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ABSTRACT

Article history:

Choosing a right combination of turbulence method and its associated turbulence
model is important in order to ensure accuracy of CFD analysis at minimum
computational cost. This is particularly true for low Reynolds number cases. In this
paper, two turbulence modelling methods for predicting the performance of a helical
Savonius wind turbine with 90° twist operating at Reynolds number between 6x104 to
1.5x105 are evaluated. The first method is Reynold-Averaged Navier-Stokes Simulation
(RANS) and the other is Detached Eddy Simulation (DES). For each method, two
turbulence models namely Spalart-Allmaras (SA) and Shear Stress Transport (SST) are
used. The results are then compared with wind tunnel experimentation where the
turbine power is computed by using the measured voltage and current relationship.
RANS-SA and RANS-SST predicted a low power coefficient compared to DES-SA and
DES-SST models. However, the difference between the two methods is minimal (about
3%). It is also observed that the computational time is dependent on the turbulence
model. RANS-SST and DES-SST models took more than 1.5 times compared to RANS-SA
and DES-SA to complete the analysis. At 5 m/s of wind speed, the power predicted by
both turbulence modelling is about the same as the actual power output measured by
the experiment. It can be concluded that RANS-SA model is sufficient to predict the
performance of a wind turbine at a low Reynolds number. In addition, the DES method
provides a detailed wake structure around and at the downstream region of the
turbine. This information is beneficial in a wind farm design.
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1. Introduction
Recent interest in Vertical Axis Wind Turbines (VAWT) type called Savonius is greatly attributed
to their suitability in urban power generation applications [1,2]. Their main advantages include good
starting capability and the ability to operate in any wind direction [3]. However, quite often due to
its low power efficiency typically between 0.05 to 0.3 [4,5], either hybrid or incorporation of
additional augmentation device have been a solution. There are also attempts to use multiple
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Savonius in wind farm design as a strategy to improve overall power output [6-8]. The performance
of a Savonius wind turbine usually is measured through the power coefficient (Cp), and hence current
research in the Savonius rotor is always toward achieving a higher Cp.
Computational fluid dynamic (CFD) analysis is usually used to numerically predict the turbine
performance regardless of actual turbine fabrication and physical testing. High fabrication cost for
the physical testing is caused by the need for facilities such as wind tunnel, testing jig and complete
instrumentation system [9,10]. Hence, CFD is the best alternative for physical testing with high
accuracy on capturing complex flow around the Savonius wind turbine [11].
The flow around the Savonius wind turbine can be very complex as the turbine rotates at a certain
rotational velocity. It has been shown that the velocity field around the Savonius wind turbine
obtained by CFD analysis is quite similar to the pattern shown by particle image velocimetry (PIV)
[12]. A variety of flow behavior occurred during the complete rotation of the wind turbine such as
coanda like flow, dragging flow, overlap flow, stagnation flow, and vortex shedding. The flow pattern
contributes to power coefficient improvement or performance reduction. The unsteady flow
involved vortex shedding for isolated Savonius turbine was measured numerically and compared to
published experimental data [6]. The flow pattern generated by a standalone turbine was used to
estimate the consecutive turbine at the downstream position. The optimized layout makes use of the
wake generated from the upstream turbine [7].
As the flow around the turbine is turbulence, the accuracy in the prediction of turbine
performance is among others is dependent upon the turbulence model used in the simulation.
Turbulence model selection, on the other hand, is greatly dependent on the Reynolds number, Re
[13], which is
𝑅𝑒 =

𝜌𝑉𝐷
𝜇

(1)

where ρ is air density, V is wind velocity, D is turbine diameter and μ is air viscosity.
There are several standard turbulence models available in commercial CFD codes. The SpalartAllmaras (SA) model is good for evaluating the power coefficient at a low tip-speed ratio while the kε model is excellent for predicting Cp at the high tip-speed ratio as found by Rogowski and Maroński,
[14]. Next problem is to select the method for turbulence simulation. Direct simulation method (DNS)
and Large Eddy Simulation (LES) are complex and incur a high computational cost. Due to limited
computing time, the most common method is Reynold-Averaged Navier-Stokes Simulation (RANS).
Detached Eddy Simulation (DES) can be considered a hybrid of RANS and LES method and yet in terms
of computational cost, it is affordable using 16 core machines. The DES model is able to capture the
3D flow characteristic near the blade surface [15]. Another study by Dobrev et.al., [12] used DES
turbulence model to verify the PIV data of Savonius wind turbine. The combination of DES and the kω model shows the flow pattern approximately as generated by PIV.
While the majority of the works to date is focused on high Reynolds number i.e. at the wind speed
of above 6 m/s, an analysis of low wind speed is not being reported. The main objective of this present
study is to compare the performances of the two simulation methods: RANS and DES in predicting
the performance of a helical Savonius rotor with 90° twist angle operating at low Reynolds number
using commercial finite element based CFD code. The results are then compared with experimental
data obtained from a wind tunnel test. The wake structures generated by both methods are also
investigated.
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2. Savonius Rotor Design
A 2D view of the Savonius wind turbine used in this study is as shown in Figure 1. The S-shaped
blade has an overlap ratio of 0.242. The blade is helical with 90° twist and attached to the endplate
at both ends. The height is 0.5 m and the diameter is 0.27 m resulting in an aspect ratio of 1.85. The
blade is allowed to rotate in a counter-clockwise direction. The prototype model was produced using
a rapid prototyping technique.
y
Rotation direction

Wind
flow

θ

Advancing blade
x
Centre of rotation
Returning blade

Fig. 1. 2D view of the two-bladed Savonius wind turbine

Figure 2 shows the different cross-section of 90⁰ twist Savonius wind turbine. To visualize the
flow around the turbine at different rotor angle rotation, three surfaces: top, middle, and bottom
were selected as denoted by sections I, II and III. The main objective is to illustrate the position of
advancing blade and returning blade throughout the entire turbine revolution.
Section I

Section II
Section I

Section II

Section III

Section III

Fig. 2. 2D-view for 90⁰ twist Savonius at the different cross-section

3. CFD Method
A 3D computational domain with a dimension of 8.1 m x 4.32 m x 4.32 m used in this study. A
rotating domain in the form of a cylinder with a diameter of 0.3 m and 0.55 m high defined in the
computational domain and a Savonius rotor is placed in the centre of the rotating domain. The 2D
view of the CFD computational domain is shown in Figure 3. Fine mesh is assigned to the rotating
cylinder to enhance the ease of convergence [16]. The CFD methodology was validated by using the
published wind tunnel data [17]. Figure 4 shows the grid independent study of CFD method validation
[18]. The validation analysis with optimum mesh (Mesh 2) fit well the published experimental data.
A layer of fine mesh is then generated across section II to capture the flow around the section. The
rule of the wall for mesh creation is not implemented in order to reduce the computation time. The
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transient analysis is used to capture the dynamic motion of the Savonius rotor. The widely used
sliding mesh method was implemented in the present study. The rotor is allowed to rotate with
assigned rotational velocity, ω [19,20] when subjected to 5 m/s wind speed. 5 revolutions of time
step are set [16] with 10⁰ movement for every time step.
The numerical procedure was repeated for two turbulence models namely Spalart Allmaras and
SST in conjunction with RANS and DES simulation methods using finite element based CFD solver
Acusolve. The turbine performance was then computed based on the ratio of power generated by
the rotor to the power available in the system at a wind speed of interest. The power coefficient of
the turbine, Cp can be calculated based on Eq. (2).
𝐶𝑝 =

𝜏𝜔

(2)

0.5𝜌𝐴𝑉 3

where τ is average turbine torque for 5th revolution in the numerical study, ω is turbine rotational
velocity at tip speed ratio, ρ is air density, A is turbine swept area and V is the wind velocity.
(a)

(b)
Turbine

Stationary
domain

Rotating domain

z

y
Sliding Interface

x

x

Fig. 3. CFD computational domain (a) Cross-section View (b) Side view

Fig. 4. Grid independence study on CFD method validation [18]

4. Wind Tunnel Experimental Procedure
The prototype turbine is directly coupled to a 12V DC coreless generator as shown in Figure 5.
The whole assembly was then placed in front of an open circuit wind tunnel of 2 m x 2 m test section
area. In order to monitor the output, the generator was also connected to a DC load. The generator’s
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output voltage and current at a wind range between 3 to 6 m/s were measured by a multimeter and
the turbine rotational speed was measured by an encoder.
Encoder
Frictionless bearing

Turbine

Frictionless bearing
Generator
Load
Rectifier
Fig. 5. Equipment setup for wind tunnel testing

The power of the turbine, Pe was computed by using Eq. (3).
𝑃𝑒 = 𝐼𝑉

(3)

where I is generator current (A) on tested load and V is generator voltage (V) at respective wind
speed. And actual torque can be obtained by Eq. (4).
𝜏=

𝐼𝑉
𝜔

(4)

5. Results and Discussion
In this section, the results of different simulation methods are compared based on the
computational time and accuracy of the predicted Cp with respect to the wind tunnel experiment. In
addition, wakes generated are also discussed.
5.1 Numerical Prediction on Turbine Performance
Figure 6 shows the predicted Cp values for a different combination of turbulence models. The
DES-based turbulence models (DES-SA and DES-SST) predicted higher values of Cp of 0.1428 and
0.1442, respectively. Whereas a lower Cp is predicted by RANS (RANS-SA, RANS-SST) simulation
method. However, the difference between the lowest and the highest is small i.e. about 3%.
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Fig. 6. Turbine performance predicted via numerical study
for respective turbulence model (V=5m/s)

The computational time for the numerical study for the respective turbulence model based on a
16-core machine is shown in Table 1. RANS-SST and DES-SST require the longest computational time.
Therefore, it is evident that the computational time is highly dependent on the turbulence model
rather than the modelling method.
Table 1
Computational time for respective turbulence model
Turbulence model
RANS-SA
DES-SA
RANS-SST
DES-SST

Time (hours)
6
7.8
9.4
9.6

Figure 7 shows the turbine dynamic torque of the last revolution predicted by all turbulence
models. They show a positive torque at all rotor angles as the blade design with a twist angle. This is
a typical characteristic of a helical rotor in which the negative torque is eliminated in turbine rotation
[21] giving an excellent starting capability. Again, a slightly higher torque is predicted by DES method.

Fig. 7. Turbine torque at respective rotor angle
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5.2 Flow Visualization Around the Turbine
The velocity contour for the middle section of the turbine is illustrated in Figure 8 (a-d). In general,
they look the same since as the flow passes over the rotor blade, it experiences a drop in the kinetic
energy and hence the speed but regains to the initial velocity at a certain distance downstream.

(a)

(b)

(c)

(d)

Fig. 8. CFD flow pattern for difference turbulence model prediction (a) RANS-SST, (b) DES-SST, (c) RANSSA, and (d) DES-SA

Upon closer examination of the DES turbulence modeling, it is observed that much clearer
vortices formed outside the wake especially near the blade tip and concave side of returning blade.
The strong vortex formed at the returning blade is clearly captured by DES-SST turbulence model.
The weak vortex region downstream of the turbine shows complex flow in both DES turbulence
models. To view this flow complexity, velocity patterns for DES-SST and RANS-SST turbulence models
are given in Figure 9 and Figure 10, respectively.

Fig. 9. Velocity contour based on DES-SST turbulence model
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Fig. 10. Velocity contour based on RANS-SST turbulence model

The DES-based turbulence model shows a complex wake structure behind the turbine. This is
especially true in the case of DES-SST where a detailed contour gradient can be observed at turbine
downstream position.
The velocity contours at 0o and 30o are then compared with PIV data obtained from the previous
study [12] in an attempt to verify the DES result. As shown in Figure 11, the location of the strong
vortex at the advancing blade is the same for both PIV and DES model.

Fig. 11. Comparison between PIV data [12] and DES result

However, for the PIV velocity field, the location of the second vortex is behind the advancing
blade, whereas it is on the left side of the advancing blade for the DES data. The reason for this is
that a straight blade Savonius was used in the PIV method.
5.3 Wind Tunnel Experiment and CFD Validation
Figure 12 compares the actual power generated by the Savonius turbine with the values predicted
by RANS-SA and DES-SA models. The actual power curve shows a gradual increase in power as the
wind speed increases. On the other hand, the power predicted by the turbulence models is rather
linear. This discrepancy can be explained by the sliding mesh method used in this study where the
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power is computed based on the tip-speed ratio. Just like in the case of the power coefficient, the
difference in the predicted power by different turbulent models is minimal.

Fig. 12. Comparison between actual power and predicted power by CFD at different wind speeds

6. Conclusions
It is confirmed that RANS-SA method is sufficient to predict the performance of a wind turbine
operating at low Reynolds number. In this study, the Reynolds number of interests is between 6x104
to 1.5x105. The computational time is found to be independent of the turbulence modelling
simulation used. This is evident by the fact that the computational time for RANS-SST and DES-SST is
1.5 times longer than either DES-SA or RANS-SA. However, one main advantage of the DES approach
observed in this study is that the method can provide detailed wake structure generated by the
Savonius rotor. As the vortex shedding can clearly be seen at the downstream, thus making DES is
more attractive for determining the right location of other turbines in a wind farm design.
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