range of 50-70°, leaving the
aerodynamic behavior at lower angles below 50°
unexplored; second, many studies varied multiple
geometric parameters simultaneously, making it
impossible to isolate the independent effect of
blade angle; third, the majority of studies em-
ployed wind speeds of 8 m/s or above, which
are unrepresentative of Indonesian conditions,
with the only exception being Ansari et al. (2021)
whose analysis was restricted to a single blade
angle; and fourth, CFD-based investigations sys-
tematically covering a wide angular range at low
wind speeds remain scarce compared to BEM-
based approaches, which are less suited to the
complex spiral geometry of the ASWT.

Thus, there is a clear need to improve the
understanding of how blade inclination angle
alone influences the aerodynamic efficiency of
an ASWT under realistic low-wind conditions,
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particularly in relation to their application in sus-
tainable and decentralized energy systems. Ad-
dressing this issue is important not only from an
aerodynamic design perspective but also from an
environmental engineering standpoint, as small
scale wind technologies contribute to reducing
dependence on fossil fuels and supporting low
carbon energy transitions in regions with limited
and unstable energy infrastructure.

In this context, the study is guided by the
hypothesis that increasing the blade inclination
angle enhances the aerodynamic interaction be-
tween the incoming airflow and the helical blade
surface, resulting in improved momentum trans-
fer, higher torque generation, and increased pow-
er output under low wind speed conditions. It is
also hypothesized that higher inclination angles
intensify wake formation due to greater energy
extraction from the flow, leading to a more pro-
nounced velocity deficit downstream of the tur-
bine. Therefore, this study aims to evaluate the
effect of blade inclination angle variations (30°,
35°, 40°, 45°, 50°, and 60°) on the aerodynamic
performance and energy extraction capability of
an ASWT operating at a low wind speed of 5 m/s
using CFD. The objective is to identify configura-
tions that maximize energy conversion efficiency
while maintaining stable flow behavior, thereby
enhancing the applicability of such turbines for
sustainable decentralized renewable energy sys-
tems in low-wind environments.

NUMERICAL METHOD

Turbine geometry and computational
domain

Figure 1 illustrates the three-dimensional ge-
ometry of the Archimedes wind turbine model,
showing (a) the isometric view revealing the
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Figure 1. ASWT (a) isometric view, (b) front view

helical blade configuration and overall rotor ge-
ometry, and (b) the front view displaying the spi-
ral blade arrangement and rotational symmetry of
the three-bladed rotor assembly. The ASWT ge-
ometry was designed using SolidWorks 3D CAD
2022. The turbine consists of three helical blades
arranged symmetrically around a central shatft.
Six independent geometry models were created,
each corresponding to one blade inclination an-
gle: 30°, 35°, 40°, 45°, 50°, and 60°. All other
geometric parameters were kept constant across
all six models to ensure that blade angle is the
sole independent variable. The principal geomet-
ric parameters are summarised in Table 1. Each
model was exported in IGES format and imported
into ANSYS Fluent 2021 R1 for pre-processing,
meshing, and simulation.

The computational domain for the Archime-
des wind turbine CFD simulation was designed
as a rectangular box enclosure, as illustrated in
Figure 2. The domain dimensions were carefully
selected to ensure accurate flow field predictions
while minimizing computational cost.The do-
main extends 7.5 m upstream of the rotor center
to guarantee a fully developed, undisturbed inlet
velocity profile, and 15 m downstream to ad-
equately capture the near and far wake recovery
regions without interference from the pressure
outlet boundary condition. The lateral and verti-
cal extents of the domain were each set to 15 m
from the rotor axis, yielding a total cross-section-
al area of 15 x 15 m, which maintains a frontal
blockage ratio well below the recommended 3%
threshold, thereby preventing artificial flow accel-
eration around the turbine due to domain confine-
ment effects. The total axial length of the domain
is therefore approximately 22.5 m, resulting in an
overall domain size of 22.5 x 15 x 15 m. Figure 2
illustrates the computational domain employed in
the CFD simulation of the ASWT.
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Table 1. Geometric parameters of the ASWT model

Parameter Value Unit
Rotor diameter 1.5 m
Turbine length 1.5 m
Blade thickness 0.01 m
Number of blades 3 -
S:;‘I’gsinc""am” 30, 35, 40, 45, 50, 60 | degree (°)

Computational mesh

The computational mesh for the Archimedes
wind turbine CFD simulation was generated us-
ing ANSYS Meshing, with the physics and solv-
er preferences configured for ANSY'S Fluent (see
Figure 3). An unstructured tetrahedral mesh type
was selected throughout the entire computational
domain due to its ability to conform effectively to
the complex helical blade geometry of the Archi-
medes wind turbine. The mesh was constructed
using a two-zone strategy, where a coarser mesh
was applied in the stationary outer domain and a
significantly finer mesh was generated within the
inner rotating zone surrounding the rotor assem-
bly, as clearly visible from the mesh density con-
trast shown in the figures. The global maximum
element size was set to 0.25 m for the outer do-
main, while the element size in the vicinity of the
rotor and rotating zone was refined to between
0.20 mm and 0.25 mm. This local refinement
ensures that the boundary layer flow, pressure

gradients, and rotational wake structures induced
by the helical blades are adequately resolved. A
smooth transition between the refined and coarse
mesh regions was achieved by controlling the
growth rate, preventing abrupt changes in ele-
ment size that could introduce numerical errors.
Curvature-based mesh refinement was also ap-
plied to ensure that the curved surfaces of the
helical blades were sufficiently captured by the
mesh. The overall mesh quality was evaluated
using the skewness and orthogonal quality crite-
ria, and high smoothing was applied to improve
element shape in regions of complex geometry.
The resulting mesh achieved an average skew-
ness value of 0.35 and an orthogonal quality of
0.65, both of which fall within the good range
according to ANSYS Fluent mesh quality stan-
dards. The computational mesh of the ASWT is
shown in Figure 3.

CFD simulation setup and boundary
conditions

The CFD simulation of the ASWT was con-
ducted using ANSYS Fluent 2021 R1 in three-di-
mensional, transient mode with a pressure-based
solver and absolute velocity formulation. The
working fluid was defined as air with a constant
density of 1.225 kg/m?, a dynamic viscosity of
1.7894 x 107° kg/(m-'s), and a specific heat capac-
ity of 1006.43 J/(kg-K), representing standard at-
mospheric conditions at sea level. The turbulence
was modelled using the standard k-epsilon (k-¢)

2,500 7,500

Figure 2. The computational domain of the ASWT
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Figure 3. Computational mesh of the ASWT

turbulence model with standard wall functions ap-
plied to all solid wall boundaries, which is widely
adopted in wind turbine CFD studies due to its ro-
bustness and computational efficiency in handling
fully turbulent external flows.

Regarding the boundary conditions, the in-
let face of the computational domain was as-
signed a uniform velocity inlet condition with a
velocity magnitude of 5 m/s directed along the
axial direction, representing the freestream wind
speed. The outlet face was set as a pressure out-
let with zero-gauge pressure, allowing the flow
to exit the domain freely without inducing back-
flow effects. All remaining outer faces of the sta-
tionary domain, including the lateral and top and
bottom walls, were treated as stationary no-slip
walls. The turbine blade surfaces were similarly
assigned a no-slip stationary wall boundary con-
dition, ensuring that the viscous effects on the
blade surfaces were properly captured. The in-
terface between the stationary outer domain and
the inner rotating zone was handled through a
sliding mesh interface, defined as contact region
source and target pairs, enabling the transfer of
flow information across the two zones during the
transient simulation.

For the cell zone conditions, the inner rotating
zone was configured with mesh motion enabled
at a rotational speed of 6.6 rad/s about the x-axis,
corresponding to the operating rotational speed of
the Archimedes wind turbine, while the station-
ary outer domain was assigned no frame motion
and no mesh motion. The solution was initial-
ized using the hybrid initialization method, which

provides a more physically consistent initial flow
field compared to standard initialization. The tran-
sient simulation was run with a time step size of
0.01 s, a total of 400-time steps, and a maximum
of 50 iterations per time step, giving a total simu-
lated physical time of 4 seconds, sufficient to cap-
ture the periodic behavior of the rotating turbine.

Governing equations

The continuity equation expresses the conser-
vation of mass for a fluid flow and is given as
follows (Anderson, 1995).

% V- (o) = 0 (1)
- . u) =
at P

For the unsteady incompressible flow con-
sidered in this study, where the fluid density p is
assumed constant, the continuity equation retains
its time-dependent form and simplifies to:

V-i=0 ()

where: p is the fluid density (kg/m?), ¢ is time (s),
and U is the velocity vector (m/s).

The conservation of momentum for a viscous,
incompressible fluid is described by the Navier-
Stokes equations. For unsteady incompressible
flow, the unsteady Reynolds-Averaged Navier-
Stokes (URANS) equation is expressed as (Ver-
steeg and Malalasekera, 2007):

—

ou

pa+p(ﬂ-V)1_i=—Vp+uV2ﬂ’+ﬁ 3)
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In component form for the x, y, and z directions:
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where: p is the static pressure (Pa), u is the dy-
namic viscosity (Pa‘s), and F, F, F_ are
the body force components (N/m?) in
each respective direction.

The additional
6u 617 6w

time-derivative  terms

in each component equation represent
tg locai’rate of change of velocity with respect to
time (m/s?). The conservation of energy for fluid
flow is described by the energy equation, which
accounts for heat transfer and viscous dissipation
(Anderson, 1995):

DT—V kVT) + @ (7

which can be written in expanded form as:
oT
pCy <E +1- VT) =V (kVT) +ud, ©8)

where: T is the temperature (K), c, is the specific
heat capacity (J/kg-K), k is the thermal con-
ductivity (W/m'K), and @ is the viscous
dissipation function.

Since the flow in this study is assumed to
be isothermal and incompressible at low wind
speeds, the energy equation is simplified and the
thermal effects are considered negligible.

Turbulence model and wall functions

To model turbulence effects, the Standard k-
epsilon (k-g) turbulence model with standard wall
functions was employed (Launder and Spalding,
1974). This well-established approach offers an
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appropriate balance between numerical accuracy
and computational efficiency, making it particu-
larly suitable for the present parametric study in-
volving multiple blade inclination angles ranging
from 30° to 60°. The governing transport equations
for k and ¢ in their unsteady form are expressed as
follows:

Turbulent kinetic energy (k):

d(pk) N d(pkuy) _
ot axi

0 ok
- E ('u+ g}i) ax]

+ Gy — pe 9)

Turbulent dissipation rate (¢):

dpe) | Ipew) _
at axi

0

a 2
—|( +—)—"S b Clos Gy — Coop o (10)
ax] l’l O-g a 1€k k — L2¢ k

where: the turbulent viscosity x, is computed as:

k2
U =pC/,t? (11)

where: p is the fluid density (kg/m?), u, is the ve-
locity component in the x, direction (m/s),
w is the dynamic viscosity (Pa-s), u, is the
turbulent viscosity (Pa's), G, represents
the generation of turbulent kinetic energy
due to mean velocity gradients (kg/m-s?),
and o, and o, are the turbulent Prandtl
numbers for k and ¢, respectively.

To handle the near-wall flow region without
requiring an excessively fine mesh at the blade
surfaces and domain walls, the standard wall func-
tions approach was employed. The standard wall
functions are valid within a dimensionless wall
distance of 30 <y* <300, where y" is defined as:

+ _ Py

y P (12)

where: p is the fluid density (kg/m?), u_is the fric-

tion velocity (m/s), v, is the normal dis-

tance from the wall to the centroid of the

first computational cell (m), and x is the
dynamic viscosity (Pa-s)

Performance parameter calculation

The turbine performance was evaluated based
on two primary parameters: mechanical power
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output and turbine efficiency. The mechanical
power output was calculated from the torque gen-
erated by the rotating blade using the following
equation (Burton et al., 2011):

P=T w (13)

where: P is the mechanical power (W), T is the
torque (N-m), and w is the angular veloc-
ity (rad/s).

The turbine efficiency, expressed as the pow-
er coefficient (Cp), represents the fraction of wind
power converted into mechanical power and is
calculated as (Burton et al., 2011) :

P
Cp = (14)
%pAV3

where: A is the swept area of the turbine rotor (m?)
and V is the incoming wind speed (m/s).

The theoretical maximum value of CP 15 0.593,
known as the Betz limit, which defines the upper
boundary of energy extraction from wind by any
wind turbine (Manwell et al., 2009; Bhatia, 2014).

The convergence criterion was determined
by evaluating the level of agreement between the
numerical simulation outcomes and the analyti-
cal reference results, in line with established CFD

verification and validation procedures for wind
turbine analysis. To ensure computational stabil-
ity and accuracy, the CFD procedure involved a
sequence of critical steps, namely geometry prep-
aration, mesh generation, boundary condition as-
signment, and solver configuration. This research
implemented a hybrid modeling workflow, using
SolidWorks for initial geometry construction and
ANSYS for detailed aerodynamic analysis. With-
in ANSYS, the modeling process included the in-
corporation of supporting geometry, specification
of boundary conditions, mesh creation, and solver
setup prior to the commencement of simulation
(Wang et al., 2016; Sridhar et al., 2026).

RESULTS AND DISCUSSION

Validation results

The CFD simulation results of the ASWT
were validated using the results reported by An-
sari et al. (2021), with both turbines operating
at a wind speed of 5 m/s (Figure 4). The valida-
tion results demonstrate a consistent agreement
between the CFD predictions and the reference
(validation) data across the investigated range
of power coefficients (Cp). As shown in the fig-
ure, both datasets exhibit a similar increasing
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Figure 4. CFD validation results compared with previous studies on ASWT
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trend in efficiency with rising Cp, indicating that
the numerical model successfully captures the
underlying physical behavior of the wind tur-
bine. The CFD results slightly overpredict the
efficiency compared to the validation data, with
deviations ranging from approximately 10%
at lower Cp (0.1646) to about 6—7% at higher
Cp values (0.3030). As shown in the figure, the
gap between the two curves decreases as Cp in-
creases, indicating improved model accuracy at
higher operating conditions. The overprediction
observed in the Archimedes wind turbine simu-
lation results can be attributed to differences in
blade inclination angle, rotational speed, and
the smaller model scale adopted by Ansari et al.
(2021), all of which contribute to discrepancies
in the predicted power output. These variations
in power output, in turn, affect the calculated ef-
ficiency values. Overall, the good agreement in
trends and the relatively small deviations con-
firm that the CFD model is sufficiently reliable
for predicting turbine performance, and it can
be considered valid for further parametric and
design studies.

Torque simulation results

Figure 5 demonstrates that a larger blade
inclination angle results in higher torque output
from the wind turbine. Torque is a fundamen-
tal parameter in wind turbine performance, as

it represents the rotational force that drives the
shaft and enables energy conversion from wind
kinetic energy into mechanical energy (Castil-
lo et al., 2023). At an angle of 30°, the torque
generated was 3.195 N.m, whereas at 60° it in-
creased to 4.501 N.m. This trend indicates that
torque rises with increasing inclination angle,
despite constant wind speed and rotational speed
applied to each ASWT. The blade inclination
angle exerts a direct influence on torque genera-
tion in an ASWT by governing the momentum
exchange between the incoming airflow and
the helical blade surfaces. At lower inclination
angles, the projected area normal to the flow is
limited, resulting in weaker pressure differen-
tials and a reduced tangential force component,
thereby producing relatively low torque. As the
inclination angle increases, the effective interac-
tion between the flow and blade surface is en-
hanced, leading to stronger pressure gradients
and a greater tangential force that contributes
to torque. This improvement continues up to an
optimal inclination angle, where the balance be-
tween lift- and drag-induced forces maximizes
the torque output (Faisal et al., 2025). Since me-
chanical power is directly defined as the product
of torque and angular velocity, expressed as in
Equation 13, a higher torque value at a constant
rotational speed will directly produce greater
mechanical power output (Herlambang et al.,
2023; Syaukani et al., 2024)

3.94

3.525

3.195

L ]
/4.501

|
4.361

4.137

30 +——r1

Inclination Angle (°)

Figure 5. Relationship between torque and inclination angle
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Turbine power analysis

Figure 6 shows the relationship between tur-
bine power and blade inclination angle. As we
can see from the figure that a steep rise in turbine
power was observed as the inclination angle in-
creased from 30° to 40°, attributable to the rapid
improvement in the blade’s effective wind-cap-
turing area. When the blade inclination changes
from 40° to 50°, the increase in turbine power
proceeds at a more moderate rate. These findings
suggest a significant turbine power rise as the in-
clination angle increases from 30° to 50°. This
is primarily due to the corresponding increase in
torque and improved aerodynamic interaction be-
tween the airflow and the helical blade surface.
At lower angles, a larger portion of the aerody-
namic force acts in the axial direction, limiting
effective rotational work. However, increasing
the inclination angle reorients the force compo-
nents, enhancing tangential force and thereby
increasing mechanical power output in line with
the torque-angular velocity principles, while the
helical blade geometry facilitates more continu-
ous momentum transfer along the blade length
at higher inclination angles, thereby enhancing
overall energy extraction efficiency. Beyond 50°,
the power curve transitioned into a near-plateau
regime, with only a marginal gain of 0.92 W
(~3,2%) observed up to 60°, reflecting the onset
of aerodynamic saturation, where increasing the

inclination angle yields progressively smaller im-
provements in power. The lowest power output
was observed at 30°, with a value of 21.076 W,
while the highest was obtained at 60°, reaching
29.691 W. The variation in power output across
different angles is directly linked to the differenc-
es in torque generated, as expressed in Equation
13, where turbine power is the product of torque
and rotational speed. These differences arise de-
spite identical operating conditions for all ASWT,
including constant wind speed, rotor diameter,
and rotational speed. Power output reflects the
turbine’s capacity to convert wind kinetic energy
into mechanical energy, where a higher power
output under identical operating conditions inher-
ently yields a higher power coefficient (Cp) and
thus indicates superior acrodynamic performance
(Firoozi et al., 2024). This result is consistent with
the findings of Ansari et al. (2021) who conducted
a CFD analysis of the ASWT at the same wind
speed of 5 m/s and reported that the model with
the largest blade opening angle of 70° produced
the maximum power output and the highest Cp of
30.3%, directly confirming that larger blade angle
configurations yield better turbine performance
under identical low wind speed conditions.

Pressure contours of the wind turbine

The wind flow generates pressure on the tur-
bine surface, as shown by the pressure contours in
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Figure 6. Relationship between turbine power and inclination angle
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Figures 7 and 8. The red pressure region almost
entirely covers the turbine surface, indicating
that a larger blade angle generates greater pres-
sure on the turbine. At a blade angle of 60°, the
pressure distribution extends over a wider area of
the blade surface, whereas at 30° the red region is
concentrated mainly along the blade edges. Com-
pared with the 30° configuration, the 60° turbine
exhibits a broader high-pressure region extending
from the blade center to its outer edges. These
differences are primarily attributed to the varia-
tion in blade angle. In wind turbine aerodynam-
ics, the pressure difference between the high- and
low-pressure regions across the blade surface is
the main mechanism generating the aerodynamic
force responsible for rotation. A wider and more
uniform pressure distribution is therefore associ-
ated with greater rotor force and higher power
output (Ansari et al., 2021). Song et al. (2022)
similarly reported that ASWT rotors with larger
blade angles exhibited broader pressure distribu-
tions, a wider operating tip speed ratio range, and
a higher power coefficient, confirming that sur-
face pressure coverage is a key indicator of aero-
dynamic performance.

Velocity contour of the wind turbine

The velocity contour presented in Figure 9 il-
lustrates the airflow behavior around the ASWT
and reveals several key aerodynamic phenom-
ena that govern its performance. Upstream of the

turbine, the flow maintains a relatively uniform
velocity distribution, indicating stable inlet con-
ditions. As the air approaches the rotor region, a
noticeable deceleration occurs, evidenced by the
transition from higher velocity to lower velocity
zones in front of and within the turbine enclosure.
This reduction in velocity reflects the extraction
of kinetic energy by the rotor blades. Within the
rotor region, localized high-velocity gradients
and small zones of accelerated flow are observed
near the blade tips, suggesting the presence of
strong shear layers and rotational effects induced
by the helical blade geometry. Downstream of
the turbine, a pronounced wake region is formed,
characterized by reduced velocity and elongated
flow structures extending along the streamwise
direction. This wake indicates energy loss and
flow separation, which are typical in wind energy
conversion systems.

Figures 10 and 11 show the comparison wake
region of the ASWT, spaced 2.5 m apart, between
30° and 60° blade angle, which shows notable
differences. In Figure 10, both the near-wake and
far-wake contours at the center are dominated by
a yellow-green color, indicating that the turbine’s
outgoing airflow has relatively low velocities,
ranging from 2 to 3.5 m/s. In contrast, in Figure
11, the central regions of the near-wake and far-
wake contours are dominated by yellow-red col-
ors, signifying higher outgoing airflow velocities
of 3.8 to 4.6 m/s, which indicates that the wind
speed leaving the turbine is only slightly reduced

)

0.700 (m)
1

0525

Figure 7. Pressure contour of the wind turbine at a 60° blade angle
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Figure 8. Pressure contour of the wind turbine at a 30° blade angle

1.000

Figure 9. Air velocity contour around the wind turbine

compared to the incoming wind speed of 5 m/s.
From an aerodynamic standpoint, a greater reduc-
tion in wake velocity relative to the freestream
wind speed signifies that more kinetic energy has
been absorbed by the rotor and converted into
mechanical work, corresponding to higher tur-
bine efficiency and power output (Firoozi et al.,
2024). In this regard, Song et al. (2022) demon-
strated through numerical simulation on ASWT
rotors with different blade angles that rotors with
larger blade angles produced a more structured

wake pattern with greater momentum exchange
between the rotor and the incoming airflow,
which was directly associated with a wider oper-
ating tip speed ratio range and a higher maximum
power coefficient. Therefore, the lower and more
uniform wake velocity observed in the 60° con-
figuration indicates more effective and spatially
consistent energy extraction across the blade sur-
face, confirming that this configuration achieves
superior aerodynamic performance compared to
the 30° configuration.
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Figure 10. Wake-affected area of the turbine at a 60° blade angle
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Figure 11. Wake region of the turbine with a 30° blade angle

In addition to velocity contours, the airflow
around the turbine blades is depicted in Figure
12. A side view corresponding to Figure 12 is il-
lustrated in Figure 13 for clarity. As we can see
form the figures that the airflow changes after
passing over the turbine blades, particularly in
terms of velocity. At the central region of the tur-
bine, the wind speed increases from the initial 5
m/s to 6.906 m/s after passing the blades. In con-
trast, airflow along the inner and outer edges of the
blades decreases from the initial 5 m/s to a range
0f 2.302-4.604 m/s. Figure 13 also shows that the
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airflow becomes slightly turbulent after passing
over the turbine blades.

CONCLUSIONS

The CFD analysis demonstrated that blade
inclination angle governs both the energy ex-
traction capability and wake development of the
ASWT under low-wind-speed operating condi-
tions. Increasing the blade inclination angle from
30° to 60° systematically enhanced aerodynamic
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Figure 12. Downstream flow of the wind turbine
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Figure 13. Airflow over the wind turbine blade

performance by increasing the interaction be-
tween the incoming airflow and the helical blade
surface, resulting in greater tangential force gen-
eration and improved momentum transfer.
Among the investigated configurations, the
60° blade angle achieved the highest aerody-
namic performance, producing a torque of 4.501
N.m, a mechanical power output of 29.691 W,
and a power coefficient of 37%, whereas the 30°
configuration exhibited the lowest performance,
with 3.195 N'm torque, 21.076 W power out-
put, and 26% efficiency. The increase in turbine
performance with blade angle was associated
with broader pressure distribution over the blade

surface, stronger wake velocity deficit, and more
effective kinetic energy extraction from the air-
flow. The wake analysis revealed that larger blade
inclination angles generate a more extended low-
velocity wake region and slower downstream ve-
locity recovery, indicating intensified acrodynam-
ic loading and increased energy absorption by the
rotor. In contrast, smaller blade angles produced
weaker wake structures and lower momentum
extraction, corresponding to reduced turbine ef-
ficiency. These findings establish a direct aero-
dynamic relationship between blade inclination
angle, wake development, and renewable energy
conversion performance in ASWT.
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The study provides new numerical evidence
that blade-angle modification can substantially
improve low-speed wind energy harvesting in
compact helical turbines without altering rotor di-
ameter or operating wind conditions. The obtained
results support the application of high-inclination
ASWT configurations for decentralized small-
scale renewable energy systems operating in low-
wind environments, where stable energy extrac-
tion and compact turbine geometry are required.
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