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Abstract 
 
The investigation of the wake development of the wind turbines is important for the wind turbine design, in this paper a modeling of a 
complete rotor of three blades was implemented to investigate the wake downstream of a wind turbine with horizontal axis. The rotor 
modeled studied here is a commercial wind turbine i.e. Rutland 503 of the Marlec Company. 
The numerical simulations are made for many different tip speed ratio, these are chosen in reference to experimental work realized in the 
laboratory of ENSAM. The Numerical results were obtained, using the approach Reynolds Averaged Navier Stokes (URANS) equations, 
the turbulence model used is the Shear Stress Transport (SST) k–ω. 
The solutions are obtained by using the package FLuent solver, who uses finite volume method. The wake characteristics of the rotor 
are compared with the experimental data. The results presented the development of the downstream wake of the wind turbine rotor. 
These results provide a good understanding of the unsteady flow in a wind turbine, which will be used to better optimize wind turbine 
structures and increase the number of wind turbines in wind farms. 
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1. Introduction 

Due to the increasing demand for energy and a high cost of oil 
energy, there has been a rapid development of wind turbines. In 
order to minimize the cost of the electric energy production of the 
wind turbines, they are grouped in farms. The distance between 
the machines is reduced. So, Wind turbines installed in a wind 
farm pose aerodynamic interaction problems. Generally, the posi-
tioning of wind turbines in the wind farm is a complex problem. 
Much software was developed for the design of the wind farms is 
used. This software mainly takes into account the wake of the 
wind turbines, the speed and direction of the winds and the topog-
raphy of the site. 
The flow around the wind turbine rotor is very complex and it is 
very difficult to obtain the velocity field of down-stream wake. 
Turbine wake characteristics depend on many factors, wind speed, 
turbulence, site topography and the turbine characteristics [1].  
Approaches experimental are available to analyze the flow around 
and downstream of a wind turbine: which provides accurate re-
sults but is highly complex , expensive and limited in a spatial and 
temporal resolution. 
In the same, the analytical and semi-empirical models, which 
adopt simplifying assumptions, are not reliable. 
The Computational Fluid Dynamic (CFD), offers the best alterna-
tive to direct measurements as well as analytycal models [2]. 
Recently, have seen the rise of numerical studies on HAWT aero-
dynamics performed on the full 3D Navier-Stokes models. 
The authors Hand, And Fingersh have performed important work 
on the Unsteady Aerodynamics Experiment  PhaseVI at the Na-
tional Renewable Energy Laboratory (NREL) [2, 3]. The authors 
Sørensen [4] and Johansen [5] performed simulations of the 

NREL phase VI rotor with a rotor-fixed reference frame. Also the 
author Li Y. [6] compared the NREL Phase VI turbine, using un-
steady RANS and DES turbulence modeling.  
The authors Massouh F. and Dobrev I. have made several numeri-
cal and experimental work in the laboratory of ENSAM Paris 
Tech to explore the wake of the rotor [7, 8]. 
The auteur N. Troldborg [9]. , has study of the characteristics of 
wakes of wind turbines operating in various flow conditions; 
In this work, we will present a numerical modeling of the station-
ary and three-dimensional flow around the rotor in a very wide 
domain of study, in order to understand the development of the 
wake of the wind turbine downstream. The computations present-
ed in this paper have been obtained using a finite-volume method 
by fluent commercial computational fluid dynamic package [10]. 
The major domain was modeled using the conservation equations 
for the continuity and Reynolds Averaged Navier Stokes equations 
using the concept of turbulent viscosity based on SST k-ω turbu-
lent model [11]. 

2. Mathematical Model  

The mathematical model includes Continuity and Momentum 
equations. These equations are solved, with the assumption of 
incompressible and turbulent-steady flow. Basically, they are the 
incompressible steady-RANS classical equations .The details of 
these methodologies are not given here. In RANS, only the time-
averaged equations are solved, and the fluctuations associated as 

Reynolds stresses ( ''
jiuu−  ) are represented by turbulence mod-

els Continuity and Momentum equations are 
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k-ω sst model 

The transport equations for the k and ω are: 
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3. Numerical  Modeling of the Rotor  

The Figure 1 shows a three-bladed wind turbine, it is a commer-
cial wind turbine i.e. Rutland 503 of the Marlec Company posi-
tioned in the wind tunnel ENSAM and digitized. 
 

 
Fig. 1: 3-D Rotor configuration  

Table1 presents the geometrical basis parameters of the Rutland 
rotor. These parameters were taken accurately and digitized for a 
rotor with the hub. The blades has constant pitch angle. The 
geometry obtained using these parameters are shows in the figure1. 

Table1:  parameters of rotor model. 
Description Value 
Number of blades 3 
Pitch angle  10° 
Twist foot of the blade 68 mm 
Twist blade tip 48 mm 
Diameter hub 135 mm 
External diameter     500  

3.1 Calculation Grid 

The calculation grid is done through a 3-D system of coordinates 
of the actual model of the rotor. In the geometry, the wind turbine 
tower not included.  
The flow field is divided into two mesh areas to take into account 
the rotation of the rotor 
There is an external fluid field and a field which represents the 
internal fluid of the turbine rotor. So, the domain of computation 
gathers the mesh of the two zones. Figure 2 shows the mesh ele-
ments for the computation model. The dimensions of the field of 
study are: The diameter of the fluid volume equal to 4.5 R and The 
length equal to 11R. 
These dimensions were selected to have an conform field of study 
which takes account of the effect of the walls and make it possible 
to collect all the interactions of the rotor with the healthy flow, 
which is the  wake of the rotor 

 
Fig.2: Domain mesh 
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The geometrical calculation fields defined above were used for the 
structured grid generation. 
Near the rotor blades, the hub and rotor downstream, the meshing 
is very fine. The cord of blade is divided into 90 intervals, which 
are  refined in the edges. 10 layers of mesh in the vicinity of the 
blades walls are used in order to improve the grid of the boundary 
layer. The initial size of the mesh in the normal direction is 0.15 
percent of the cord and the growth promoter of 1.25 is used. The 
mesh fineness near the wall is Δx = 10-4 which allows y+ = 30.  
To account for wake expansion, a high concentration of mesh size 
has been distributed in the downstream rotor region. The entire 
domain was divided into 210 blocks. The total number of hexahe-
dral meshes in the study field is about 8 million. 
The Frozen Rotor approach is used to define the interface of the 
two references and to take account of their relative displacement.  
 
3.2 Calculation Conditions 

The boundary conditions selected for this simulation are the up-
stream speed and the downstream static pressure. This combina-
tion of boundary conditions is physically justifiable. Indeed, the 
studied wind turbine is intended to receive air with the atmospher-
ic pressure.  
The flow is studied with velocity of the wind to 9.3 m/s. The do-
main of the rotor in rotation simulates the wind rotor l which ro-
tates 1300, 1500  and 1800 rpm. 
These values of speed were chosen in reference to experimental 
work realized in the laboratory of ENSAM [12]. Generally, the tip 
speed ratio (TSR) is used to analyze the performance of the wind 
turbine. The TSR is defined by the formula 5: 
 

V
DN

×
××

=
60

πλ
 
 

 
D is the rotor diameter and .N is the rotational velocity  

4. Results and Discussion  
 

4.1  Analysis of the Far Wake. 

Numerical calculations made it possible to explore the wake of the 
rotor on a large downstream field, to visualize the vortices emitted 
from the tip of the blade and the vortex of the hub. Figure 3 clear-
ly illustrates the development of the downstream wake, generating 
vortices from the blade structure and vortex hub. The wake devel-
ops toward the downstream of the rotor model is presented in axial 
position and at the TSR equal 3.63 
The wake zone downstream of the rotor shown is divided by two 
lines passing through the vortices. Therefore, the downstream flow 
is divided equally into two parts: an inner part where the axial 
velocity is slowed by the vortices and an outer part in which the 
velocity is accelerated by the vortices. The wake of the hub is very 
bulky therefore; the hub is a source of disturbances and high aero-
dynamic instability as shown in the figure. This downstream ve-
locity field shows the increase in the diameter of the tube current 
line caused by the deceleration of the flow created by the wind 
turbine. 
In the inner zone, the generated wake can also be divided mainly 
into two distinct regions, a near wake and a long wake zone. The 
near wake is the area just behind the rotor. 

 
Fig.3: Velocity field around the wind turbine in the vertical plane 

In the near wake, there is the central vortex of the hub and the 
marginal vortices that develop in the tips of the blades. The figure 
5 shows the predicted position of the tip vortex. The enlargement 
of the section is observed in the direction of the wind and from the 
plane of the rotor. 
The far wake is at a distance of approximately four times the radi-
us of the rotor. At this distance, decomposition of the tip vortex 
occurs and the wake becomes very turbulent with irregular vortex 
structures. 

4.2 Wake Rotation 

The generation of the helical wake is closely coupled with the 
blade aerodynamics, strongly influencing the vortex properties 
[13]. Figure 4 shows the transversal vorticity magnetude in the 
plane for the turbine wake at x/D = 0.1, 0.4, 1.2 and x/D = 1.6.  
The figure shows the helical wake, the analysis of this result 
demonstrate that the wake turned faster near the center. The center 
of rotation corresponds to the axis of rotation of the wind turbine. 
For the far wake, the center of rotation was located in the axis of 
rotation and the speed of rotation of the wake decreases this is due 
to the bursting of the wake. 

 
Fig. 4: Vorticity magnetude 

4.3. Comparison Numerical Results and Experimental 
Data 

Figure 4 shows the comparison of numerical results and experi-
mental measurements in the same position of velocity fields of the 
near wake. The velocity field that develops downstream of the 
rotor shows that the positions of the end vortices are located where 
the velocity varies rapidly in the radial direction. 
The tip vortices move with the fluid and they have a helical shape. 
The investigation plan through these helical  tip vortex shows that 
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the vortex core has a black hole with a high velocity gradient. It 
should be noted that the review of successive velocity fields over 
time shows a fluctuation in the position of the vortex nuclei. 
These results show that in the center of the vortex, the velocity 
varies with the radius from values close to zero for values well 
above the speed upstream. 

 
Fig.5: Average velocity (high) and vorticity field (dawn) at λ= 3.65. 

5. Conclusion 

The 3-D numerical simulation has been conducted and results 
have been compared with the experimental data. in this numerical 
modelling , a very refined grid has been made which are make 
possible to predict the  velocity feilds near and far the wind tur-
bine rotor.The URANS approach has predicted successfully the 
behavior of the flow around the rotor under the effect of the varia-
tion the rotation velocity of the wind turbine. 
This modeling leads to the access the unsteady flow morphology. 
The analysis of the numerical results confirms the complexity of 
the unsteady flow around the rotor in rotation thus the shape of the 
wake downstream from the rotor. 
The hub of the rotor is a source of very significant unsteady. The 
marginal tip vortices resulting from the blade tip are the main 
source of instability. They produce a very complex flow with 
strong gradients velocity. These vortices are not located on a cy-
lindrical surface, as supposes it the linear vortex theory. 
The downstream wake propagates over a long distance with a 
speed deficit. Therefore, the downstream wind turbine is found in 
the free flow of air with a velocity significantly less than that up-
stream wind turbine. As a result, the power losses are significant 
for one turbine positioned downstream of another. 
For large TSR values, the downstream wake propagates a great 
distance from the wind turbine in the radial and axial directions. 
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