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Abstract. The purpose of the current study is to evaluate the effects of the aerodynamic
shading between the tower and the blade of NREL 5MW wind turbine generator. 3D models of
the turbine and the tower are designed. They are reduced to plane models in order to simplify
the convoluted, spatial aerodynamic interaction to a sequence of plane-2D problems. The plane
models are numerically studied in Ansys Fluent, using dynamic-deformable mesh method.
Visual and numerical results of the aerodynamic shading interaction are obtained. Force
distributions on the blade and on the tower of NREL 5MW wind turbine generator are derived,
for the exact moment when the aerodynamic shading occurs.

1. Introduction

In fluid dynamics, when two or more bodies are in a fluid dynamic interaction, and the bodies are
close to one another, or passing close to one another, a phenomenon known as shading, occurs [1].
This phenomenon is characterized with deviations in pressure and velocity fields around the bodies, as
well as a change in the aerodynamic forces, exerted on the bodies. Effects of this nature occurs
between wind turbine generators in wind turbine farms, when a turbine’s aerodynamic wake shadows
another turbine, resulting in less power of the second [2]. Similar aerodynamic shading can be
observed in urban environment, building close to each other shadow one another [3].

While operating, the aerodynamic interaction between the wind and the wind turbine generator
creates curtain pressure fields, close to the solid bodies (figure 1). They result in aerodynamic forces.
When a blade of the turbine passes close to the tower of the structure, the pressure fields around the
two bodies interact with each other, which result in deviation of the aerodynamic forces exerted on the
bodies (figure 2). This interaction is associated with aerodynamic shading [4, 5].

Most of the traditional methods for analyzing the aerodynamic shading between tower and blade of
wind turbine, such as Powles™ method, Blevins’ method are based on semi-analytical and experimental
techniques [6, 7]. These methods are an approximation of the real physical medium and cannot
guarantee adequacy of the numerical results. On the other hand the modern CFD softwares are capable
of analyzing the aerodynamics of complex structures such as wind turbine generators, providing
valuable and reliable numerical data [8, 9].

The purpose of the current study is a numerical evaluation of the effects the aerodynamic shading
between the tower and blade of wind turbine generator with horizontal axis. All calculations are
executed in Ansys-Fluent.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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Figure 1. Pressure field distribution around the blade and the tower of an arbitrary wind turbine
generator with horizontal axis.

Figure 2. Pressure field deviation between the blade and the tower of an arbitrary wind turbine
generator with horizontal axis caused by shading.

2. Model description

2.1 Wind model

In [10, 11] was shown that accounting for vertical wind speed gradient leads to significant fluctuations
in the aerodynamic forces, especially for wind turbine generators of high class, like NREL 5MW [12].
In the current study, a logarithmic vertical wind speed distribution is chosen [13, 14] (figure 3).
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Figure 3. Wind speed vertical distribution.

2.2 Aerodynamics of the model

Considering the geometric dimensions of the generator [12], turbine diameter of 126 m and tower
height of 87.6 m, a 3D transient numerical simulation of the turbine generator will cost a lot of
computational time and may lead to inaccurate numerical values. In order to reduce the computational
time and to improve the result accuracy, a 2D plane simulation is chosen. Similar to Blade Element
Momentum (BEM) theory [15], the blade of the turbine is divided in finite cross sections. Each of the
cross sections has 2 wind velocity components figure 4.

. ) Wind Turbine tower

Blade's cross section

Figure 4. Aerodynamics of the model.

One component V, corresponding to the rotation of the turbine blade, depending on the distance r
from the cross section to the axis of rotation:
V, = or, 2
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In the 2D case V, is a translational velocity of the cross section. The second component V,, is the
wind speed velocity itself. Its magnitude depends on wind speed vertical distribution (figure 3) and the
cross sectional height from the ground. The frame of reference shown in figure 4 will be used to define
the direction of the acting forces.

2.3 Numerical model

The described aerodynamic model is implemented in Fluent Ansys. The software solves numerically,
the governing equations of fluid-dynamics: the Continuity equation (3), the Navier-Stokes™ equation
(4) and the Energy equation (5) [16], using Finite Volume Method (FVM) [17]. In the most general
form, the equations are:

%”w.(pﬁ):o; ()

p%——Vp+pg pwa+gp77+V(uV V) “)

§|:p(€+§] V} + V{p(e—}_%J V:| = pq - V(pV) + p(]_;V) +Q‘viscous+W'viscous ' (5)

Depending on the assumptions of the real physical system, the equations are modified in a more
specific form. For the current study, the following assumptions are made:
e the air is assumed incompressible - with a constant density;
o the fluid is considered with isotropic viscosity;
e k- SST turbulence model is used [18]. The turbulence model adds two additional equations
to the system of Partial Differential Equations (PDE);
e no heat transfer is considered.
The assumptions made, result in the following system of PDE

V.V =0
ﬂ: f-v P +vAV
Dt p
ok ok 0 ok ) (6)
—+U. =P -f kot+t—+[(v+oy;
ot ’a # OX; I ) J]
1
) +U, a—OO—OCS - for’ +—[(v+0' ) ]+2(1 F)o, R
8’[ ax OX; X, w Ox, Ox,

where 6,=0.5, 6,=0.85, 1¢=4.38; p=3/40; p*=0.009, 0=0.55 are coefficients of k-&o SST model [18].

Transient analysis is executed for physical time of 3.5 seconds with a time step of 0.0025 seconds.
Dynamic mesh is used, in order to set linear velocity V, of the blade's cross sections. For this purpose,
a UDF is compiled from a source file, using Microsoft Visual Studio [19]. The dynamic remeshing for
different time steps of the DU40 airfoil calculation is shown in figure 5.



BulTrans 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 1002 (2020) 012009 doi:10.1088/1757-899X/1002/1/012009

Figure 5. Dynamic mesh of the DU40 airfoil simulation for 1st, 3rd, 5th and 10th time steps of the
calculation.

It is interesting to note the remeshed grid of finite elements, after the calculation finish (figure 6).

{5 FR : - -

Figure 6. Finite element mesh at the end of the calculation.

The wind velocity V,, is set as inlet boundary condition. Multiple number of simulations are
calculated for different cross sections of the blade. The purpose of the calculations is to define the
behaviour of the pressure and velocity fields while the blade passes in front of the tower. Numerical
values of the acting aerodynamic forces are obtain.

3. Results

As mentioned, calculations are made for multiple number of cross sections. The results show a certain
pattern in the deviation of the aerodynamic parameters. In order to specify this pattern, the results for
the DU30 airfoil are illustrated and analysed in details. The DU30 airfoil cross section is at distance of
24.05 m from the center of rotation. The two velocity components are V,,=10.5 m/s and V,=30 m/s.
The velocity and pressure distribution in the moment of a blade passing in front of the tower is shown
in figure 7 and figure 8.
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Figure 7. Velocity field of DU30 passing in front of the tower.

Figure 8. Pressure field of DU30 passing in front of the tower.

As expected, regions with relatively high speed occur close to the leading edge of the airfoil. This
results in a low pressure close to the leading edge. The low pressure disturbs the pressure distribution
around the tower, creating a region with low pressure in front of the tower. The effect of low pressure
in front of the tower changes the direction of the drag force, exerted on the tower, from y positive
direction (downstream) to y negative direction (upstream). The low pressure field close to the leading
edge of the blade generates a lift force exerted on the tower. While the blade passes in front of the
tower, the lift force changes its direction from x positive, to x negative. The numerical values of the
tower drag and lift forces as a function of time are shown in figure 9 and figure 10.
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Figure 9. Tower drag force as a function of time.

300.0000
Force
200.0000
100.0000

0.0000

-100.0000

-200.0000

coa b b b by bea

-300.0000

T T T T d
0.0000 0.5000 1.0000 1.5000 2.0000 2.5000 2.0000 3.5000

flow-time

Figure 10. Tower lift force as a function of time.

The exact moment of time, when a blade is passing in front of the tower is 1.5 seconds. The
aerodynamic shading influences the thrust (positive y direction) and the torque (negative x direction)
forces exerted on the blade's cross section. For the considered case, the drop in the thrust force is 15%
and the drop in the torque force is close to 25%. The change in the magnitude of two forces is shown
in figure 11 and figure 12.
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Figure 11. DU30 thrust force change in time.
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Figure 12. DU30 torque force change in time.

The described behaviour of the pressure and velocity fields, the drag and lift forces exerted on the
tower, as well as the thrust and torque forces exerted on the blade is similar for all numerical
calculations executed in the study. The accounting of all calculations and the coupling of all results,
give us the following results. Figure 13 shows the drag force distribution on the tower of NREL 5SMW
wind turbine generator, without any consideration of aerodynamic shading. Figure 12 shows the
deviation in the force, for the exact moment, when the blades ‘shadows’ the tower.
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Figure 13. Tower drag force distribution Figure 14. Tower drag force distribution with
without shading effects. shading.

The rapid change in the distributed loads at a height of 25 m appears (figure 14), because no blade
tip vortices are considered. In future researches, Glauert correction factor [21], associated with the tip
loss, will be taken into account.

Figure 15 shows the thrust force distribution, exerted on the blade of the wind turbine for the
vertical bottom position of the blade, without considering the aerodynamic interaction with the tower.
Figure 16 shows the drop in the thrust force (normal to the plane of the wind turbine), when the
shading is taken into account.
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Figure 15. Blade thrust force distribution Figure 16. Blade thrust force distribution with
without shading effects. shading.

As a confirmation of the numerical results validity, it is appropriate to mention that the
aerodynamic forces, exerted on the blade’s cross sections, before the shading, correspond with lift and
drag coefficients published in [20]. Before the shading manifests, the lift force on the tower is zero
(figure 10).

4. Conclusion

The numerical studies made in this paper show the influence of the aerodynamic shading, which
occurs between the blade and the tower of NREL 5MW wind turbine generator. Deviation in pressure
and velocity fields is established, as well as change in the aerodynamic forces, exerted on the blade
and the tower of the turbine generator. The drag and lift forces exerted on the tower change both their
magnitudes and directions as shown in figure 9, figure 10 and figure 14. The analysis shows a drop in
the blade thrust and torque forces between 15% and 25% compared to the primary values in figure 11,
figure 12 and figure 16.

The paper suggests that the effect of aerodynamic shading is significant and should be analysed for
every wind turbine design independently.

The obtained results could be used as inputs in a coupled dynamic model of the turbine and the
tower in order to evaluate vibrations and fatigue of the constructive components. The model could be
useful for the synthesis of a control system of the wind turbine to reduce loads and stresses on the
components and to achieve better uniformity of torque and hence the quality of energy generated. The
results could be used for verification of an analytical model of the aerodynamic shading, derived as a
function of wind speed, distance turbine — tower etc.
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