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1 Introduction

There was a large interest in Vertical Axis Wind Turbines (VAWT’s) in the 1970s [1, 2] before the
wind energy industry was developed and dominated by horizontal axis wind turbines. Recently, there is
a resurgent interest in VAWT’s especially for offshore applications [3, 4].

The aerodynamics of a VAWT is complicated because of the continuously varying blades’ angle of
attack and chord Reynolds number. Specific aerodynamic models are available for an efficient design
of such turbines. For example, Double Multiple StreamTube (DMST) models [5] have been extensively
developed and used for this purpose. They were considered for a long time as the “state-of-the-art”
for VAWT’s design. However, they nowadays receive some criticisms regarding the accuracy of their
results, i.e. good agreements with experiments could result from cancellation of errors [6]. The aim of
this study is to compare such aerodynamic models widely used for turbine design (DMST and vortex-
based methods) with more time-consuming CFD calculations as well as with existing experimental data
in order to evaluate the validity of each method.

2 Approach

2.1 Turbine

The turbine studied is the second version of the Sandia National Laboratories (SNL) 17m VAWT
(Fig. 1). Each blade consists of three sections (straight/circular/straight) approximating a Troposkein
shape. Experimental data can be found in Sandia technical reports [7, 8]. The main geometric parameters
are summarized in Table 1. In this study, we focus on the rotational speed of 50.6 rpm.

2.2 Aerodynamic models

2.2.1 TM4E: Turbine Model version 4E

TM4E is based on the DMST method and automatically divides the turbine height into 200 layers
for the calculation of the induced velocities [9].

2.2.2 CACTUS: Code for Axial and Cross-flow TUrbine Simulation

CACTUS is a three-dimensional free-vortex code using the lifting line approximation to model the
blades [10]. Following the results of a convergence study, each blade is represented by 27 elements and
40 time steps are used per revolution. Calculations are run for 10 turbine revolutions which leads to a
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Figure 1: SNL 17m Darrieus vertical axis wind turbine [7].

Height (m) 17
Diameter (m) 16.7

Number of blades 2
Swept area (m2) 187

Aerofoil NACA 0015
Chord length (m) 0.61

Solidity 0.16
Ground clearance (m) 4.88
Operating speed (rpm) 29.8 - 54.8

Generator (kW) 55.9

Table 1: SNL 17m vertical axis wind turbine specifications [8].

good level of convergence (deviation of the power coefficient CP is less than 0.8% between the last two
revolutions).

2.2.3 ANSYS CFX (CFD)

Incompressible Reynolds Averaged Navier Stokes (RANS) equations are solved using ANSYS CFX
[11]. The k-omega SST (Shear Stress Transport) turbulence model [12] is used to model the Reynolds
shear stress. This turbulence model is known to be suitable for lifting bodies applications with adverse
pressure gradients.

We use a structured grid, which is divided into two parts (Fig. 2):

• A rotating cylindrical domain (rotor) containing the turbine. The diameter of this cylindrical do-
main is 50m (turbine diameter D = 17m) with a height of 19m (turbine height is 17m). This domain
consists of approximately 7× 106 cells.

• A rectangular outer domain (stator) of length 60D, width 60D and height 11D. The outer domain
consists of approximately 2× 106 cells.

A transient rotor-stator interface using the GGI (General Grid Interface) method is employed between
the rotor and the stator. Fig. 3 shows the mesh around the turbine in the equatorial plane. The mesh has
been refined close to the blades to reach the target y+max ∼ 1 to resolve the viscous sublayer sufficiently.
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Figure 2: Computational domain consisting of rotor (green) and stator (grey) sub-domains.

Figure 3: View of the structured grid around the turbine in the equatorial plane.

Each blade is represented by 140 nodes in the chordwise direction (suction and pressure sides) and 145
nodes in the spanwise direction.

All calculations use a time step corresponding to an azimuthal variation of 1◦. The atmospheric
boundary layer is taken into account by specifying a power law velocity profile at the inlet boundary. As
mentioned in the Sandia report [13], the reference height is 13.5m and the exponent is 0.1 (the bottom
of the turbine is placed 5m above the ground). The density of air is 1.0 kg/m3 as measured at the test
facility located at a high altitude.

3 Results and discussion

3.1 Averaged performance

Results of power plotted as a function of the wind speed are presented in Fig. 4 (left). TM4E
calculations tend to over-predict the power but give a similar slope to the experimental data. CACTUS
results show a slight improvement compared to the TM4E results at low wind speeds but are very similar
at high wind speed. CFD results show a very good agreement with the experiments for the three wind
speeds considered (7m/s, 9.8m/s and 15.7m/s).

The variations of CP with the tip speed ratio (TSR) are plotted in Fig. 4 (right). The agreement
between the experiments and TM4E calculations is good for TSR < 4 but a significant difference is
observed for TSR > 4. This large difference in CP is essentially due to the low power values obtained
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at high TSR’s. The results shown here are for a constant rotational speed and hence the high TSR’s
correspond to low wind speeds. Therefore a small difference in power at low wind speeds leads to a large
difference in CP at high TSR’s. CFD calculations show very good agreements with the experiments at
TSR = 2.9 and 4.6. A slight over-prediction can be observed at TSR = 6.4.

5 7 9 11 13 15 17
0

20

40

60

80

Wind speed (m/s)

Po
w

er
(k

W
)

Experimental data
TM4E

CACTUS
CFX

3 4 5 6 7 8
0

0.1

0.2

0.3

0.4

Tip Speed Ratio

C
P

Experimental data
TM4E

CACTUS
CFX

Figure 4: Power vs wind speed (Left) and Power Coefficient vs Tip Speed Ratio (Right), for a constant
rotational speed of 50.6rpm.

3.2 Flow field

CFD calculations give information about the flow field inside and around the turbine. Contours of
the normalised streamwise velocity in the equatorial plane are plotted in Fig. 5 for three different tip
speed ratios. The wake of the central tower can be seen for all three cases. However, the (normalised)
velocity inside and behind the entire turbine depends significantly on the tip speed ratio, i.e. the velocity
decreases as the tip speed ratio increases, affecting the aerodynamic performance of the blades travelling
through the downstream half of the turbine.

Figure 5: Contours of normalised streamwise velocity (Ux/U∞) in the equatorial plane at tip speed
ratios of 2.9 (left), 4.6 (middle) and 6.4 (right).

3.3 Instantaneous turbine torque

The evolution of turbine torque with the azimuthal angle is plotted in Fig. 6, 7 and 8 corresponding
to TSR = 2.9, 4.6 and 6.4 respectively. The torque is plotted for only one half of the revolution assuming
symmetry of the torque evolution for the 2-blade turbine. TM4E calculations significantly over-predict
the torque generated by the turbine for azimuthal angles in the range of 60◦ to 120◦. The agreement is
better close to the azimuth 0◦ and 180◦. CACTUS results show a better agreement with the experiments
than the TM4E calculations but slightly over-predict the maximum torque. CFD results show a better
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agreement with the experiments than CACTUS calculations. However, the maximum torque is predicted
with a delay of 10◦ to 20◦ of azimuth compared to the experiments.
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Figure 6: Instantaneous torque plotted for half a revolution, TSR = 2.9. STD = Standard deviation of
experimental data.
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Figure 7: Instantaneous torque plotted for half a revolution, TSR = 4.6.
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Figure 8: Instantaneous torque plotted for half a revolution, TSR = 6.4.

4 Conclusion

We have compared two different aerodynamic models commonly used in vertical axis wind turbine
design (DMST and vortex methods) with RANS CFD calculations and existing experimental data for
the Sandia 17m Darrieus turbine. As expected, the DMST method was shown to be less accurate than
the vortex method, which itself was shown to be less accurate than the RANS CFD. For all tip speed
ratios tested, the DMST method significantly over-predicted the torque amplitude whereas the RANS
CFD gave a good prediction of this amplitude.

The Sandia experimental data used in this study enabled detailed comparisons at three different
operating points (before, after and at the maximum efficiency). However, no data were available for very
low tip speed ratios at which the blades would experience deep dynamic stall.

5 Learning objectives

In this work, the following learning objectives have been achieved:

• To establish a CFD model of a full-scale vertical axis wind turbine;

• To compare widely used aerodynamic models (DMST and Vortex based methods) with CFD and
Sandia experimental data;

• To compare power, power coefficient and instantaneous torque for three operating conditions (be-
fore, after and at the maximum efficiency).
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