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Characteristics of Wind Velocity and Turbulence Intensity  
at Horizontal Axis Wind Turbines Array 

 
 

Ismail1, Azhim Asyaratul Azmi2, Erlanda Augupta Pane1, Samsul Kamal3 

 
 
Abstract – The wind turbine performance that is not optimal can be influenced by the distance of 
unsteady turbine, where it can generate the wake effect. This research has been conducted to 
analyze the wind velocity, turbulence intensity in the downstream area of wind turbines as wake 
effect factors, where the turbine is placed in an in-line array configuration. The research novelty 
is the ideal distance of simple Horizontal Axis Wind Turbine model, which can reduce the wake 
effect. This research uses variables that are divided into two types i.e. independent variables 
(turbine line distance), and dependent variables (wind velocity and turbulence intensity). The 
measurement of the independent variable is carried out at the distance between the upstream and 
downstream areas of the wind turbine. It is measured by the diameter of the wind turbine, i.e. 1D 
to 8D. The research method uses a Computational Fluid Dynamics simulation with SST k-ω model 
analysis which is divided into two formulations, among others are kinetic energy turbulence (k) 
and turbulence frequency (ω), where the simulation results are compared to the ones of previous 
research. The simulation results can concluded that the reduction in wind velocity and the 
increased turbulence intensity occur in the downstream area of 1D to 8D. Wind velocity and 
turbulence intensity have been recovered at a maximum distance of 8D, due to the influence of air 
flow outside the wake effect area which influences the air flow inside the wake effect area, so 
turbulent air flow is transformed into the laminar air flow. Copyright © 2020 Praise Worthy Prize 
S.r.l. - All rights reserved. 
 
Keywords: Computational Fluid Dynamics, Flow Field, Turbulence Intensity, Wake Flow, Wind 
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Nomenclature 
ANN Artificial Neural Network 
BEM Blade Element Momentum 
CFD Computational Fluid Dynamics 
HAWT Horizontal Axis Wind Turbine 
IGS Iso Geometric of Mesh Forming 
NACA National Advisory Committee for Aeronautics 
SOS Sum of Squares 
SST Shear-Stress Transport 
6DOF Six Degree of Freedom 
D Turbine diameter [mm] 
F1 Blending Function 
k Specific turbulent kinetic energy [m2/s2] 
Pk Effective rate of production of k  

[kg/m s3] 
Pω rate of production of ω [kg/m3 s2] 
t Time [s] 
U Incident free-stream airflow [m/s] 
β Turbulence modeling constant 
β* Turbulence modeling constant 
δij Kronecker delta function 
µk Effective viscosity [kg/m s] 
µt Eddy viscosity [kg/m s] 
µω Effective viscosity [kg/m s] 
ρ Density [kg/m3] 

ω Turbulence modeling constant 
ω Specific turbulent dissipation rate [/s] 

I. Introduction 
One or more wind turbines are built to create a wind 

turbine array producing a wake effect in the downstream 
area. It is very influential on the wind turbine arrays 
performance, which has a limited area and depends on 
the wind velocity and turbulence intensity [1]-[4]. The 
wind velocity magnitude that differs in the rotor disk 
area, due to the wind shear [5], and turbulence velocity as 
well as pressure fluctuations on the blade surface which 
have an impact on turbulence intensity [6] are important 
factors in this case.  

Thus, the wind velocity reduction [7], [8], and the 
increasing turbulence intensity [9], [10] can decrease the 
turbine power up to 5-20% of the total energy production 
and increase the damage load of wind turbine caused by 
the wake effect.  

These parameters can be controlled by upstream 
turbine performance, tip speed ratio, pitch angle, and yaw 
angle of a wind turbine [11], [12]. The control of wind 
velocity parameters in upstream turbines can be done by 
mapping the potential of wind velocity, which has a large 
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magnitude with various distribution techniques, 
especially in extreme wind zones [13]. Thus, the 
management of wind flow can be controlled to drive 
wind turbines. Wind flow control uses fuzzy control, in 
which excessive electrical energy resulting from the 
conversion of wind energy can be stored in the battery 
[14], [15], [31].  

Most researches have divided the wake effect into two 
areas among the others, i.e., near and far areas [16], [17].  

Researchers [18], [19] have used the computational 
domain in order to analyze the effect of the distance on 
the wind turbines performance, where the results have 
explained that the near wake area (1D - 4D) had a higher 
rate of airflow fluctuation due to tip vortices than the far 
wake area (> 4D) which has low airflow fluctuations due 
to the vortex breakdown of wake effect in the wind 
turbine downstream area.  

Wake effect numerical analysis of wind turbine array 
on the in-line and staggered pattern has been carried out 
by ANN model [20], SOS model [21], linear model [22], 
Ensen-Gaussian model [23], and unsteady model [24].  

The results explain that the wind turbine has been 
decreased in efficiency, turbine power, and energy 
production average.  

This research has analyzed the characteristics of the 
wind velocity and the turbulence intensity in the 
downstream area and the wake effect on Horizontal Axis 
Wind Turbine (HAWT) array, which has two or three 
blades of 2D airfoil [25] with in-line positions. The 
airfoil form can influence the fluid flow characteristics 
that pass the turbine blade so it can determine the lift 
force and drag force from pressure differences that occur 
at the above and bottom surface of the turbine blade. The 
research conducted has a variable similar to the previous 
one, where it is placed in a wind tunnel [26]. Research 
using a rotor with an in-line position of 6 pieces at a 
distance of 8.85 D represents the far wake area. 

This research has focused on the array configurations 
of wind turbines in a limited area, where the intensity of 
turbulence as the main factor of the wake effect 
phenomenon is made in small magnitudes. The 
magnitude of low turbulence intensity converts turbulent 
flow to laminar flow so the utilization of the airflow to 
drive wind turbines is smooth. 

II. Methodology 
The analysis of the characteristics of the wind velocity 

and the turbulence intensity that occur in the wind 
turbine downstream area are influenced by the 
aerodynamics of wind turbine blades.  

The predictions of the aerodynamic properties can be 
measured by two methods; Blade Element Momentum 
(BEM) and Computational Fluid Dynamics (CFD) with 
the Navier-Stokes solving equation [27]. The CFD 
method has more advantages than BEM due to the 
factors of prediction and analysis that have a highly 
accurate value on the determination of fluid flow 
characteristics [28]. The research uses CFD method 

approach to wind turbines with the in-line array 
configuration that has 6 turbines.  

The simulation geometry of the turbine arrangement is 
simplified; wind turbines are represented by rotor parts.  

The turbine rotor has specification i.e. 3-blade HAWT 
wind turbine, 200 mm-diameter rotor NACA 4412 
airfoil, upwind rotor position, ABS-M30 material and 
clockwise rotation. Modeling simulation has been carried 
out by Solidworks 2018 and ANSYS(R) Fluent 15 
software version of the commercial license. Details of the 
rotor geometry to be used can be seen in Fig. 1. The 
research has two variables classified into independent 
and dependent variable.  

The comparison of downstream turbine distances that 
has a value of 8.85 D, and wind velocity with the value 
of 6.1 m/s on the perpendicular direction are included 
into the independent variables, while the flow field 
characteristics that are represented by wind velocity and 
turbulence intensity in the downstream area classified 
into the dependent variable.  

The design process of the computational domain has 
been carried out by the Solidworks software.  

It is divided into two domains that are the rotating 
domain, which controls turbine rotors to establish the 
wind turbine array and the far-field domain.  

The rotating domain has a cylinder form with the 
turbine rotor geometry on the substract body condition in 
the inside of the form, where its condition is a rule of 
machinery rotating simulation at ANSYS (Fluent).  

Rotating domains of rotor parts have a size of 1.25 
rotor diameter, with a total thickness of 50 mm measured 
from the center of mass coordinate points of the rotor that 
shown in Fig. 2.  

The configuration of the wind turbine array consists of 
3 upstream turbines and 3 downstream turbines (3 
columns-2 rows).  

The distance of downstream to upstream at the array 
pattern is 8.85D or 1770 mm.  

The column distance is twice higher than the tower, 
which is about 354 mm. The far-field domains have the 
rectangular box form covering the wind turbine array 
entirely with a size adjusting the downstream area 
distance for each turbine array.  

The far-field domain distance includes the upstream, 
which is about 200 mm (1D) and the total downstream 
measured from the front surface of upstream turbine 
blade, which is about 1971.86 mm. The computational 
domain format is adapted to the mesh forming software 
format called IGS.  

The domain details of wind turbine array are shown in 
Fig. 3. The mesh forming type for computational domain 
is structured by hexahedral formation, where it is carried 
out by Pointwise software. It has some steps that are (1) 
Import Geometry, a geometry reading step having been 
formed by software.  

The geometry format used is the IGS format, which is 
a standard geometry format for mesh forming in Point-
wise software. (2) Mesh topology is the form basis of a 
structured hexahedral mesh. 
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The contour of the vertical velocity and turbulence 
intensity is taken by the line method in the CFD-Post 
software.  

The line is determined from 1D downstream distance 
to 8D in each position. The line position details for the 
wind turbine arrays simulation are shown in Fig. 13. The 
flow field analysis that includes axial wind velocity and 
turbulence intensity in the downstream area is the data 
analysis.  

Observations of flow field that are represented by 
contours of axial velocity and turbulence intensity use the 
6DOF Dynamic Mesh method. The flow field contour is 
carried out by vertical and horizontal planes in each row 
and column of the wind turbine array.  

Wind velocity profiles are also shown to determine the 
value of z-direction axial velocity and turbulence 
intensity in the downstream area.  

Velocity profiles are obtained by the line method in 
the vertical and horizontal directions, which have the 
value of x = 1D and y = 1D, respectively. The line 
method is positioned along the downstream area z = 1D 
to z = 8D for each turbine on the far-wake area, and z = 
1D to 2D for near-wake area. 

III. Result and Discussion 
The CFD simulation results are indicated by the 

contour forms of axial wind velocity and turbulence 
intensity in the downstream area. 

The characteristic contours shown are the 6DOF 
Dynamic Mesh result, while its profiles are the average 
simulation value in the last 5 seconds with the 6DOF 
Dynamic Mesh. The simulation profile results are 
compared with the experimental results, where its results 
are divided into two planes, among others are vertical 
and horizontal planes. The results of wind velocity and 
turbulence intensity characteristics in the horizontal plane 
are represented in Table I.  

The simulation results explain that the flow of each 
wake turbine in the downstream area has similar contours 
and profile patterns at each turbine position. The 
horizontal axial wind velocity profile shows that the 
extreme velocity reduction occurs at the rotor center with 
a magnitude of 0.66 for each turbine position. The rotor 
blade tip area has a slight decrease in the wind velocity, 
where its magnitude is almost close to the magnitude of 
the axial wind velocity in the inlet section. Similiar 
patterns of velocity reduction profiles are also 
represented in the experiment results.  

The experiment results explain that the profile pattern 
of wind velocity is close to the simulation results, where 
the highest velocity decrease occurs in the rotor center 
and the small decrease occurs in the rotor blade tip area.  

Nevertheless, the largest decrease of wind velocity is 
obtained from the experimental results rather than the 
simulation results for each turbine position. The 
magnitude of wind velocity at a distance of 8D is almost 
close to the wind velocity when it hits the area of 
downstream turbines. The turbulence intensity increases 

along the 1D to 8D distance for each position. The 
extreme increase of turbulence intensity occurs in the 
rotor center. The experimental results show a random 
value profile of turbulence intensity, where its condition 
occurs because the input value assumption of turbulence 
intensity for simulation is greater than the experiment.  

The turbulent intensity profile of experimental results 
shows relatively - small magnitude of 0 to 3% in the 
downstream area. The condition profile of turbulence 
intensity in the positive x-direction is close to the 
negative x-direction.  

The vertical planes have a similar condition with the 
horizontal planes, and their results are represented in the 
Table II. The simulation results indicate a velocity 
decrease in the downstream area from z = 1D to z = 8D, 
where the largest decrease occurs at the rotor center. 
Decreasing wind velocity in the ground does not have a 
significant impact on the flow velocity in wake area.  

The experimental measurement of wind velocity 
shows a similar profile reduction pattern to the 
simulation results. The experiment wind velocity 
reduction in the negative y-direction is greater than the 
positive y-direction, where it occurs due to the turbine 
tower effect. The turbulence intensity has also increased 
at each turbine position in the downstream area from z = 
1D to z = 8D, where the largest increase occurs at the 
rotor center. The simulation results of turbulence 
intensity have a greater magnitude than experimental 
results, but the condition results are seen randomly along 
the distance of 1D to 8D. The condition occurs due to the 
assumption of turbulence intensity input on the 
simulation is greater according to the reference. In 
addition, the wind tunnel condition is open during 
experimental tests, so that the ambient air gets into the 
wind tunnel. Ambient air can increase the turbulence 
intensity and influence the wind flow pattern. 

IV. Conclusion 
The research results can concluded that the wind 

velocity reduction and the turbulence intensity increase 
occur in the downstream area of z = 1D to z = 8D. Wind 
velocity increases along the downstream distance.  

However, wind velocity decreases severely at a 
downstream distance close to the rotor center, and the 
wind velocity drops slightly at the blade tip turbine. This 
happens because the wind velocity at a distance of z/D = 
1 is 0.66 and a distance of z/D = 8 is 1.2. This condition 
is different from the turbulence intensity conditions, 
where the turbulence intensity magnitude with the largest 
value occurs at the rotor center that is 8 and decreases 
with increasing downstream distance. Therefore, at the 
end of the downstream distance, the magnitude of 
turbulence intensity is 4. Wind velocity and turbulence 
intensity have been recovered maximally in the 8D 
distance, due to the influence of airflow outside the wake 
effect area, which influences the airflow inside the wake 
effect area. Therefore, turbulent airflow is transformed 
into laminar airflow. 
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