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NACA0018 and S1046 aerofoil profiles for a range of Speed Ratios (TSRs) and blade
pitch angles. It has been found that the $1046 is less sensitive to changes in wind speed,
and is thus, a superior choice for urban applications where the wind speed is
comparatively low and varies a lot. Three bladed VAWTs of solidity 0.1 was modelled
using Solidworks for this study. The CFD simulations were then performed in ANSYS
Fluent, utilising the k-w SST turbulence model. The model was validated at first before
analysing the VAWT performance with the intended aerofoils. Key results indicate that
increasing the TSR leads to increases in aerodynamic performances for nearly all cases,

Keywords: and especially so, for lower blade pitch angles. However, this study concludes that
Vertical Axis Wind Turbine; Darrieus VAWT consisting of S1046 aerofoils at -2 degrees of blade pitch and operating at TSR 4
Turbine; TSR; URANS will provide the optimum performance.

1. Introduction

Since the Paris agreement came into force in 2016, research and developments towards
sustainable energy harvesting have increased significantly. Wind has always been a reliable source of
renewable energy in this regard, and efforts are being devoted to assessing and harvesting both
onshore and offshore wind energy [1]. Various methods of harvesting wind energy, both with blades
and bladeless; for example, turbine, wingsail, rotating cylinder, kites are being studied as well for
quite a long time [2]. However, among the various alternatives, wind turbines, especially vertical or
horizontal axis wind turbines, having been found more reliable and efficient, are being widely used
these days. For horizontal axis wind turbines, the axis of rotation of the blades is horizontal to the
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ground. Their blades face the wind perpendicularly and are driven by the lift generated from the
wind. For the vertical axis wind turbines on the other hand, the turbine’s rotational axis is vertical or
perpendicular to the ground.

Despite the extensive application of horizontal axis turbines in recent years, key advantages
offered by VAWTSs over HAWTS still make them an avenue worthy of further research. Some of those
advantages include: VAWTs are omnidirectional and can take the wind from any direction; can be
packed more closely in wind farms; produce less noise; have lower centres of gravities due to the
majority of their machineries being placed at the ground level and that they offer mechanical
simplicity [3,4].

VAWTs are further classified into several types (Figure 1), such as the Savonius, Darrieus and
hybrid variants. Savonius rotors are propelled by drag, and their mechanism shares similarities to
that of simple water wheels. On the other hand, Darrius rotors are lift-driven and achieve much
better efficiencies than Savonius, however, come with a lower self-starting capacity [6]. The hybrid
type is a combination of the Darrius and Savonius designs and exists to maximise both efficiency and
self-starting abilities. Among the Darrius models, the H-Darrius turbine is a popular variant consisting
of straight blades, being simpler to manufacture, and needing less maintenance compared to the rest
[4].

Savonius Darrieus-rotor H-Darrieus Helix shape

2
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©) d)
Fig. 1. A few commonly used VAWT shapes [5]

Therefore, significant efforts are being made since the past decade to improve the performance
of VAWTs, both through numerical and experimental analysis. CFD, especially turbulence modelling,
is extensively used for numerical simulations. However, it is well established that solving turbulent
fluctuations in great detail is impractical and unnecessary for many engineering purposes. Thus,
rather than solving the unsteady Navier-Stokes equation directly, the Unsteady Reynolds-averaged
Navier-Stokes (URANS) equations are used in many simulations, including wind turbines, to save
computational time. Some popular URANS turbulence models are the Spalart-Allmaras, K-€, and the
K-w variants. The main advantage of the k-w model is that it does not need wall damping functions
for low Reynolds number applications, unlike the k-€ model. However, in itself, the k-w model is not
adequate for boundary layers with adverse pressure gradients. As such, a hybrid k-w SST model is
proposed, where the near-wall is modelled with k-w and the fully turbulent region further from the
wall is modelled with k-e [7]. These improvements make k-w SST the most suitable URANs model to
use over zero and adverse pressure gradient boundary layers in external aerodynamics, such as the
simulations conducted in this research. Thus, this model is found to capture the ‘VAWT’s vortex
evolution in the dynamic stall’ most accurately [8].
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The literature available on the simulation of H-Darrius VAWT performance primarily focused on
finding the relative velocities and angle of attacks at different tip speed ratios and azimuthal
positions, calculation of the ratio of induced to freestream velocity, methods of calculating the
normal and tangential forces etc [9-12]. Besides, only few studies were conducted on VAWTSs utilising
S-series aerofoils at various pitch angles. Table 1 systematically summarizes the scenario, considering
some recent papers. From here, it appears that there still remains significant scope for research on
optimising the blade pitch angle at different tip speed ratios (to maximise C,) while also comparing
between the performance of NACA and other profile shapes. Therefore, this paper focuses on this
research gap and presents a comparative performance analysis between 3-bladed H-Darrius VAWTSs
utilising NACA 0018 and S-1046 blade profiles, respectively, at various blade pitch angles and tip
speed ratios.

Table 1
Recent advancement in VAWT simulations
Paper title Brief achievements and limitations

Design of an Offshore Three-Bladed
Vertical Axis Wind Turbine for Wind
Tunnel Experiments [8]
Aerodynamic performance
enhancements of H-rotor Darrieus
wind turbine [9]

Synergistic analysis of a Darrieus
wind turbine using computational
fluid dynamics [10]

Vertical Axis Airborne Wind Turbine:
Future of Renewable Energy [11]

Studied various NACA and S profiles with different blade numbers, aspect
ratio and solidity ratio and concluded that 3 bladed VAWT with S profile
provides the best outcome. Did not study the TSR and pitch angle effect.
Used S1046 airfoil and introduced wind-lens to improve the performance.
Studied various shapes but did not present any comparison with NACA
series and did not study the TSR, solidity and pitch angle effect.
Conventional NACA 0015 and DU 06-W-200 profiles and non-conventional
J-shape blades are studied with wind-lens. Explored different locations of
the turbine inside the diffuser, but the effect of TSR, pitch angle etc., are
not presented.

Reported a 2D CFD simulation study using three-bladed WAWT placed at
different orientations at low wind velocities. Comparisons among various

shapes and impacts of TSR, solidity, pitch angle are not explored.

2. Methodology
2.1 Geometric Modelling
2.1.1 VAWT construction

The NACA 0018 and the S1046 aerofoil coordinates from Airfoil Tools [13] are used to model the
blades in Solidworks. The design parameters highlighted in Table 2 are used to build the 2D sections
of VAWT. Two different VAWT models are developed using NACA and S aerofoil profiles. The
developed models are then redefined for subsequent simulations varying only the blade pitch angle.
Neither any supporting arm nor the shaft was modelled for any of the simulations. This was a
compromise between the extra accuracy they would have provided over the extra meshing
complexity and simulation time involved. The solidity of the VAWT is taken as 0.1 for simulations, as
it is found to be high enough to allow for smooth VAWT operations at its most effective TSR range
and low enough to ‘limit the blade-wake interactions and flow curvature effects’ [14,15].

Table 2

Design parameters for the two VAWT designs

Parameter NACA 0018 VAWT $1046 VAWT
Aerofoil Profile NACA 0018 51046

Chord Length (m) 0.125 0.125
Radius (m) 1.875 1.875
Number of blades 3 3

Blade pitch angle (degrees) -2,0,2,4,6 -2,0,2,4,6
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2.1.2 Numerical domain

As shown in Figure 2, the simulation domain can be separated into two segments. The part
containing the imprint of the VAWT is the round inner domain, which is made to rotate at various
TSRs throughout this study. The rectangular part is the outer, stationary domain bounded by the
inlet, outlet and walls. Its horizontal walls are modelled as symmetry so that they do not affect the
simulation results.
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Fig. 2. Inner (top left) and outer (bottom) domains, with schematic showing blade pitch
(top right)

All domains were created in Solidworks and then imported over to Ansys as individual parts. The
inner domain is 1.5 times the VAWT it incorporates within. This domain is expected to contain a finer
mesh, to better capture the immediate flow phenomena surrounding the VAWT. The mesh element
size was chosen as a feasible compromise between mesh intensity and adequate capturing of flow
around the rotating VAWT. A 3-diameter gap is provided from the centre of the VAWT to the inlet
and a further 9-diameter gap to the outlet. These dimensions are adequate for this study as the focus
is on calculating the torque generated by the VAWT and not the wake.

2.2 Meshing and Solver Setup

Mesh was generated based on mesh convergence tests, with face sizing that fixed the maximum
element size to be 0.05 m for the inner and 0.1 m for the outer domain. To ensure that the boundary
layer was well-captured, inflation layers were applied. Initially, 20 layers of inflation were added to
the aerofoils, fixing their first layer thickness to be 0.000005 m. However, these inflation layers
reduce cell orthogonal quality to unacceptable levels as they produce very high aspect ratio cells.
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Edge sizing was applied with at least 1500 divisions to mitigate this issue. Once the flow stabilised for
each case, the simulation was paused and then the maximum cell y+ value was checked for the three
aerofoils. If any of the y+ values were found to be more than 1.5, remeshing is done by reducing the
first layer thickness and increasing the number of divisions on the aerofoil edges (to maintain a cell
orthogonal quality of more than 0.1). A few snapshots of the meshed domain are presented in Figure
3.

Fig. 3. Meshing: the full domain (a), inner domain (b), around the
aerofoil (c), trailing edge (d) and leading edge (e)

Once meshing and naming the appropriate boundaries were concluded, the simulation was set
up. A pressure-based, transient, and planar solver was chosen. The k-w SST turbulence model was
chosen, for its noteworthy performance and widespread usage in similar cases [8]. The boundary
conditions were set with the inlet having a 10 m/s incoming velocity, a pressure outlet, and symmetry
walls. Given that in all simulated cases, the inlet velocity was fixed at 10 m/s, the TSR was varied only
by changing the rotational speed of the inner domain.

The time step of the simulation was set such a way that each subsequent time step captured 1
degree of VAWT rotation. The maximum number of iterations per time step was set at 30, though,
for most timesteps, the solution converged well before that. Convergence was determined based on
residuals falling below satisfactory levels. The lift, drag and moment coefficient was recorded and
plotted onto the screen. Once the flow stabilised, these plots captured repeating patterns, each
repeat representing a full revolution, and at least five further cycles were allowed after flow
stabilisation. The average co-efficient of the moment was calculated from the last three cycles of the
VAWT. The Co-efficient of power was then found by using the relationship that follows:
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2.3 Grid Independence Tests

Mesh sensitivity analysis is started with a coarse mesh which was progressively refined from
approximately 180,000 elements to 330,000 elements, by which the discrepancy found between
progressive results was negligible (less than 1.5%). The number of elements was increased by
progressively refining the mesh, first in the stationary domain and then in the inner domain. The
result sought here was the moment coefficient, dependent more on the rotary inner domain than
the stationary domain, so refinement was started with the outer domain. A face sizing was applied
with a default cell size of 0.5 m for the first run, subsequently refining the sizing to 0.1 m, 0.09 m and
0.05 m, respectively. Since the percentage difference between the obtained C, was negligible to
justify any further refinement beyond 0.1 m element size, this size was chosen for the outer domain
for all subsequent cases.

The rotary inner domain was next investigated. Here too, face sizing was applied to vary the size
of the elements from 1 metre to 0.01 metres. It was observed that refining the mesh beyond an
element size of 0.05 m only yielded little change in the average C,. As such, the element size chosen
for the rotary mesh was limited to 0.05 metres for all subsequent simulations. Figure 4 shows the
grid convergence graph produced based on the varying number of elements.

0.096
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0.092

[}

(9]
0.09

0.088
170000 210000 250000 290000 330000

Number of Elements

Fig. 4. Average C, versus number of elements

The second last data point is selected from this graph, as any further refinement of the mesh does
not significantly influence the obtained output. For the mesh convergence case, this number of
elements is achieved when the inner domain consists of elements sized at 0.05 m and the outer
domain has elements sized at 0.1 m, along with 20 inflation layers and edge sizing around the
aerofoils to keep the y+ value below or near 1 (while maintaining the overall cell orthogonal quality
to be more than 0.1). Given that the first cell thickness of the inflation layers around the aerofoils is
varied for higher TSRs (to maintain y+ value near to 1) and (therefore) the number of divisions in the
mesh surrounding the aerofoils are also accordingly increased (to maintain aspect ratio/cell
orthogonal quality), the number of elements varies in subsequent simulations, but the following
conditions are maintained in all cases:
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(A) The outer domain has an element of size 0.1 m.

(B) The Inner domain has an element of size 0.05 m.

(C) The maximum y+ values around aerofoils are maintained below or near about 1.
(D) The cell orthogonal quality is above 0.1.

2.4 Validation

A validation attempt was undertaken with a test case involving the NACA 0018 VAWT with no

blade pitch. The finding from the present analysis is compared with existing literature and presented
in Figure 5.

Kumar et al (2010) —— Wang et al (2018) Battisti et al (2016)

Mohamed (2012)

Present Analysis

0.5

0.4

0.3

0.2

Cp

0.1

0.1 1 1 1 1
1 2 3 TSR 4 5 6

Fig. 5. Graph showing Cp against TSR for the validation case

As can be seen, the model used in this study generally agrees with existing literature except for

an overprediction of power-coefficient near TSR 4. The following factors can explain the
discrepancies:

(i)

(ii)

(i)

Simplified 2D geometric section: The scope of this study was limited exclusively to 2D
simulations, and that too, of only the aerofoil profiles. The struts and the shaft were excluded
to ensure a feasible mesh within the limited computational resources available. These could
have led to an overprediction of the power-coefficient at higher TSRs [16].

Turbulence modelling and solver setup: Different studies utilised different turbulence models
and solver setups. Kumar et al., [17] used a CARDAAV model based on the Double Multiple
Stream Tube Model (DMST). Mohamed [18] utilised a realisable k-e turbulence model, which
underpredicted the Cpat higher TSRs compared with experimental results during his attempt
at validation. This means subsequent results obtained using his validated model may have
underpredicted Cp. Battisti et al., [19] used blade element method to compute his results,
which closely matches the result obtained in this study until about a TSR of 3.5.

The solidity of all simulations performed in this study was kept constant at 0.1. Except for the
case with Mohamed [18], all other studies presented here utilised VAWTs with higher
solidities ranging between 0.2 and 0.5. Wang et al., [20] for instance, used a VAWT with a
solidity of 0.5.

Besides, it should be noted that regardless of how finely the VAWT is modelled and meshed,

URANS-based turbulence models can only go so far in terms of accurately predicting VAWT
behaviours. Earlier research demonstrates that, ‘URANS model delays the occasion of the dynamic
stall and overpredicts the tangential force in the upwind zones’, and that URANS models are
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‘insufficient in modelling the large eddies’ [21,22]. Despite these factors, the validated model can be
accepted, as it predicts results with a level of accuracy that is adequate to compare the two aerofoils
and their operations at different blade pitch angles, which is the scope of this study. Also, given that
the validation model showed the C;, falls after TSR 4, the scope for all subsequent simulations was set
up to a TSR of 4.

3. Results and Discussion

The values of Cp, Cm and velocity & pressure contours for both the aerofoil designs are analysed
for various TSR and pitch angles. Figure 6 and Figure 7 show the variation of Cp as the TSR increases
at different pitch angles.
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4 degrees
04 rl —e—6 degrees
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0 "
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Fig. 6. C;, against TSR at various pitch angles for the VAWT with NACA 0018
aerofoil
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Fig. 7. C, against TSR at various pitch angles for the VAWT with S1046
aerofoil

As noticed, for all cases, an increase in TSR leads to an increase in the obtained C,, which is
expected. This trend matches well with existing literature, which shows that using the Vortex model,
the Cp for 3 bladed VAWTSs is expected to rise until the TSR reaches the value of 5 [23]. The increase
in C, was most experienced by VAWTSs with a 0-degree blade pitch or with a negative 2-degree blade
pitch and least with the 6-degree blade pitch. This trend is further investigated by analysing the
pressure and velocity contours of aerofoils at 0 degrees and 6 degrees of pitch, for both the aerofoils.
The contours are presented in Figure 8 and Figure 9 at 60-degree intervals of rotation for TSR 4.
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Fig. 9. Contours of velocity for both aerofoil profiles at 0 and 6-degrees of blade pitch, captured at 60-
degree intervals
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The differences in vortex formation and the onset of dynamic stalls (before flow separation)
between the aerofoils with 0 and 6 degrees of blade pitch are evident in the above pressure and
velocity contours. Significant discrepancies in flow behaviour due to blade pitch angle are observed
forinstance at 120-degrees, for both the S1046 and the NACA 0018 aerofoils. With 6 degrees of pitch,
the vortex seemed to have travelled far towards the aft of the aerofoil and is being gradually shed,
whereby the flows seem more or less attached for the aerofoils with a 0-degree pitch.

Furthermore, comparing plots that follow the Cn, generated by a single aerofoil (in Figure 10 and
Figure 11) as it undergoes a full rotation (after the flow has stabilised), show that the aerofoils with
a 0-degree pitch produce greater positive moment for longer periods of their rotation, and display
less abrupt changes in moment generation compared to that of the aerofoils with a 6-degree pitch.
Higher positive moment generation and less abrupt flow separation in aerofoils with no/small pitch
can explain their higher C, generation.

0.15

——0 degree Pitch

—— 6 degree Pitch

0 50 100 150 200 250 300 350 400
Azimuthal Position (degree)
Fig. 10. C,, against azimuthal angle for a single 0018 aerofoil full rotation
pitched at 0 and 6 degrees

0.15
—— 0 degree Pitch
0.1 —— 6 degree Pitch
0.05
£
(&)
0
0.05

0 50 100 150 200 250 300 350 400
Azimuthal Position (degree)

Fig. 11. C,, against azimuthal angle for a single $1046 aerofoil in full rotation
at 0 and 6 degrees of blade pitch

For both the S1046 and 0018 blade profiles, the maximum power output occurred at TSR 4. The
S0146 aerofoil outperforms the NACA 0018 at all instances except at 4 degrees pitch for TSR 4. The
maximum Cp of 0.537 is achieved by the S1046 VAWT when run at TSR 4 and at a blade pitch angle
of -2 degrees. The maximum Cp achieved by the NACA 0018 is 0.507 when run with no blade pitch at
TSR 4. These results are well observed in Figure 12.
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Fig. 12. C, against blade pitch at (a) TSR 4, (b) TSR 3, (c) TSR 2, (d) TSR 1
4. Conclusion

The paper presents a 2D CFD simulation study which investigate the effects of TSR and blade pitch
angle on the performance of VAWTSs having two different aerofoil blade profiles: NACA 0018 and
S$1046. The simulation is performed using the k-w SST turbulence model and, it is found that higher
TSRs lead to higher power output up to a certain TSR, for both the aerofoil profiles. However, the
S$1046 aerofoil shows better performance over the NACA 0018 in almost all blade pitch angles and
TSRs. This study further concludes that, an optimum VAWT should consist of the S1046 aerofoils with
a -2-degree blade pitch to be run at TSR 4.There still remain further avenues to explore, including but
not limited to evaluating the performance of various aerofoils at higher solidities (>0.1), using other
turbulence models in 3D for performance comparison (at the expense of much superior
computational resource requirements). VAWTs with variable blade pitch angles can be investigated
as well, which is expected to yield more efficient outcomes. Finally, the self-starting capacity of the
VAWTs is another avenue worthy of future exploration.
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