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Abstract: Modeling the 3D unsteady flow around the poles of wind turbines is an unusual mathematical problem. 
On the upper part of the pole the inlet flow is unsteady due to the wakes of the blades, and on the lower part the 
conventional flow around circular cylinders may be assumed. In this paper the velocity and pressure distribution, 
the frequency of the shedding vortices, the lift and drag coefficients are computed with rational simple assumptions 
using the FLUENT software, and Large Eddy Simulation (LES) is applied. The Fast Fourier Transform (FFT) of 
the lift coefficient gave new interesting results. 
 
Key-Words: Renewable energy, wind turbine, unsteady turbulent flow around cylinder, LES, FFT, 3D flow 
 
1 Introduction and propeller theory 
The horizontal shaft turbines used in the Netherlands 
have been further developed to lead to the modern 
solutions as shown in Fig. 1. These are composed 
basically from three main elements: 

• The thin, high pole supporting the structure. 
• The propeller, transforming the energy of the 

approaching flow into mechanical energy on 
the shaft. 

• The bulb, housing the generator, gear and 
auxiliary machinery. 

Although the propeller is evidently the most important 
as far as fluid mechanics is concerned, the pole is 
equally important from engineering point of view, 
since it’s dimensioning for rigidity and vibration is 
unavoidable. 
The axial loading of the propeller blade is not only 
important, but from 3D unsteady flow around the pole 
resultant lift and drag forces also are essential [6]. The 
lift force shows in direction of the flow, another force 
perpendicularly to there. 
The slipstream concept is used as shown in Fig. 1 based 
on the classical theory by Betz [1]. The fluid mass 
involved in the energy transfer moves in the slipstream 
channel through the propeller circle area. 
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Fig. 1. The wind turbine with the slipstream channel 

 
Far upstream the propeller the velocity is c1, and the 
corresponding input wind power is 

2
11 cmP ⋅= &   ,                                (1) 

where  is the mass flow rate at any section of the 
slipstream channel. With air density ρ and inlet area A1 
of the channel it is  

m&

.11 cAm ⋅⋅= ρ&                             (2) 
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Far downstream the propeller the velocity is c2, and the 
power of the air jet is  

2
22 cmP ⋅= & . 

Since the propeller reduced the power from P1 to P2, 
disregarding all flow losses and all mechanical losses, a 
theoretical estimate for the shaft power becomes 

21 PPPt −= .                            (3) 

The lower part of the pole is situated outside of the 
slipstream channel where steady, uniform inlet flow is 
assumed with velocity c1. The upper part of the pole is 
attacked, however, by an unsteady flow due to the 
passing propeller blades. Using Betz’s jet theory and 
Froude’s actuator disc theory [2,6] one could actually 
estimate the average velocity upstream the pole. This 
study is devoted, however, to consider only the changes 
in the inlet flow velocity caused by the passing blades. 
In this context the most important parameter to be 
considered is N, the number of the propeller blades. For 
the unsteady flow downstream the blades a sinusoidal 
variation of the inlet velocity is assumed as detailed 
below. 

2   The computer model 
Though the pole is always conical in practice, for the 
sake of simplicity it is assumed here to be cylindrical. 
In spite of this simplification the flow is still of 3D 
nature what has been shown by both experiments and 
computations [3, 4], even for much smaller Reynolds 
numbers than those valid for the poles. 3D model was 
used instead of the previously applied 2D model [7].  

The Reynolds number in the actual case is about  
Re ≈ 106. This range is much above the critical 
Reynolds number Re = 3.5x105, where the drag 
coefficient of the cylinder changes abruptly. Therefore 
even in the case of steady flow (lower part of the pole) 
the results may be interesting. However, the really 
important aim of the numerical modeling of the flow 
around the circular cylinder is the computation for 
unsteady boundary conditions (upper part of the pole).  

The radius of the pole is taken to be r = 1 m. A 
large circle is also considered, concentric with the pole, 
of radius R = 30 m, where the inlet velocity c∞ is 
prescribed as a boundary condition. The real flow 
conditions are of course more complicated. Even using 
the slipstream concept means a simplification: The 
upper part of the pole (inside the slipstream space) is 
subjected to an unsteady flow by the passing wakes of 
the blades, while there is a steady flow around the 

lower part of the pole. A more correct study is planned 
for the future, in which the interaction of the rotor and 
the pole is also taken into consideration. 

In the first computations constant inlet wind 
velocity were assumed as boundary conditions: 
c∞=11.25 m/s. The kinematic viscosity of the air has 
been taken to be ν = 1.5x10-5 m2/s. Then 

6105.12Re xrc
=

⋅⋅
= ∞

ν
.                    (4) 

Thus the actual Reynolds numbers are much above the 
critical value of Re = 3.5x105. For the unsteady 
boundary conditions, instead of infinity, the velocity is 
prescribed on the circle of radius R = 30 m by :  

)6sin(25.11)( tCtc +=∞  [m/s],          (5) 

where C is the amplitude of velocity. The angular 
velocity ω = 6 rad/s was calculated from the speed of 
the propeller and the number of the blades. Let the 
diameter of the propeller be D = 45 m, the advance 
ratio λ = 4. The velocity valid in the case of the steady 
flow is c∞ = 15 m/s, and so the peripheral velocity 
becomes 

45== ∞cu λ  m/s.                           (6) 

The angular speed of the rotor is then 

2/2 == Durω  1/s.                         (7) 

Considering a propeller of N = 3 blades, then the 
corresponding angular velocity is  

6== Nrωω  1/s.                            (8) 

The number of blades is finite, therefore behind the 
propeller blade the flow velocity varies periodic. In the 
first case the C amplitude of the sinusoidal variation 
was 5 m/s. Afterwards this amplitude value was varied. 
The basic dynamic equation for constant density, 
incompressible, unsteady flow is 

Tgpcc
t
c σρρρ ⋅∇++−∇=∇⋅+
∂
∂ rrr
r

)( ,      (9) 

while the continuity is expressed by 

0=⋅∇ cr .                             (10) 

For the solution of these equations, with the boundary 
conditions described above, the FLUENT software was 
applied, which is based on the finite volume method, 
and is used for solving mass and heat transport 
problems.  
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Fig. 2. Part of the mesh around the cylinder  

The mesh is shown in Fig. 2. The elements are smaller 
near the cylinder. Instead of providing more details 
about the mesh, rather the total number of the nodes in 
the annulus of R-r is given, it is M = 453600. 
The computations the turbulent stress tensor σT was 
approximated by Large Eddy Simulation (LES) model 
(the subgrid-scale turbulence models). In the first trial 
with constant velocity c∞ at Re = 1.5x106, it seemed 
that downstream of the cylinder a stagnant wake region 
was formed. Shedding vortices were seen, which 
contradicts experimental results in [5]. 

3  Analysis of the results  
As mentioned above, the flow around the cylinder of 
radius r =1 m was computed first for steady boundary 
condition of constant velocity, and then for unsteady 
inlet flow of sinusoidal variation. 

3.1 Constant inlet flow 
Far from the cylinder, all along the circle of R = 30 m, 
the flow velocity was taken as c∞=11.25 m/s, what 
corresponds to Re = 1.5x106. Periodic shedding of 
vortices from the cylinder is clearly seen in Fig. 3. (In 
the conference moving animation will also be shown.) 

 
Fig. 3. Snapshot of the velocity distribution at 

Re = 1.5 x 106 

Due to the vortex shedding there appears also a 
periodic force perpendicularly to the direction of the 
inlet velocity. The Fast Fourier Transform of the time 
history of lift coefficient cL(t) function has also been 
computed. Fig. 4 shows the result of spectrum analysis. 

 
Fig. 4. The Fast Fourier Transform of cL(t) 

The result of the spectrum is qualified as chaotic, the 
frequency of the shedding vortices from cylinder show 
nothing regularity. This result is not in contradiction to 
results in [5].  
Computations were made for several other inlet 
velocities as well. To obtain maximum load the most 
important one was c∞ = 33.75 m/s, where Re = 4.5x106.  
Due to the vortex shedding from the cylinder, the drag 
varies periodically.  

3.2 Sinusoidal inlet flow  
Basically different and unusual is the task of computing 
the flow for the unsteady inlet flow caused by the 
wakes of the propeller blades for which a sinusoidal 
variation is assumed here. Even the definition of the 
Reynolds number meets some difficulties. Equ. (5) has 
been assumed for the variation of the inlet velocity with 
time. Somewhat arbitrarily let the Reynolds number be 
calculated with the average inlet velocity, which is 
11.25 m/s. The Reynolds number is then Re = 1.5x106. 
Computations were and will be made for several other 
Reynolds numbers as well but only this one is 
documented here. 
The variation of the lift coefficient cL with the 
dimensionless time is shown in Fig. 5.  
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Fig. 5. The lift coefficient cL versus dimensionless time 

for C = 5m/s at Re = 1.5 x 106 

The vortices also shed regularity although the 
superposition of several harmonics can be observed. In 
order to find the frequencies of these oscillation 
components the Fast Fourier Transform of the cL(t) 
function of Fig. 5 has also been computed. The results 
of the spectral analysis are seen in Fig. 6. 

 
Fig. 6. The Fast Fourier Transform of cL (t)  

The highest energy density is obtained near 0.95 Hz. 
Substantial magnitude was also obtained at frequency 
1.9 Hz. It is easy to see that the differences between 
these frequencies are nearly the same: 0.95 Hz and the 
double of it. This coincides with the frequency of the 
inlet velocity variation  

95.02/ == πωf  Hz. 

The frequency of the vortex shedding on the cylindrical 
pole synchronized with the frequency of the inlet 
velocity. In addition to an upper harmonic appeared 
also. The unsteady boundary condition of sinusoidal 
inlet flow so to say “combed” the spectrum in case of 
constant velocity. This phenomenon is not true for 
every C amplitude. Several investigations were made 
with different C amplitude values (C = 1, 2.5, 3, 3.5, 4, 

4.5 [m/s] etc.). Similar results were obtained by [8] for 
low Reynolds numbers. The synchronizing phenomena 
of the shedding vortices appears, if C > 3.51 m/s. Fig. 
7. shows FFT of cL(t) when C = 2.5 m/s. The form of 
spectrum differs from that of in Fig. 6.  

 
Fig. 7. FFT of cL(t) for C = 2.5 m/s 

Computations are planned for several other Reynolds 
numbers in order to investigate the synchronization 
phenomenon further.  
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