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ABSTRACT

This research evaluated the effects of blade tip
loss on H-Rotor Vertical-Axis Wind Turbines
(VAWTs) and focused on elucidating the
phenomenon of flow separation around a blade
tip. Flow separation around the blade tip is crucial
in blade tip vortex formation. This separation leads
to the generation of concentrated vorticity at the
blade tip, ultimately giving rise to blade tip
vortices. Blade tip vortices can significantly
influence the power efficiency of a VAWT. In-depth
understanding of flow separation mechanisms and
vortex dynamics is important for optimizing a
VAWT’s performance. The study is conducted via
three-dimensional (3D) Computational Fluid
Dynamics (CFD) using the Improved Delayed
Detached Eddy Simulation (IDDES) turbulence
model. Multiple test cases are employed featuring
different grid densities and time step sizes,
facilitating a comprehensive investigation into
simulation accuracy. Key performance metrics,
including the instantaneous full blade torque
coefficient and the instantaneous span-wise
torque coefficient, are compared. It is found that
the mid-span of the blade possesses the highest
torque coefficient which gradually decreases
towards the blade tip, indicating the performance
degradation due to blade tip loss. The study also
demonstrates the effectiveness of IDDES in
capturing the formation and behaviour of blade tip
vortices. By comparing simulation results with
experimental data, the research affirms the
capability of IDDES to reproduce complex vortex
dynamics within H-Rotor VAWTs. In summary, the
presence of blade tip vortices was shown to
degrade the generated torque of H-Rotor VAWTSs
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towards the blade tip. Utilizing the IDDES
turbulence model and a systematic approach to
mesh and time step selection underscores the
importance of accurate simulation in optimizing

the VAWT’s performance. The findings pave the
way for more precise design and operation of
these complex wind energy systems, with
implications for improved energy efficiency.
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INTRODUCTION

There is a growing interest in Vertical-Axis Wind
Turbines (VAWTs) for wind energy harnessing,
driven by their unique design characteristics. In
general, VAWTs can be categorized into two main
types: drag-type and lift-type wind turbines. The
drag-type turbines generate power by harnessing
wind energy through the creation of drag forces
acting on their blades. In contrast, lift-type wind
turbines utilize the generation of lift forces on
their blades to capture wind energy. The lift-type
turbines are better in power efficiency and have a
broader operational range of the tip speed ratios
(TSR) defined as the ratio between the wind speed
and the speed of the tips of the wind turbine
blades [1, 2]. The H-rotor VAWT is the most
popular lift-type VAWT due to its relatively simple
blade geometry [3, 4]. Therefore, it becomes a
compelling option for energy harnessing in the
urban environment [5, 6].
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In recent years, many studies on the H-rotor
VAWTs have been conducted experimentally and
numerically. It has been reported that two-
dimensional models exhibit significant disparities
when compared to experimental findings,
particularly in relation to the torque coefficient,
Cm [7-9]. This discrepancy has been attributed to a
three-dimensional (3D) phenomenon known as
blade tip loss [9-12]. Near the blade tips, the wind
flow behaves differently compared to the inner
span of the blade. At the tip region, the wind flow
experiences complex aerodynamic effects
including flow separation, vortex shedding, and
increased turbulence. As the wind flows over the
blade, it undergoes acceleration on the pressure
side and deceleration on the suction side. The
variation in the flow velocity creates regions of
differential pressure. This pressure difference
induces flow separation near the blade tip, leading
to the generation of blade tip vortices [13]. Blade
tip vortices extract kinetic energy from the wind
stream, hence, reducing the amount of energy
available to the blades. This phenomenon
contributes to energy loss, and as such, blade tip
loss reduces the power efficiency of H-rotor
VAWTSs.

Blade tip vortices are relatively small in scale
and highly transient, and capturing them in
experiments requires expensive and specific
instrumentation. With the advancement of
computing power and numerical algorithms,
computational fluid dynamics (CFD) becomes a
useful tool in studying of these phenomena. CFD
not only offers robust reliability in capturing flow
patterns but also provides multi-dimensional
visualizations that enrich the understanding and
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interpretation of the complex flow behaviour
around wind turbines [11, 14]. The Reynolds-
Averaged Navier-Stokes (RANS) is one of the
commonly used turbulence models in CFD analysis
for VAWTSs [15]. However, Lei et al., [16] reported
that the Improved Delayed Detached Eddy
Simulation (IDDES) turbulence model had higher
accuracy than RANS. The IDDES turbulence model
has the capability to capture complex, unsteady,
and turbulent flow characteristics due to the
integrated elements of both Large Eddy Simulation
(LES) and Reynolds-Averaged Navier-Stokes (RANS)
modeling [11, 17, 18].

The objective of this study is to utilize the
capabilities of CFD for conducting comprehensive
3D simulations on H-rotor VAWTs. This research is
focused on investigating the blade tip loss of the
wind turbine and shedding light on the flow field in
proximity to the blade tips. A critical aspect of this
research involves the selection of an appropriate
grid resolution and time step size for the IDDES
turbulence model. The findings from this study
carry substantial significance, offering invaluable
insights to drive improvement in the power
efficiency of H-rotor VAWT.

METHODOLOGY

In this study, an H-rotor VAWT model from Li et al.,
[9] was used and set to operate at the tip speed
ratio of 2.29. The evaluation process is illustrated
in Figure 1.
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Figure 1: Evaluation process
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VAWT model and operational parameters

The geometrical specification of the VAWT is
shown in Table 1. The VAWT model used is a two-
bladed rotor with a rotor diameter (D) of 1.7 m
that uses NACA 0015 as the blade profile with a
chord length (c) of 0.225 m, a blade span of 1.02
m, and +6° blade pitch angle. Figure 2 shows the
configuration of the 3D CFD model.

In the CAD modeling, the same strategy has
been applied as illustrated in the literature where
the tower and support structs were excluded and
only half height of the blade was modeled [9]. This

(a)
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Shaft—"T"1

is the recommended approach to reduce the
computational effort [19].

Table 1: Specifications of the H-rotor VAWT.

(b)

Parameter Value

Airfoil NACA 0015

Chord length, ¢ 0.225 [m]

Blade span, H 1.02 [m]

Number of blades, N 2

Rotor diameter, D 1.7 [m]

Blade pitch +6°

Freestream velocity, U 7 [m/s]

Parameter Value

Airfoil NACA 0015

Chord length, ¢ 0.225 [m]

e Z=90%—»
7=80%—» 8 —
I=70%—» & ——
7-55%—» 2 —

.2805m
0.357m
0.408m

0.459m

%‘J%, Om__
(mid-span)

(c)

Figure 2: Configuration of the 3D CFD simulation (a) Computational domain (b) Geometrical illustration of the VAWT (c)

Measurement
Computational settings

The computational domain consists of two
sections: the rotor and the stator. As depicted in
Figure 2(a), the stator region took the form of a
rectangular tunnel with dimensions of 10D (width)
x 5D (height) x 25D (length), while the rotor region
is a cylindrical shape with a diameter of 2.5D and a
height of 1.02 meter. The rotor was positioned
with a 10D upstream distance from the inlet and a
15D downstream distance from the outlet. At the
inlet boundary, an inlet velocity (U,) of 7 m/s was
specified, and the outlet boundary was set at a
pressure condition of 0 Pa. The other four
boundaries of the stator were set as symmetry
conditions. The surfaces between the stator and
rotor were set as an interface boundary to ensure
smooth flow interaction. Finally, a no-slip wall
boundary condition was used on the blade
surfaces.

The entire computational domain was meshed
using structured mesh topology to reduce the
computational effort and increase the simulation

positions.

accuracy for the boundary layer separation. In line
with well-established practices outlined in existing
literature, the dimensionless wall distance (y+) is
maintained to be less than 1 [19]. This criterion
adequately accounts for the effects within the
viscous sub-layer boundary layer. The first cell
thickness along the blade walls was set to be 1 x
10°° meters with a growth rate set at 1.2. Overview
of the mesh grid distribution around the blade is
depicted in Figure 3. The sliding mesh technique
was applied to allow the exchange of mass and
momentum between the stator and rotor
domains.

The simulation convergence is determined by
analyzing the time history of the VAWT’s torque
coefficient, Cm , over one revolution. The
calculation of Cm is defined in Equation 1 where T
represents the torque generated, p is the air
density, R is the rotor radius, and A is the swept
area (VAWT’s diameter multiple with the VAWT'’s
height) of the VAWT. Convergence is achieved
when the difference in the C» between two
successive revolutions is less than 1%.
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c = T Method for Pressure-Linked Equations) algorithm
m — 0.5,0ARU0205:3 (1) is employed to solve the fluid flow equations.

In these CFD simulations, the IDDES turbulence
model is applied and the SIMPLE (Semi-Implicit
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Figure 3: Computational grid distribution in the blade region (a) Mesh on the blade surface (b) Detailed grid around the

blade wall.

RESULTS AND DISCUSSIONS

Ensuring the reliability of numerical models is a
fundamental step in simulation studies.
Verification was done by examining the mesh
density and time step size. These verifications
were done by comparing with the experimental
data to confirm the accuracy of the numerical
models. Using the established setting, blade tip

loss on the wind turbine was analysed. Data source Cm Difference, %
R . . . Experiment [9 0.324 _
Simulation validation P (5]
M1 0.346 6.79%

Simulations were performed on three mesh M2 0.352 8.64%
densities which are M1, M2, and M3 by varying M3 0.340 4.94%
the number of elements around the blade as
summarized in Table 2.

Furthermore, it worth noting that the

Table 2: Mesh densities for the simulated cases.

position based on Figure 2(c)). Each of the peak Cn
values obtained from the three mesh densities has
a low percentage difference (< 10%) with the wind
tunnel data [9], indicating that the simulation
setup and the mesh are convincing in to be used in
this study.

Table 3: Comparison of different mesh densities peak
torque coefficient at the mid-span.

The results of the blade peak Cn (i.e. maximum
torque coefficient for one blade in a complete
cycle) were compared with the wind tunnel test
data published by Li et al. [9], as presented in
Table 3. In this comparison, the peak C» was based
on the mid-span of the blade (i.e. 0% spanwise

M1 M2 M3 computational efficiency and accuracy of CFD
Nodes on the | 176 226 276 simulation are affected by the chosen time step
blade profile [20]. This time step is determined with respect to
Total number of | 6322934 | 7499736 | 9096984 the azimuthal increment associated with the
elements rotor's rotational speed, expressed as At = AS/w.

To explore the optimal time step size, a series of
four independent studies were conducted,
employing time steps of 0.5°, 0.6667°, 0.75°, and
1°, respectively. The data is summarized in Table 4.
Notably, with a denser mesh and a smaller time
step size, the result will be much closer to the
experimental data. Balancing the considerations of
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simulation efficiency and accuracy, 1° time step
size was applied in all subsequent analysis.

Table 4: Comparison of different time step sizes peak
torque coefficient at the mid-span.

Data source Cn Difference, %
Experiment [9] 0.324 i
0.5° time step 0.336 3.70%
0.6667° time step 0.339 4.63%
0.75° time step 0.340 4.94%
1° time step 0.346 6.79%
Blade tip loss

To obtain insight into the blade tip loss, the
analysis of Cm was extended to the entire blade
span, as depicted in Figure 4. The observed trends
in the full-blade Cm are identical to the Cm of the
blade mid-span but with lower values. Further
evaluation of the blade tip loss was carried out by
evaluating the instantaneous torque coefficient at
the different positions along the blade spanwise
(i.e., 0% to 90%) as illustrated in Figure 2(c). The
results are presented in Figure 5. It becomes
evident that the peak Cm is progressively
decreasing as moving from the mid-span towards
the blade tip, consequently yielding a reduced
overall average value. This pronounced shift in
instantaneous Cm across the full revolution cycle
highlights the substantial impact exerted by blade
tip loss on the overall performance of the wind
turbine [9, 10].

0.4
0.35 Mid-span
0.3 Full blade
0.25
0.2
0.15
0.1
0.05

Torque coefficient, Cm

-0.05

0 60 120 180 240 300 360

Azimuthal angle, °

Figure 4: Comparison of the torque coefficient between
the full blade and the M1 blade mid-span at full cycle.

Torque coefficient, Cm

0 60 120 180 240 300 360

Azimuthal angle, *

Figure 5: Single-blade instantaneous torque coefficient
at five different blade span positions

The presence of blade tip vortices significantly
alters the wind flow patterns around the blade,
hence causing the drop in Cn [21]. As shown by the
streamlines in Table 5, air near the blade tip is
diverted and bypassed near the blade tip. This
diversion gives rise to a swirling flow structure
indicating that air particles are circulating around a
central point. This circular movement represents
the rotation of the blade tip vortex as illustrated in
Figure 6. The streamlines in Table 5 also illustrate
the inwards and upward movement of air near the
vortex center, where air is being drawn in and
upwards by the swirling motion.

Velocity Magnitude

Figure 6: Vorticity iso-surface visualization.

CONCLUSION

In this paper, the application of the IDDES
turbulence model to assess the blade tip loss on
the H-rotor VAWT was established. A detailed
analysis of how blade tip loss influences the
VAWT's torque coefficient was conducted by
segmenting the blade into five distinct positions.
The findings revealed a gradual reduction in the
torque coefficient from the mid-span toward the
blade tip. While enhancing the overall efficiency of
H-rotor VAWTSs requires continuous investigation,
future research may explore the blade tip loss
under different TSRs and seek strategies for
mitigating this phenomenon.
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Table 5: Comparison of streamlines between the blade mid-span (0% span) and near the blade tip (90% span) at the 98°
azimuthal angle from (a) perpendicular view and (b) isometric view.

Blade span . . L
. _p Perpendicular view Isometric view
position
0%
=
90 % v v
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