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ABSTRACT

Article history:

The right location of an individual wind turbine within a wind farm is important in order
to gain its optimal power output. Due to the large area involved, an experimental study
can be difficult and non-economical. This paper presents a methodology by which the
location of downstream turbines can be estimated by using velocity pattern analysis.
A wake structure of an isolated helical Savonius turbine with 90º twist angle is first
evaluated by a Sliding mesh method incorporating Reynold Average (RANS) turbulence
model Spalart Allmaras. The formation of vortices outside the wake is then observed.
It was found that by placing a downstream turbine at the location of the strongest
vortex occurrence, in this case within the area between 20º to 90º with respect to the
advancing blade of the upstream turbine, produces an enhancement of power
coefficient to the later. Repeating the same procedure for another downstream
turbine also yields the same result. The last turbine of the line array always experiences
the highest power coefficient of all. An application of the concept to a 9 turbine array
in a V formation reveals an overall power improvement of 11%. However, placing the
downstream turbine in other areas of weaker vortex shows insignificant improvement.
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1. Introduction
The most important property of a wind turbine is its power coefficient (Cp). It measures the actual
power output generated by the turbine. While the horizontal axis wind turbine (HAWTs) enjoys a
better power coefficient than their counterpart the vertical axis wind turbines (VAWTs), the former
is usually employed at places with a higher wind speed of exceeding 7 m/s. VAWTS are therefore
good candidates for low wind speed areas which is the subject of this paper. Typical power coefficient
of HAWT is between 0.3 to 0.4 and for VAWT it normally ranges from 0.1 to 0.2. Research has been
ongoing to improve this so-called power coefficient ever since.
For single HAWT, this can be achieved via optimal blade geometry [1] or variable pitch blade
design [2]. The same procedure can also be applied to the VAWT of Darrieus type [3,4]. However, an
*
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augmentation device is needed in order to significantly increase the power coefficient of Savonius
type VAWT [5,6]. Another approach to enhance the power coefficient by having multiple wind
turbines located at one specific place called a wind farm. The performance of such a wind farm is
usually measured by its power density. This is power generated the turbines per unit area. Hence
VAWTs have a competitive advantage over HWAT where turbines can be placed in proximity [7]. The
overall power coefficient is improved due to the Magnus effect and periodic coupling of the local
flow between turbines [8]. The arrangement of the multiple turbines in a specific configuration such
as V and I formation based on flying geese had been proven a success with power efficiency increased
to 23% [9]. A linear turbine arrangement with an augmentation device is used to achieve a maximum
energy yield. The power coefficient is enhanced by 60% [10]. Several configurations of turbine
clusters are tested numerically and found that three turbine cluster configuration gives the best
overall performance [11]. However, the increase in power output is given in terms of power density.
The algorithms involved in wind farm layout optimization are usually very complex as they involve
the integration of the wake model and AI technique such as particle swarm optimization algorithm
and GA [9,12]. The power coefficient is enhanced by 20% to 30% for the optimum layout. Turbine
relative angle position and gap distance used as the main criteria in enhancing the overall turbine
performance [11]. A similar study shows that the overall turbine performance is also affected by the
turbine relative phase angle [13]. An efficient turbine configuration was tested for a nine cluster
turbines farm and twenty-seven cluster turbines farm. The result shows enhancement in power
density for both cases [14]. In the study, the gap distance and turbine relative angle can contribute
to space covering for wind farm installation.
However, the challenge is always on how to place these turbines such that that the overall power
efficiency is optimal. To understand this phenomenon, it is always good to understand the wake
structure of an individual turbine. The area occupied by this wake can be divided into three zones
namely low-speed zone, periodic high-speed zone and secondary periodic high-speed zone [9]. Thus
the downstream turbines should be placed within the periodic high-speed zone. The present study
focuses on the development of a methodology for estimating an optimal multiple helical Savonius
turbines layout by velocity pattern analysis. The wake structure of an isolated turbine is first
evaluated by the computational fluid dynamics simulation to identify the best location of its
downstream turbine. The placement of downstream turbines either on the advancing blade or
returning blade of upstream turbines is then studied to examine the velocity pattern interaction
between neighboring turbines and its effect on the overall power efficiency. The basic rule
established is then applied to other published configurations such as oblique, line array, and V
formation. The preliminary results of an ongoing study are presented in this paper.
2. Turbine Configuration
The design specifications for the Savonius turbines are given in Table 1. Figure 1 shows the
geometrical parameter of the helical Savonius wind turbine with 90º twist angle.
Table 1
Savonius design specifications
Parameter
Height, H
Diameter, D
Overlap ratio
Blade thickness
End plate diameter

Value
0.5 m
0.27 m
0.242
0.003 m
0.297 m
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Top end plate
Returning blade (RB)
Advancing blade (AB)

(RB)
D
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A

Blade overlap
Bottom end plate

Section A-A

Fig. 1. Geometrical parameter of CFD model

3. Simulation Procedure
The turbine performance evaluation by using CFD is usually involved in several steps. The first
step is the development of the computational domain. In this study, a 3D computational domain with
a dimension of 30D length x 16D height x 16D width [15] is used. It contains a static domain to
represent the environment condition and rotating domain to represent the flow condition around
the turbine. The two domains are separated by the interface that provides the continuous interaction
of the flow properties between them [16]. The sliding mesh approach is used in order to reduce the
computational time since the optimum tip speed ratio is considered in this study [15]. The turbine is
placed inside the rotating domain and assigned with specific rotational velocity, ω based on tip speed
ratio, TSR relationship as shown in Eq. (1) where R is the turbine radius and V is the wind speed of
interest.
𝑇𝑆𝑅 =

𝜔𝑅

(1)

𝑉

The boundary condition is then assigned to the computational domain to demonstrate domain
behavior. The boundary condition used in this study is summarized in Table 2. Detailed annotation of
boundary conditions can be found in [15].
Table 2
CFD analysis of boundary condition
Surface name
Inlet

Boundary
condition type
Inflow

Outlet

Outflow

Walls
Blade
Interface

Slip
Wall
-

Description
Inflow velocity
type with 5 m/s
in x-direction
Environment
pressure
-

The accuracy CFD prediction is closely related to the mesh generated in the computational
domain. Hence, a set of mesh sizes (coarse to fine) is assigned to the domain specifically on the
turbine surface and rotating domain. The analysis is said to converge when further reducing the mesh
size does not give a significant effect to the results, i.e. turbine torque, power coefficient. Longer
computational time is required for a fine mesh even though it can contribute to increasing the
prediction accuracy [17]. A layer of fine mesh across the computational domain is defined to capture
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the wake behind the rotating Savonius turbine. Figure 2 shows the mesh condition for the present
CFD analysis.

Fig. 2. 3D computation domain and mesh section view

The transient analysis was performed using finite element based solver AcuSolve incorporating
the Spalart Allmaras turbulence model. The sliding mesh method used requires specific input on time
step and time increment to model the turbine rotation. In this study, the turbine is allowed to rotate
for 5 revolutions [18] with 10-degree movement on every time step size. The characteristics of the
wake behind an isolated turbine are first evaluated by examining the formation of strong vortices for
potential placement of the downstream turbine. The process for finding the best location of the
downstream turbine is repeated for a different configuration. The power coefficient for each turbine
is then computed by using the Eq. (2) below.
𝐶𝑝 =

𝜏𝜔
0.5𝜌𝐴𝑉 3

(2)

where Cp is the turbine power efficiency, τ is turbine torque, ρ is the air density with a constant value
of 1.225 kg/m3 and A is turbine swept area covering the turbine diameter, D and turbine height, H.
4. Results and Discussions
4.1 Single Turbine Flow Pattern
The isolated rotating Savonius wind turbine generates a variation of flow near the turbine surface
and at its downstream position and this can be represented by velocity pattern. Figure 3 shows a
comparison of such patterns between a straight blade (a) and a helical blade with 90º twist angle (b).
Firstly, it shows a similar pattern with the published data by CFD simulation and PIV study [11,19]. At
the blade position shown, the formation of a strong vortex (I) is evident at the tip of the advancing
blade for both wind turbine models. Also seen is the overlap flow [11] or overlap jet that enhances
the velocity growth at the concave side of advancing blade near the blade gap direct to the concave
side of returning blade, hence reduces the negative torque experienced by the turbine at certain
rotor angle [20]. The low-speed zone (indicated by III) of the helical blade model appears to be smaller
than the straight blade, hence the flow stream recovery is faster and increases the possibility of
placement consecutive turbine near to upstream turbines. This is an advantage of the helical blade
compared to the straight blade. From this analysis, it is only logical to place a downstream turbine at
the location where the vortex is the strongest. At this stage, it is assumed the location is between 20º
to 90º with respect to the incoming wind direction.
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Fig. 3. Velocity pattern showing I: Periodic high-speed zone, II: Secondary periodic high-speed zone, III:
Low-speed zone for a single blade CCW direction: (a) Straight blade (b) Helical blade with 90º twist

4.2 Two-turbines and Three-turbines Configuration
To understand the multiple turbine interaction further, a two-turbines and three-turbines in a
line array were created based on the rule established in 4.1. The first downstream turbine is located
at 60º with a gap distance of 1-Diameter [11] as shown in Figure 4. The result shows the power
coefficient of turbine #2 higher than the turbine #1. This finding is a good agreement with the
published data [11].

Fig. 4. Oblique two turbines configuration [11] and velocity contour generated
by CFD analysis

The three-turbine array is an extended version of oblique two turbines configuration with the
same gap distance and turbine relative angle as shown in Figure 5. Figure 6 shows the power
enhancement of each individual turbine when compared with the isolated turbine. The individual
power coefficient of turbine #2 and turbine #3 slightly improved, hence contributing to the overall
turbine performance by 11%.

Fig. 5. Oblique three turbines configuration and velocity contour
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Fig. 6. Power coefficient of the individual turbine for the twoturbine and three-turbine oblique configurations

4.3 Analysis of Turbines in V-formation
Two types of turbine configuration in V-formation comprising nine turbines were examined: Case
A: co-rotation and Case B: counter-rotation with a gap distance of 1-Diameter and θ of 60⁰. All nine
turbines were designed to rotate in a counter-clockwise rotation in case A (Figure 7). Likewise, in case
B, the turbines on the retuning blade side of the upstream turbine were allowed to rotate in a
clockwise direction while others in the opposite direction (Figure 8).

Fig. 7. Case A: Turbines in CCW direction and their velocity pattern

Fig. 8. Case B: A mixed of CCW and CW turbine configuration and
their velocity pattern
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The results of power coefficients for individual turbines are presented in Figure 9. The turbine
arranged in co-rotation shows enhancement of overall power coefficient up to 9%. However, in the
case of counter-rotation, an improvement of 11% of power efficiency was achieved. The highest
power coefficient generated is from Turbine 8 and Turbine 9 of the V formation in Case B with power
enhancement of 20% and 26% respectively. This finding is however slightly different from the
published data [9], in which the power coefficient for the optimized layout of the last three
downstream turbines in the array is seemed to be constant after a rapid rise in the second turbine
but the overall power enhancement is 23%.

Fig. 9. Power Coefficients for V configuration in (a) co-rotation and (b) counter-rotation

5. Conclusions
In the case of a Savonius rotor, the wake generated by its rotation has created vortices that can
clearly be identified by the velocity pattern. This is achieved by the zone mesh adaption strategy
adopted in this analysis. Hence placing a turbine within this location will certainly improve its power
efficiency. A properly arranged Savonius rotors in V formation increases the overall power efficiency
of up to 11% when evaluated at 5 m/s wind speed. The performances for the co-rotation and counterrotation of this configuration are almost the same.
Although the zone mesh adaption is an effective strategy if one is to observe the wake and
vortices generated by the Savonius rotor, other turbulence simulation models may be used to
improve visualization of velocity patterns. Current work is being undertaken to investigate other
turbines configuration by using the detached eddy simulation (DES) model and validation by wind
tunnel test.
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