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Abstract

In this study, a small-scale five bladed 2D model was adopted to investigate the VAWT aerodynamics. A CFD model of the blades was created in
ANSYS Fluent. The CFD results demonstrated that the model was capable of capturing the effect that the rotor encounters vortex interactions where
the retreating blade impinges on its own wake and the wakes of other preceding blades. In addition, the results showed that as the rotational speed
increases the downwind wake becomes more skewed, evidenced by the vorticity and turbulence kinetic energy fields. Based the simulation results,
modeling limitations and recommendations were discussed regarding the current 2D modeling approach. Finally, future work and plan regarding 3D

modeling were addressed.
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1 Introduction

With increasing interest in energy independence and sustainability,
there is an urgent need to assess the reliability, efficiency, and perfor-
mance of current and future power generation technologies. Wind energy
is becoming more important due to its availability and relatively low im-
pact on the surrounding environment. There are two types of wind tur-
bines, Horizontal axis wind turbines (HAWT), and Vertical Axis Wind
Turbines (VAWT). As the names would suggest, the HAWT rotates about
a horizontal axis and the VAWT rotates about a vertical axis. HAWTSs are
generally used for more large scale electricity production, whereas
VAWTSs are more for small scale production. Modern wind farms with
HAWTSs have gradually increased in size over the years. Spacing between
the turbines becomes an important issue for power losses due to wake in-
terference from adjacent wind turbines in tightly spaced wind farms. On
the other hand, wider spacing is considered expensive due to the high cost
of land resources and installing power cables to the wind farm. Hence,
there are substantial benefits to be gained from using smaller wind tur-
bines to minimize operational and maintenance costs.

While VAWTSs may not be the largest electricity generators, they have
some key advantages such as low cost, simple setup, easy maintenance.
All of these advantages lend VAWT to be used for small scale electricity
production in areas where limited space is a factor and areas where there
is high wind speed. Examples include the tops of buildings, where the
building will redirect wind to the turbine increasing power production, re-
mote mountain ranges, and urban environments.

CFD study of VAWT has been the focus of several recent investigations
(Elkhour, Kiwata, Nagao, Kono, & ElHajj, 2018; Franchina, Persico, &
Savini, 2019; Hand & Cashman, 2018; Hezaveh et al., 2018; Hui, Cain, &
Dabiri, 2018; Rezaeiha, Kalkman, Montazeri, & Blocken, 2017; Rezaeiha,
Montazeri, & Blocken, 2018a, 2018b; Rogowski, 2018; Rogowski,
Maronski, & Piechna, 2017; Shah, Kumar, Raahemifar, & Fung, 2018).
For instance, a two-step approach was adopted to investigate 2D and 3D
VAWT aerodynamics and it was found that 3D effects must be included
to provide an accurate prediction of VAWT performance especially at
high tip speed ratios (3). A detailed comparison study was carried out to
examine a small scale VAWT using 2D and 3D CFD (2). Despite the ad-
vantage of full 3D CFD simulation, such simulations require a very large
computational cost which makes these models still prohibitive for design
purposes.

To reduce the computational cost, in this study we employed a simpli-
fied 2D Computational Fluid Dynamics (CFD) approach to address the
question of how the rotational speed affects aerodynamic characteristics
of a small-scale VAWT. The 2D approach was justified since our tip speed
ratios were quite low.

2 Methods

The wind turbine we modeled is the same model that was used in a recent
physical experiment conducted at Princeton University to investigate dy-
namic similarity (Miller et al., 2018). Further details can be found in that
paper. The small five-bladed model turbine was based on a commercial
design by Wing Power Energy with a 1/22.5 scale ratio.
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2.1 Geometry and mesh

Figure 1 shows the final, fully assembled 3D VAWT used in this study.
Table 1 shows the main dimensions of the turbine (Miller et al., 2018).
The location of the cutting plane to create the 2D cross-section is indicated
by the black cutting line.

Table 1. Turbine main dimensions

Number of blade 5
Diameter, mm 96.6
Span, mm 162.58 Figure 3: 2d model of a cross-sectional cut of the full model that was made at the middle
of the blade and pillar assembly
Cord length, mm 21.63
Turbine hub diameter, mm 254 . . . . .
Figure 4 shows the mesh used in the simulations and Figure 5 shows

the mesh details around the each blade and hub.

Figure 4: Full computational mesh used in simulation

Figure 1: 3d solid model of a five-bladed VAWT

Figure 2 shows the detailed view of the rotor. Each blade has a profile
that is the same as NACA 0021 airfoil. This airfoil has been very popular
in VAWT designs. Each blade was held in place by two slender structural
members.

Figure 5: Details of mesh around each blade and the bub

2.2 Computational model
The transient turbulent flow field around the small-scale turbine is often

Figure 2: 3d blade model treated as incompressible due to the low Ma number. The governing equa-
tions are Navier-Stokes equation. The chosen governing equations used to
The simulation was done in 2D with the cross-sectional view of the air- compute the turbulent flow is k- viscous model. This is a common equa-

foils and main shaft of the VAWT studied as shown in Figure 3. tion used to model turbulent flow in CFD.
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To capture the complex flow field of the model turbine, all computa-
tions were done in ANSY'S Fluent 2019. Sliding mesh approach was used
to deal with the relative motion between the rotating turbine and the flow
domain. In this study we assumed that the turbine was already spinning
independently of the flow. Please note that this is an over-simplification
of the physical reality, since the flow is impinging on the blades for spin-
ning the turbine in the first place. To couple the rotation with the incoming
flow to start the rotation from a static condition is a challenging problem.
Currently, efforts are still underway in this active research area (Balduzzi
et al., 2017; Untaroiu, Wood, Allaire, & Ribando, 2011). Based on the
mass moment inertia of the turbine, the rotating rate can be determined by
the incoming flow velocity. However, modeling the movement of a solid
body caused by the flow is considerably difficult, and requires the use of
a two-way fluid-structure interaction.

2.3 Initial and boundary conditions

Figure 6 shows the computational domain. The computational domain
consists of two parts, an inner one, which defines the moving frame re-
gion (the circle with the shat and airfoil sections), and an outer one,
which defines the steady far field region. Initially, the x direction veloc-
ity U was set to 10 m/s. Inlet velocity was set to 10 m/s, and outlet gage
pressure was set to 0 Pa. Symmetry condition was set for either side as
shown in Figure 6. The turbine was set to spin at 40 and 80 rpm, respec-
tively. The inlet turbulent intensity was set to 0.3% and turbulent length
scale was set to 0.0015 m. The time step was set to 0.05 sec for a total 5

sec of running time.
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Figure 6: Schematic of computational domain

3 Results and discussion
Two conditions were conducted. One where the rotational velocity of the
VAWT was set at 40 rpm and the other one where it was 80 rpm. The
corresponding TSRs were 0.02 and 0.04, respectively. The tip speed ratio
(TSR) was calculated as

TSR=wR/V @

where V is the inlet velocity and o is the rotational speed.
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Figure 7 shows the vorticity contours at 1.0, 1.1, and 1.2 sec with the
rotor rotating at 40 rpm clockwisely (TSR=0.02). It is clear that the 2D
CFD model is able to produce the rotating effects quite nicely and flow
field is clearly biased due to the rotation. Furthermore, the CFD results
demonstrate that the model is capable of capturing the cascading effect of
the rotor’s wake where the retreating blade impinges on its own wake and
the wakes of other preceding blades as indicated in Figure 7A-7C.
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Figure 7: Vorticity at (A) 1.0, (B) 1.1, AND (C) 1.2 sec for 40 rpm
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Figure 8: Turbulent kinetic energy at (A) 1.0, (B) 1.1, AND (C) 1.2 sec (40 rpm)

Figure 8 shows the turbulence kinetic energy distribution around the
blades and the hub at 40 rpm, clearly indicating the high turbulence around
the hub.

Figure 9 shows the pressure (left) and velocity contours (right) at 1.0
sec with 40 rpm rotor speed (TSR=0.02).

Figure 9: Pressure (left) and velocity (right) at 1.0 sec (40 rpm)

Figure 10 shows the vorticity at 1, 1.1, and 1.2 sec with rotor moving
at 80 rpm (TSR=0.04). Similar to the case at 40 rpm, the rotational effects
are nicely reproduced. Blades at different spatial locations have drastically
different flow fields. It is interesting to note that the interaction of the wake
of the right-most blade with the rotor hub (Figure 10A), clearly indicating
the importance of including the hub in the simulation. In contrast to Figure
7, however, the flow fields are evidently more skewed at 80 rpm than those
at 40 rpm, indicating the increasing disturbance at higher rotation rates.
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Figure 10: Vorticity at (a) 1.0, (b) 1.1, and (c) 1.2 sec at 80 rpm

Figure 11: Pressure (left) and x-direction velocity (right) around a blade at 80 rpm.

Figure 11 shows the close-up view of pressure (left) and U velocity
(right) comparison at 80 rpm rotation rate. The high pressure (red tinted
area) in the pressure contour corresponds with the low positive velocity
(the green area) in the velocity counter at the leading edge. This is a vis-
ual representation of the lift caused by the air flowing over the airfoil.

4 Conclusion

In present work, an unsteady-state 2D model of VAWT was constructed
to investigate aerodynamic characteristics of a small scale rotor. To cap-
ture the unsteady state rotational effects, a sliding mesh approach was em-
ployed. Despite the limitations faced using 2D geometry, the CFD results
demonstrated that the 2D model was capable of capturing the essential
features of the flow field around the rotor given the low tip speed ratios in
our study. Our future work will include investigating lift and power coef-
ficients and compare with experimental data. We also plan to implement

24

3D simulations, which could provide increased accuracy and capture 3D
effects such as tip vortex more precisely at higher TSRs.
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