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Abstract: In this study, an overview of the effect of turbulence on wind turbine 
performance is presented. Flow Models with full description were generated to clearly 
illustrate Winfield plots, 3 Dimensional Spatial Wind Flow Directions, Wake 
Distribution Patterns behind the Rotors, and 3 Dimensional Spatial Turbulent Wind 
Distribution Patterns. The power and the coefficient of power were examined from 
the wake vortex simulation while the flow velocity cut plots at different wind speeds 
(2, 4, 6 and 8 m/s) and time steps (2, 4 and 6 s) were obtained using Q-Blade software. 
The results revealed that, while the power coefficient was observed to decrease and 
increase with increasing wind speed, the power output increased variably from 
0.0416903 to 2.51354 kw as the wind speed also increased from 2 to 8 m/s at peak 
time step of 6s. It was also found that, while the wind influx towards a wind turbine 
can be displaced by extreme turbulence which subsequently displaces the wind 
directions, reduces turbine trust, power coefficient and the power output; the wake 
effect downstream can affect the wind speed and performance of other turbines 
downwind. The characteristics and complexity of a given terrain as well as the 
aforementioned factors should be considered while siting and operating a wind turbine 
or wind farm. 
Keywords: Modelling, Wind flow, Wind turbine, Wake vortices, Turbulence, Wind 
direction, 

 
Introduction 

Atmospheric wind flow has a strong turbulence fluctuation and shows transient characteristics 
(Kim & Kim, 2012). Upon approaching a wind turbine, the wind speed decreases and turbulence 
increases. Consequently, rotation of the wind turbine blades results in turbulence, manifesting in the 
form of rotational vertical wakes which are sustained behind the rotors in a distance for several miles 
before being dissipated fully (Brand et al., 2011). The turbulence in the flow towards a wind turbine is 
modelled on the basis of similarity theory in combination with computational fluid dynamics (CFD) 
methods (Satoh, 2004). Mikkelsen (2013) investigated the effect of free stream turbulence on a model 
wind turbine’s performance characteristics and the wake development downstream using a reference 
wind speed of 10 m/s. The wind turbine was found to operate most efficiently at TSR≈6, the peak power 
coefficient (Cp) without free stream turbulence was 0.461, while CP of 0.45 was obtained with free 
stream turbulence. Hence, the power coefficient seemed to be slightly reduced with increased levels of 
turbulence, except at low tip speed ratios where the effect of stall dominated. 

The effects of wind shear and inflow turbulence on the performance of a semisubmersible offshore 
floating wind turbine was investigated by Li et al. (2018). It was observed that the ultimate structural 
and fatigue damage loads at the blade root were augmented by inflow turbulence and wind shear. Both 
the ultimate and fatigue damage loads increased as a result of inflow turbulence and wind shear. The 
effect of inflow turbulence on the power generation was observed to depend on the operational state due 
to the control scheme of the wind turbine. 

Existing wind farm wake models vary from low-fidelity empirical and semi-empirical approaches 
(Ainslie, 1988), to more complex high fidelity large-eddy simulations where the turbines are 
parameterized using either an actuator disc (Jimenez, 2007), or an actuator line approach (Troldborg et 
al., 2010, Troldborg et al., 2011). Actuator disk (Sanderse, 2000), and actuator line (Troldborg et al., 
2010), methods have been employed in simulating the rotor and aerodynamic flow around a wind turbine 
by solving the NS equations, which enabled the CFD domain to cover the region extending from the 
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rotor plane to several diameters downstream, and to fully compute the near and far vortex wake 
elements. 

Wußow et al. (2007) employed CFD model (ANSYS FLUENT 6.3 using the LES technique) to 
simulate a full meandering turbulent wake using an incoming wind field that matches the IEC-61400 
requirements. Tip or nacelle vortices were only slightly present in the near wake region which was 
observed to meander horizontally and vertically. The relatively high velocity gradients experienced at 
either the outer and inner edges of the wake in conjunction with the meandering contributed significantly 
to the turbulence intensity observed on a ten-minute time scale. Zhang et al. (2012) investigated the 
near-wake flow structure downwind of a wind turbine in a turbulent boundary layer, and observed that 
the significant turbulence enhancement at a distance of three rotor diameters is associated with strong 
wind shear and high mechanical production of turbulent kinetic energy at the top-tip level. The spatial 
distribution of vorticity and swirling strength measured with High-resolution particle image velocimetry 
(PIV) also revealed the presence of top-tip vortices, which persist up to about 2-3 rotor diameters 
downwind of the turbine, longer than the hub/root vortices in the near wake region. The measurements 
also revealed intense flow rotation and a highly non-axisymmetric distribution of the mean flow and 
turbulence structure in the near wake. 

In an experimental investigation conducted by Ozbay et al. (2016), on wake characteristics and 
aeromechanics of Dual-Rotor Wind Turbines, the vortex structures were found to move outward with 
the expansion of the wake flow as they moved downstream, and finally merged with the tip vortex 
structures and eventually dissipated further downstream. In an experimental study on the evolution of 
unsteady wake vortex structures in turbine wake flows, Tian et al. (2014), Hu et al. (2012), and Whale 
et al. (2000) also observed related vortex structures at approximately 50-60% span of the rotor blades. 
In this study, wind flow trajectories, wind field regime and characteristics were modelled at various 
wind speeds, and their effects on horizontal axis wind turbine performance were examined. 
 
Materials and Method 

The flow around a rotor blade is modelled by using blade element/momentum theory and 
employing sectional airfoil data (Sørensen, 2011). The airfoil data have been found to depend heavily 
on unsteady flow (Devinant et al., 2002). The airfoil data is practically obtained from a wind tunnel 
experiments but can also be obtained through conventional methods such as computational fluid 
dynamics or aerodynamic design methods. In this study, the flow around a rotor blade was modelled 
using blade element/momentum theory embedded in QBlade software. A generator for turbulent 
windfields and module to generate a simplified structural model is integrated in QBlade v0.8 which was 
used to setup a FAST unsteady aeroelastic simulation reported in this study. Turbulent Windfield 
Generator which is a submodule of QBlade uses the Sandia Method to create turbulent windfield. The 
QBlade simulation interface is presented in Figure 1. 
 

 
Figure 1. QBlade simulation interface 
 
The windfield objects generated were further used in a FAST simulation. From inside the FAST module, 
aeroelastic FAST simulation was set up, simulated and post processed from QBlades internal database. 
To setup a FAST simulation for the windfield, details of the rotor, simulation parameters, windfield 
parameters and the blade structure were specified in the Parameter tab as shown in Table 1. This enabled 
the visualization of different time steps using the slider inside the toolbar. 
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Table 1. Flow parameters employed in the wind field simulation 
Wind field Parameter Simulation Parameter Wind Field Properties Environment 
Time: 60s Hub Height: 15 m 2 m/s Gravity: 9.81 m/s2 
Time steps: 100 Measurement Height: 15 m 4 m/s Air Dens: 1.225 k/m3 
Points per direction: 40 Turbulence Intensity: 5% 6 m/s Kin Visc: 1.4661e-05 m/s 
No of blades: 3 Include Shear Layer: True 8 m/s  
Nacelle Yaw: 0 Deg. Roughness Length: 1e-02 m   

 
The degrees of freedom of the structural model (FlapDOF 1&2, EdgeDOF) was enabled in order to 
effectively observe the simulation iterations through visual process. The simulation was initiated by 
pressing the start simulation button from the dock. When the simulation was completed, the FAST 
results were automatically loaded inside QBlades database for observation. The theory and mathematical 
formulations upon which the simulation in this study is based are already embedded in the software, and 
can be expressed in the following Equations: 
Reynolds number which is considered as the inertial forces divided by viscous forces is given by 
Equation 1. 
𝑅𝑅𝑅𝑅 = 𝑈𝑈∞𝐷𝐷

𝑣𝑣𝑤𝑤
           (1) 

where U∞ is the free stream velocity, D is the turbine diameter and ν is the wind viscosity. The chord 
Reynolds number Rec is the same as Equation 1, with the blade chord length c being the characteristic 
length scale: 
The kinetic energy of an air mass m moving at a velocity U can be expressed as: 
𝐸𝐸 = 1

2
𝑚𝑚𝑈𝑈2           (2) 

The mass flow rate of air with density p, passing through the rotor cross-sectional area A is given by 
Equation 3 while the power available in the air stream is expressed in Equation 4. 
�̇�𝑚 =  𝜌𝜌𝑈𝑈𝜌𝜌            (3) 
 𝑃𝑃 = 1

2
𝜌𝜌𝑈𝑈3𝜌𝜌           (4) 

The lift and drag coefficients, based on the lift L and drag D per unit length are given by Equation 5 and 
6. 
𝐶𝐶𝐿𝐿 = 𝐿𝐿

1
2𝜌𝜌𝑈𝑈 𝑟𝑟𝑟𝑟𝑟𝑟

2 𝑐𝑐
           (5) 

𝐶𝐶𝐷𝐷 = 𝐷𝐷
1
2𝜌𝜌𝑈𝑈 𝑟𝑟𝑟𝑟𝑟𝑟

2 𝑐𝑐
           (6) 

where Urel and c denotes the chord length. The relative wind velocity Urel expressed in Equation 7, is the 
relative velocity between the axial velocity U and the rotational velocity rΩ at the local intermediate 
radius r. The solidity σ of a turbine at a radial position r is given by Equation 8. 
𝑈𝑈 𝑟𝑟𝑟𝑟𝑟𝑟
2 = 𝑈𝑈2 + (𝑟𝑟𝑟𝑟)2          (7) 

𝜎𝜎(𝑟𝑟) = 𝑐𝑐(𝑟𝑟)𝐵𝐵
2𝜋𝜋𝑟𝑟

           (8)  
where B is the number of blades. The total solidity can then be found by integrating Equation 8 along 
the blade radius. According to Fukumoto & Okulov (2005), Wind turbine wakes are modelled as helical 
vortices which represents the region where the flow is spinning about an axis. Figure 2 shows the cross 
sectional view of a helical vortex around a wind turbine rotor. 
In a cylindrical coordinate system, the velocity field is described (Zheng & Wu, 2018) as follows: 

𝑢𝑢𝜌𝜌 = 𝛤𝛤
2𝜋𝜋𝜌𝜌𝑟𝑟

�(𝑙𝑙2 + 𝜌𝜌2)(𝑙𝑙2 + 𝑎𝑎2)4 𝐼𝐼𝑚𝑚 � 𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟±𝜉𝜉−𝑟𝑟𝑖𝑖𝑖𝑖
± 𝑟𝑟

24
� 2𝑟𝑟2+9𝑎𝑎2

(𝑟𝑟2+𝑎𝑎2)3 2⁄ − 2𝑟𝑟2+9𝜌𝜌2

(𝑟𝑟2+𝜌𝜌2)3 2⁄ � 𝑙𝑙𝑙𝑙𝑙𝑙�1 − 𝑅𝑅±𝜉𝜉+𝑖𝑖𝑖𝑖��,        (9a)  

𝑢𝑢𝑧𝑧 = 𝛤𝛤
2𝜋𝜋𝑟𝑟

�10� + 𝛤𝛤
2𝜋𝜋𝑟𝑟

�(𝑟𝑟2+𝑎𝑎2)4

�(𝑟𝑟2+𝜌𝜌2)4 𝑅𝑅𝑅𝑅 � ±𝑟𝑟𝑖𝑖𝑖𝑖

𝑟𝑟±𝜉𝜉−𝑟𝑟𝑖𝑖𝑖𝑖
+ 𝑟𝑟

24
� 3𝜌𝜌2+2𝑟𝑟2

(𝑟𝑟2+𝜌𝜌2)3 2⁄ + 2𝑟𝑟2+9𝑎𝑎2

(𝑟𝑟2+𝑎𝑎2)3 2⁄ � 𝑙𝑙𝑙𝑙𝑙𝑙�1 − 𝑅𝑅𝜉𝜉+𝑖𝑖𝑖𝑖��,                 (9b) 

  𝑢𝑢𝜙𝜙 = 𝛤𝛤
2𝜋𝜋𝑟𝑟

− 𝑟𝑟𝑢𝑢𝑧𝑧
𝜌𝜌

                (9c)   
where uρ, uz and uϕ are the velocities in p, z  and 𝜙𝜙 coordinates in Figure 2, Γ is the circulation of the 
vortex filament and α is the radius of the helical vortex. To avoid singularity at the mid-section of the 
helical vortex filament which may result in overestimated velocity values in the airflow close to the 
vortex centre, flow velocity around the helix is modelled as the rotation core axis (Fukumoto & Okulov, 
2005, Mulinazzi & Zheng, 2014). 
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Figure 2. Cross sectional view of a helical vortex around a wind turbine rotor 
 
𝑣𝑣 = 𝛤𝛤

2𝜋𝜋𝜎𝜎2
𝛼𝛼              (10) 

Where 𝜎𝜎 is the core size of the helical vortex. Conservation of momentum and mass for the helical 
control volume with a cross section shown in Figure 2 are given by Equation 11 and 12 (Odemark, 
2012). 
 𝜌𝜌𝑢𝑢  1

2 + 𝜌𝜌𝑢𝑢 ∞
2 (𝜌𝜌0 − 𝜌𝜌1) + �̇�𝑚𝑠𝑠𝑖𝑖𝑠𝑠𝑟𝑟𝑈𝑈∞ − 𝜌𝜌𝑈𝑈 ∞

2 𝜌𝜌0 = −𝑇𝑇      (11)     
and 
𝜌𝜌𝑢𝑢1𝜌𝜌1 + 𝜌𝜌𝑈𝑈∞(𝜌𝜌0 − 𝜌𝜌1) + �̇�𝑚𝑠𝑠𝑖𝑖𝑠𝑠𝑟𝑟 = 𝜌𝜌𝑈𝑈∞𝜌𝜌0 ⇒ �̇�𝑚𝑠𝑠𝑖𝑖𝑠𝑠𝑟𝑟 = 𝜌𝜌𝜌𝜌1(𝑈𝑈∞ − 𝑢𝑢1)    (12)      
Mass conservation is also expressed as: 
�̇�𝑚 = 𝜌𝜌𝑢𝑢𝜌𝜌 = 𝜌𝜌𝑢𝑢1𝜌𝜌1                 (13) 
Combining Equation 11-13 yields: 
𝑇𝑇 = 𝜌𝜌𝑢𝑢𝜌𝜌(𝑈𝑈∞ − 𝑢𝑢1) = 𝑚𝑚(𝑈𝑈∞ − 𝑢𝑢1)̇         (14) 
where U∞ is the free stream velocity (upstream), u1 is the wind velocity downstream, T is the thrust 
force, A is the rotor area, ρ is the air density, ṁside and m are the total mass flow out of the surface area. 
The wind velocity at the rotor plane is the mean between the velocity far upstream and downstream, and 
can be expressed as: 
𝑢𝑢 = 1

2
 (𝑈𝑈∞ − 𝑢𝑢1)          (15)   

By defining a control volume following the streamlines and applying the conservation of energy, the 
following relationship for the power P is found (Odemark, 2012). 
𝑃𝑃 = �̇�𝑚 �1

2
𝑈𝑈  ∞
2 + 𝜌𝜌∞

𝜌𝜌
− 1

2
𝑢𝑢 1
2 − 𝜌𝜌∞

𝜌𝜌
� ⇒ 𝑃𝑃 = 1

2
𝜌𝜌𝑈𝑈𝜌𝜌 (𝑈𝑈  ∞

2 − 𝑢𝑢 1
2 )     (16) 

where 𝜌𝜌∞ is the free stream static pressure. By introducing the axial induction factor a and applying 
Equation 15, the power and the thrust forces can be expressed as: 
𝑃𝑃 = 2𝜌𝜌𝑈𝑈 ∞

3 𝑎𝑎(1 − 𝑎𝑎)2𝜌𝜌          (17) 
and 
𝑇𝑇 = 2𝜌𝜌𝑈𝑈 ∞

2 𝑎𝑎(1 − 𝑎𝑎) 𝜌𝜌          (18) 
where the axial induction factor a is given by Equation 19 while the angular induction factor a’ is defined 
by Equation 20. 
𝑎𝑎 = 𝑈𝑈∞−𝑢𝑢1

𝑈𝑈∞
           (19) 

𝑎𝑎′ = 𝜔𝜔
2𝛺𝛺

            (20)  
where 𝑟𝑟 denotes the angular velocity of the wind turbine rotor, and 𝜔𝜔 is the angular velocity imparted 
to the flow stream. The dimensionless power and thrust coefficients thus become: 
𝐶𝐶𝑃𝑃 = 𝑃𝑃

1
2𝜌𝜌𝑈𝑈 ∞

3 𝐴𝐴
= 4𝑎𝑎 (1 − 𝑎𝑎)2         (21) 

and 
𝐶𝐶𝑇𝑇 = 𝑇𝑇

1
2𝜌𝜌𝑈𝑈 ∞

2 𝐴𝐴
= 4𝑎𝑎 (1 − 𝑎𝑎)         (22) 
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The tip speed ratio (TSR) λ is the ratio between the rotational velocity at the tip of the blade and the free 
stream velocity U∞, expressed in Equation 23: 
𝜆𝜆 = 𝛺𝛺 𝑅𝑅

𝑈𝑈∞
            (23)   

Using the energy equation on a control volume that moves with the blade, the pressure difference across 
the blade can be expressed as (Manwell et al., 2009): 
𝑝𝑝2 − 𝑝𝑝3 = 𝜌𝜌 �𝑟𝑟 + 1

2
𝜔𝜔�𝜔𝜔𝑟𝑟2         (24)  

where ω is the angular velocity and R is the rotor radius. Applying Equation 20, 23 and 24, the thrust 
on an annular element can be expressed in Equation 25. 
𝑑𝑑𝑇𝑇 = 4𝑎𝑎′(1 + 𝑎𝑎′) 1

2
𝜌𝜌𝑟𝑟2𝑟𝑟22𝜋𝜋𝑟𝑟𝑑𝑑𝑟𝑟 = 4𝑎𝑎(1 − 𝑎𝑎) 1

2
𝜌𝜌𝑈𝑈22𝜋𝜋𝑟𝑟𝑑𝑑𝑟𝑟     (25) 

The torque Q, exerted on the blade, is equal to the change of angular momentum of the wake. Therefore, 
the torque for an incremental annular area element, is given by Equation 26. 
𝑑𝑑𝑑𝑑 = 𝑑𝑑�̇�𝑚(𝑤𝑤𝑟𝑟)𝑟𝑟 = 4𝑎𝑎′(1 − 𝑎𝑎) 1

2
𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟22𝜋𝜋𝑟𝑟𝑑𝑑𝑟𝑟       (26) 

The instantaneous wind speed in the three dimensions u, v and w can be defined as, 
𝑢𝑢1 = 𝑈𝑈∞ + 𝑢𝑢1′ = 𝑢𝑢�1 + 𝑢𝑢1′                     (27a) 
𝜈𝜈 = 𝑉𝑉 + 𝜈𝜈′ = �̅�𝜈 + 𝜈𝜈′                    (27b) 
𝑤𝑤 = 𝑊𝑊 + 𝑤𝑤′ = 𝑤𝑤� + 𝑤𝑤′                     (27c) 
The characterization of turbulence may be by a relatively constant short-term mean, with fluctuations 
about the mean, and the probability density function that best describes the type of behaviour for 
turbulence is the Gaussian distribution expressed as: 
𝑓𝑓(𝑢𝑢1) = 1

𝜎𝜎𝑢𝑢√2𝜋𝜋
𝑅𝑅𝑒𝑒𝑝𝑝 �− (𝑢𝑢1−𝑈𝑈∞)2

2𝜎𝜎  𝑢𝑢1
2 �           (28) 

Turbulence intensity in the streamwise direction is given by Equation 29. 
𝑇𝑇𝑢𝑢 = 𝜎𝜎𝑢𝑢

𝑈𝑈
            (29) 

where 𝜎𝜎𝑢𝑢 is the standard deviation of wind speed variations about the mean wind speed 
U. 
Using the mean turbulent normal stresses 𝑢𝑢�1 

′ , kinematic viscosity 𝜈𝜈′ and the rotational speed of wake 
𝑤𝑤′, the turbulent kinetic energy can be quantified as: 
𝑘𝑘 = 1

2
(𝑢𝑢�1 

′ 𝑢𝑢�1′ ) + (𝜈𝜈′�  𝜈𝜈′� + 𝑤𝑤′���� 𝑤𝑤′���� )        (30) 
The equation for the evolution of turbulent kinetic energy is expressed as: 
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

+ ∇.𝑇𝑇′ = 𝑃𝑃 − 𝜖𝜖          (31) 
where ∇.𝑇𝑇′ is the turbulent transport or turbulent diffusion, P is the production of turbulent kinetic 
energy (the source) and 𝜖𝜖 is the dissipation of turbulent kinetic energy. 
 
Windfield Plots 

Modelling of wind field is an important aspect of wind turbine blade related studies, as it provides 
images as well as animated visuals of how the wind velocity impacts forces on the rotor blade to cause 
its rotation. To understand the interplay between the rotor blade and its driving mechanism, wind field 
must be modelled to effectively represent the wind speed range in the domain intended for the rotor 
blade to perform. The flow field around a wind turbine may be characterized by two major mechanisms 
including convection and turbulent diffusion (Vermeer et al., 2003). In this study, the wind field plots 
as shown in Figure 3a-d represents the distribution of surface plot of the wind perpendicular to the 
turbine axis. All wind heights are taken at 15m and a constant turbulence of 5%. A wind shear of 0.001m 
is assumed for all wind fields. The simulation was run for 60s and results are shown at a time step of 
100. The wind measurement height was at 15m from sea level. 

Cold air which is denser, sinks to the ground because the air molecules are too heavy to soar higher 
in the atmosphere while hot air which is less dense rises and in the process circulates across the 
atmosphere. The air circulation process may be referred to as “Wind” because it is characterized by a 
current of air flowing in various directions across the earth’s surface. 
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Figure 3a. Winfield plot at mean wind speed of 2 m/s Figure 3b. Winfield plot at mean wind speed of 4 m/s 
 

 
Figure 3c. Winfield plot at mean wind speed of 6 m/s Figure 3d: Winfield plot at mean wind speed of 8 m/s 

 
Generally, wind direction which is usually parallel to isobars due to earth’s rotation may also be 
horizontally transverse such that it either flows sideward from the direction it originates towards an 
angle ranging from 0o- 360o and across the windfield as shown in Figure 4a-b, or may occur in the 
vertically transvers direction as shown in Figure 4c-d. It should be noted that the rotational speed of a 
given turbine blade is highly dependent on not only the wind speed but also on the wind direction. 
Therefore, if the maximum wind flow is not towards a direction suitable enough to cause the wind 
turbine rotor blade to attain its optimum speed, the wind turbine may perform below the expected 
capacity. Hence, it is necessary for the wind direction in a particular region to be studied extensively 
before mounting the wind turbine as well as its blades, as this can provide useful information on the 
angle of attack or angle of incidence and the direction to which high velocity magnitude 
gradient/maximum wind speed is expected. 

 
Figure 4. 3 Dimensional Spatial Wind Flow Directions 
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The wind flow regime as observed in Figure 4a-d, shows a network of wind current that is distributed 
across a given flow path. This is independent on the wind speed and dependent on the flow direction 
which usually produce an aerodynamic wake region downstream from the rotor blade. There are two 
major occurrences that take place during the operation of a wind turbine and rotation of its blade along 
the axis. First, the turbine extracts energy from the windfield and in the process reduces the wind speed. 
Second, turbulence is created in the air passing through the rotor blades which is then carried downwind. 
In other words, the region at which wind flow recirculates downstream or immediately behind the 
rotating blades which may be accompanied by flow separation and turbulence is known as wake. The 
wake region is generally associated with some aerodynamic characteristics such as velocity deficit, 
pressure differential, flow expansion, rotation of the wake field and increased turbulence. (Mckay et al., 
2012). The theory of wind turbine wakes is classified into two categories namely: near wake and far 
wake. The near wake region deals with the extraction of energy from the wind by a single turbine, 
whereas, the far wake is more particular about the effects on the downstream turbines (Marmidis et al, 
2008). Zhang et al. (2012) observed that, while the wind turbine extracts momentum from the flow and 
induces rotation, the stream-wise velocity decreases significantly and the lateral and vertical velocities 
increase immediately behind the rotor. In addition, the wake grows with increasing downwind distance 
from the rotor, as the stream-wise velocity increases and the other velocity components decrease. As the 
wind flow proceeds downstream the wake spreads in a non-uniform pattern as shown in Figure 5 but 
recovers towards free stream condition. The aerodynamic force driving the rotors result in an opposing 
force on the air stream causing the air column to rotate. The low pressure column of rotating air expands 
as it flows downstream of the turbine blades and consequently dissipates as the surrounding airflow 
reaches equilibrium (McKay et al., 2011, Burton et al., 2001). In event of a single wind turbine unit, the 
aforementioned wake does not have any effect on the wind turbine. However, in the event of a windfarm 
which consists of multiple stands of wind turbine, wake may have a cascading effects on a number of 
wind turbines in the farm. The wake effect becomes the aggregated influence on the energy produced 
from a wind farm due to the variations in wind speed as a result of the turbine impact on one another. In 
this case, each turbine unit extracting energy from the wind domain causes a reduction in the wind speed 
flowing to the next unit, increases vibration due to turbulence, increases wear around contacting 
members and increases maintenance cost. The radius of wake effect region downwind the rotors x, can 
be expressed as (Li et al., 2017): 
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The wind speed reduction ∆U is described as: 
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where A is the swept area, TC is the thrust coefficient, c1 is constant, UWT is the average wind speed on 
the wind turbines’ hub height. Turbulent flow patterns in the incoming wind are rotationally sampled by 
the rotor blade. The turbulence in each section of the rotor blade is modelled on the basis of a spectrum 
(Kaimal et al., 1972), in combination with inverse Fourier transforms (Veers, 1984) or an approach 
based on rapid distortion theory (Mann, 1998).  

As mentioned earlier, turbulence is created in the air flowing through the rotor blades as it rotates 
along its axis. Turbulent flow is a set of seemingly random and continuously changing wind motions 
that are superimposed on the wind’s average motion. As shown in Figure 6, it is characterized by 
irregular swirls or fluctuations in the wind flowing towards and across the wind rotors, and is quantified 
with a metric known as turbulence intensity. An increase in downstream turbulence is caused by wake 
rotation, disruption of the air flow across the rotor blades and the vortices formed at the blade tips. This 
results in variation in wind speed and increased displacement in wind direction, causing less power 
being available for the downstream turbines (Mckay et al., 2012).  The incoming turbulent flow causes 
the flow field in the boundary layer around the blades to transform rapidly into a turbulent boundary 
layer. This increases the boundary layer thickness as indicated by the red regions in Figure 6 and hence, 
the drag also. Effect of increased turbulence may result in increase in the power present in the wind 
while drag forces may act negatively against it. This correlates with the findings of Mikkelsen (2013) 
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who reported that turbulence increases the relative velocity of the wind which in turn increasing the 
power extraction. However, at extremely high turbulence, wind direction may be displaced, leading to 
decrease in the velocity of wind flowing towards the turbine rotors which consequently result in the 
reduction of power output. 

 
Figure 5. Wake distribution patterns behind the rotors 
 

 
Figure 6. 3 Dimensional Spatial Turbulent Wind Distribution Patterns 
 
The mathematical equation for the relative velocity of a uniform non-turbulent flow field is given by 
Equation 35, whereas, relative velocity of the incoming turbulent flow field is expressed in Equation 36. 
𝑈𝑈 𝑟𝑟𝑟𝑟𝑟𝑟
2 = 𝑈𝑈 𝑟𝑟𝑟𝑟𝑟𝑟

2 + 𝑟𝑟𝑟𝑟2 = 𝑈𝑈 𝑟𝑟𝑟𝑟𝑟𝑟
2 (1 + 𝜆𝜆2)       (35) 
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Brand et al. (2011) reported that the wind flowing towards a wind turbine is already turbulent, and in 
the process of extracting energy from the turbulent wind creates additional turbulence. Atmospheric 
turbulence impact wind energy through power performance, impacts on turbine loads, fatigue and wake 
effects as well as noise propagation. Therefore, Understanding and considering turbulence before and 
behind a wind turbine is believed to be vital in turbine applications (Mücke et al., 2010). The 
aerodynamic power is a function of the rotor shaft torque and the rotor speed upon which turbulence 
evolve. Atmospheric turbulence therefore gives rise to variations in the energy derived, power and 
consequently the electricity produced. In addition, turbulence is believed to be very instrumental in 
assessing energy yield in wind turbine applications (Gottschall & Peinke, 2008). 
 
Results and Discussion 
Vortex and Velocity Cut Plots 
The following diagrams (Figure 7-10a-b) show the vortex flow and the velocity cut plots simulated at 
different wind speeds, while power and wake properties are examined. The simulation data from the 
turbine LLT simulation coupled with the different wind fields previously simulated are applied. A rotor 
overhang length of 0.6m and a hub height of 15m was used. The upwind type simulation was selected; 
the rotor shaft tilt was set at 5 deg in the downward direction. A TSR of 5 was selected for all scenarios 
and the simulation was run for 10s time steps. The results were read after 6s. From Fiure 7a, It can be 
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observed that as the flow progressed the velocity of wind along the axis of the turbine decreased steadily. 
As shown in Figure 7b, It can also be seen that wake shedding began to occur at about halfway across 
the cut plane at 4s. At 6s, it can be observed that the wind flow became more developed. The power was 
found to reduce by 0.1% per every 2s. The coefficient of power was 0.560359 and the power obtained 
was 0.041903Kw as shown in Figure 7b.  
 

 
Figure 7a. Velocity cut plots at 2m/s after 2s, 4s  and 6s 

 
Figure 7b. Simulated profile of wake vortex trajectories at 2m/s. 
 

 
Figure 8a. Velocity Magnitude cut plots at 4m/s after 2s, 4s and 6s 
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Figure 8b. Simulated profile of wake vortex trajectories at 4 m/s 
 
From Figure 8a, It can be seen that the flow is uniform at 4s just as shear begins. The reduction in power 
is noticed in the third plot as it can be seen that the flow uniform length have reduced. The Vin and Vout 
is observed to increase due to an increase in the windspeed compared with the velocity plot at 2m/s. The 
power output is found to increase to 0.3228KW as shown in Figure 8b. The drop in power extracted 
from the wind to 0.54226 can be attributed to increased shedding and higher turbulence causing an 
overall decrease in turbine thrust. From Figure 9a, the cut plots show greater wake shedding and 
turbulence at 4s compared to the velocity plots at 4m/s. The velocity magnitude in Figure 9a is observed 
to reduce uniformly in the flow as well as the coefficient of power when compared to previous plots. 
The coefficient of power is 0.48407 and the power is found to be 0.96503Kw as presented in Figure 9b. 
 

 
Figure 9b. Velocity Magnitude cut plots at 6m/s after 2s, 4s and 6s 
 

 
Figure 9a. Simulated profile of wake vortex trajectories at 6m/s 
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From Figure 10a, the wind turbulence at this wind speed (8m/s) is highly increased, but it can be noticed 
that the uniform flow length is greater than previous plots. This results in the increase in Cp to 0.5279 
and power output to 2.514Kw as shown in Figure 10b. Figure 11 represents a plot of power coefficient 
and power output against wind speed. It can be observed from the plot that the power coefficient is not 
coherent with the wind speed possibly as a result deviation in the direction of wind by extreme effect of 
turbulence, whereas, the power output is coherent with the wind speed. 

 
Figure 10a. Simulated profile of wake vortex trajectories at 8m/s 

 
Figure 10b. Velocity Magnitude cut plots at 8m/s after 2s, 4s and 6s 
 

 
Figure 11. Plot of CP and P Vs wind speed 
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Conclusion 
Increasing the number of points or time steps in the simulation resulted in much larger computational 
times and less computational errors. Furthermore, computational domain of atmospheric wind flow is 
very large and complex, thus, requires very large number of computational meshes. The results of the 
simulation revealed an increasing trend in power output (0.0416903, 0.322752, 0.965034 and 2.51354 
kw) at increasing wind speeds (2, 4, 6 and 8 m/s) and varying trend in power coefficient (0.560359, 
0.542263, 0.480407and 0.527881) at the same increasing wind speeds. The velocity magnitude cut plots 
simulated for the same range of wind speeds and time steps (2, 4 and 6 s) indicate that, failure of the 
wind velocity to attain optimum magnitude can affect the power coefficient as well as the energy 
available in the wind for extraction. In other words, if the wind flow, aerodynamic and turbine conditions 
are appropriate, the wind velocity can increase from few seconds or minutes, up to optimum magnitude 
suitable to impact on the rotors and cause rotation. The 3 dimensional spatial turbulent wind distribution 
patterns presented in this study shows that, turbulence in wind flow is characterised by wave patterns in 
all degrees of rotation of the turbine blade, and at extreme condition can distort the direction of wind 
flowing towards the rotors. 
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