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Abstract

The growth in size of wind turbines over the last years is significant. The rotor diameter be-
comes somehow comparable to atmospheric boundary layer at the land surface. In this case
the assumption of uniform velocity of upcoming wind cannot be valid. The aim of this paper is
to create a simplified model of wind turbine rotor which can represent the aerodynamic inter-
action of atmospheric boundary layer with a horizontal axis wind turbine. Such model will be
also useful for the study of optimal placement of wind turbines in a wind farm when a large
number of calculations is needed and when the time required for full CFD calculations be-
comes prohibitive. In this study we adopt actuator disk model which takes in account with suf-
ficient precision the influence of blade geometry on wind turbine aerodynamic performance.
The proposed actuator disk model is tested in the case of horizontal axis wind turbine using
wall-modelled large eddy simulation. The obtained results of aerodynamic performance and
wake show the rapidity of calculation and the reliability of proposed approach.

1 Introduction

The aerodynamic interaction between atmospheric boundary layer (ABL) and wind turbines be-
comes important problem in both the wind turbine design and also the optimizing of wind turbines
placement in a wind park. The wind turbine rotor converts airflow kinetic energy into mechanical
energy and as results the flow velocity behind the rotor will be lower than the upstream velocity.
The Froude-Rankine momentum theory shows that the amount of power which can be extracted
by a wind turbine rotor is 16/27 of the total power in the wind. At this point of operation, so-called
Betz limit, the velocity decreasing at the rotor plane represents 1/3 of upstream velocity and be-
comes 2/3 in the far wake, Hansen [1]. The accurate prediction of the wake is of great importance
for the study of optimal placement of wind turbines in the wind farm. The flow in the rotor wake is
highly turbulent with large scale turbulent structures. If another wind turbine operates in this wake,
its blades will be subjected to unsteady aerodynamic forces and that will lead to the decreasing of
blade fatigue life. It should be noted that it is not practical to avoid completely aerodynamic inter-
ference between the wind turbines because in this case, the increasing of distance between the
wind turbines will decrease significantly the park efficiency. As rule of thumb the distance between
the wind turbines is nearly seven diameters, if the wind farms have multiple rows of turbines, Wiz-
elius [2]. However, depending on local land use requirements, ground surface relief or atmospheric
boundary layer, this rule cannot be always applied.

Generally the optimal wind turbine placement is carried out by means of special software. For
many years this software was based on simplified engineering tools, but in recent years the use
computational fluids dynamics (CFD) becomes more and more common. Depending on optimizing
algorithm, during the design process, multiple cases of wind turbine placements must be consid-
ered. However, the full geometric modelling of all of the wind turbines is not practical, because of
the high computational requirement. In order to reduce computing time, several researchers adopt
the so-called hybrid models which couple the CFD solver to blade element model, Vermeer [3]. In
this kind of modelling, the aerodynamics forces applied on the blade do not result directly from
CFD, but are calculated separately using inflow data and blade geometry. This calculation is car-
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ried out jointly with the numerical simulation. The blade forces are calculated at each iteration and
are implemented as source terms in the flow. Depending on the distribution of the source terms,
there exist three hybrid models: actuator disk, actuator line and actuator surface.

The simplest hybrid model is the actuator disk which replaces the wind turbine rotor by a thin disk
volume. Generally, the disk has a diameter equal to the rotor diameter and in its interior the blade
forces exerted on the fluid are replaced by equivalent source terms. This model was introduced in
the case of wind turbine by Sgrensen&Myken in [4] by means of an axisymmetric Euler solver. In
this study, the rotor is replaced by equivalent source terms with constant intensity. This intensity is
calculated from the thrust of the wind turbine. Lately Sgrensen&Kock [5], propose improved model
in which the source terms vary depending on rotor radius. In this study, the authors calculate
source terms from the rotor inflow and the blade aerodynamic data. Three-dimensional calcula-
tions with actuator disk are presented by Amara et al [6] in the cases of isolated and clustered
wind turbines. The obtained results for isolated wind turbine are similar of those calculated in ax-
isymmetrical case, but in 3D permit to show a positive effect of interference for two row periodic
find farm. The actuator disk is extensively tested by Mikkelsen [7] for several operation conditions.
Here, the author proves model reliability for wind turbine analysis and wake calculation.
Kasmi&Masson [8] also develop actuator disk model and apply an extended k—e¢ turbulence model.
This turbulence model permits to improve the flow simulation around the rotor and also in the near
and in the far wake. Calculations carried out for three different wind turbines, show better results
especially for near wake in comparison with standard k—€ methods. The Reynolds Averaged Na-
vier-Stokes (RANS) based turbulence modelling is often used for modelling of flow over complex
terrain. The RANS provides reasonable accuracy but have some difficulties to represent the in-
stantaneous flow. For this kind of flow it is well known that the method of Large Eddy Simulation
(LES) reproduces well detailed flow characteristics, Jimenez [9]. The simplified rotor model with
constant source term intensity, gives satisfying information not only for the mean flow, but also for
eddies larger than the mesh size. The authors suggest that LES will be especially useful to repro-
duce the wake meandering. The advantages of using of LES are confirmed by Wu et al [10] who
compare the results of simulation with those obtained by means of hot wire anemometry in the
wind tunnel. Additionally, the authors show that the actuator disk with source terms distributed
according to blade load gives better results in comparison with uniform distribution. Lately, the
same model presented by Porté-Agel et al [11] is applied in case of large offshore wind park. In this
study, the researchers calculate the power output of the wind turbine for multiple wind direction
and show a strong power fluctuation for small wind direction shift.

The actuator disk gives a good result for the far wake, where the individual presence of the blades
becomes small and therefore can be neglected. However, if a detailed representation of near wake
or blade tip vortices is needed, a three-dimensional model for each blade must be used. Sgrensen
in [12] proposes so called actuator line model. In this model, the real blades geometry is replaced
in CFD by source terms distributed radially along lines coincident with blade axis. Compared to
actuator disk, this model represents each blade individually with its tip and root vortices which im-
proves the near wake representation. The comparison of the actuator line with experimental data
reveals the effectiveness of this proposed model for power characteristic calculation. The reliability
of the model to represent near and far wake are proved by Ivanell [13], Troldborg [14] and recently
by Lynch et al [15].

More complete hybrid model is the model of actuator surface applied by Dobrev&Massouh, [16],
[17], Shen [18] et al and Sibuet Waters&Masson [19]. The main advantage of this model is more
realistic force distribution along the blade. Instead of generic radial distribution around the blade
axis, in this model the sources terms (or pressure discontinuity) are distributed similarly to pres-
sure discontinuity created by the real blade. Thus velocity gradients created by the actuator sur-
face becomes very close to real case which improve the initial conditions for the wake.

Regardless of good results presented by the actuator line and actuator surface, the model of the
actuator disk is useful where the rapid calculation is needed. In fact, more realistic and fine source
terms distribution needs more cells. Thus, the study presented by Churchfield et al [20] needs 315
million cells in order to simulate a wind park with 48 wind turbines.
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The aim of this work is the creation of a numerical model of actuator disk which is capable to take
into account the atmospheric boundary layer and also the development of wake behind the wind
turbine.

2 Numerical model

The development of the actuator disk model presented in this paper is based on the works of
Amara et al [6]. The model is implemented in commercial CFD code Ansys Fluent using special
user defined functions (UDFs). The blade forces are represented by source terms which are calcu-
lated using blade geometry, blade airfoil data and the velocity field. Blade airfoil data can be ob-
tained from experimental tests or extracted from 2D/3D simulations. CFD simulations are viscous
and unsteady and use RANS or WMLES approach. The numerical model is developed for the
case of single wind turbine installed on flat terrain and takes in account the inlet atmospheric
boundary layer.

2.1 Actuator disk

The classical actuator model is developed for the case of steady flow and constant upstream ve-
locity. However the atmospheric boundary layer should be taken into account and thus, some as-
sumptions are required. Here we follow the approach present by Macridis and Chick [21], which
distributes source terms depending on velocity in plane of actuator disk.

Fig. 1. Actuator disk concept

In the simulation model the rotor blades forces are distributed in a thin disk and each cell of this
disk takes a fraction of the total blade forces. Usually, when the inflow velocity is constant, the
blade forces depend only on radius and do not vary azimuthally so they can be averaged spatially.
Here contrarily the blade forces are averaged temporarily over one blade passing period T:

2z
N.ow

Here o is the angular velocity and N is the number of blades. The actuator disk, with a radius R
equal to the rotor radius, is presented in Fig. 1. Let’s calculate the averaged source terms intensity
for an infinitesimal element situated at the radius r and the azimuth angle 8. This element corre-
sponds to the sector 86, and if the blade is assumed as a thin line, the staying time of the blade in
this element will be 8t = 86/w; Fig.2. During the time &t this element will be submitted to the blade
element force 6F, p. Therefore, during a blade passing period, the time averaged force can be cal-
culated as:

T (2).
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Fig. 2. Time diagram

Here, the force 8F_p which is applied on infinitesimal blade element with radial length of &r and
chord of ¢, can be obtained by means of the blade element theory:

2

oF p =pW7CL’D(a)C(r)5r 3).

In this formula, p is the air density, W is relative velocity and C  is the lift/drag coefficient of the
blade section, Fig 3. The angle a is angle of attack, B is pitch angle and ¢ is the flow angle.
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Fig. 3. Velocity Fig. 4. Aerodynamic forces

Replacement of the blade force in Eq. (2) by means of the force, represented by Eq. (3), permit to
obtain the averaged blade force applied on the infinitesimal actuator surface element:
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w? NSO
oF,p=p CL,D(“)C(r)5r (4).
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If the actuator disk has a thickness h, the volume of the considered infinitesimal element is
dV = or x rd6 x h. Therefore intensity of source terms is this element is:

oF, w? No6o 1
f = mbb _ C c(r)or ————— 5).
L.D ey, P 5 L,D(a) (r) or Srrooh (5)
The simplification of Eqg. (5) gives:
w? N
fL,D = pTCL,D(a)C(r) oxth (6).

Thus, the eq. (6) permits to calculate the source terms intensity for each cell of the actuator disk,
depending on cell centre radius r.. In Eq. (6) the relative velocity is calculated from the following
relation:

Wz\/(a)r+ui)2+v2 ).

Here w is the angular velocity of the rotor disk, V is the axial velocity and u; is the tangential veloci-
ty. The axial and tangential velocities should be obtained from CFD model during calculation, in
the plane of actuator disk.

2.2 Tip loss correction, power and thrust

The tip loss correction for the wind turbines and propellers take into account finite aspect ratio of
the blades. This correction takes into account the decreasing of pressure discontinuity near the
blade tip and should be applied when blade element method is used. The correction factor F; is
introduced in order to correct the blade section aerodynamic coefficients. Here the method pro-
posed by Shen et al [21] is adopted:

CLo= FlclidD (8).
In this formula Cff’D is the lift or drag coefficient issues from 2d airfoil data and
2 B(R-r)
F=—cos™|exp|-g—— 9).
Yo {xp( ngsin¢ﬂ ®)
Here the function g is equal to:
g =exp[-0.125(Nw/V, —21)]+0.1 (10).

To obtain the power and the thrust (axial force) of the rotor, it is needed to calculate the tangential
fy and axial f, source terms intensity. These intensities can be expressed by projections of the total
aerodynamic force 6R, Fig. 3, on the axial and tangential directions as follows:

f,=f_ sing— f,cos¢ (11),
and

f,=f_cosg+ fysing (12).
Integration of f, in the volume of actuator disk gives the thrust of the rotor:

F, = f.v (13).
\Y
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Integration of f; gives the power of the rotor:

F, =o|rfdv (14).
\Y

Generally for CFD calculation the source terms should be expressed for Cartesian coordinate sys-
tem. In the model presented in this paper, the axial direction coincides with z-axis, but tangential
source terms should be expressed as source terms which act in x- and y- directions:

f,=—f,sing; f, =f cosd; f,=1, (15).

2.3 Inflow boundary layer

The parameters of boundary layer which is used in this paper are proposed by Richards&Norris
[23] and Tominaga et al [24]. Thus inlet velocity varies with height H as:

U (H +H
V(H)="LIn 0 16),
(H)==In| — (16)
where K=0.433 is von Karman constant and u*, is the friction velocity at the reference height:
. KU
_ ref (17)

uref
|n H ref+HO
Href

The turbulence kinetic energy k and turbulent dissipation rate € can be calculated as follows:

u2

k:JE: (18),
ufef
5(H)=m (29).

The atmospheric boundary layer parameters Eq. 16-19 are implemented in CFD code as user de-
fined functions.

3 Numerical result and discussion:

3.1 Numerical model

The studied horizontal axis wind turbine has 3-blade rotor with diameter of 60m and hub height of
60m. The computational domain has length of 27.5D, width of 10D and height of 7.5D, where D is
the rotor diameter, Fig. 5. The block structured grid of the domain has approximately 3 million hex-
ahedral cells. Initially, the mesh has 200x100x100 cell, but in order to ameliorate the boundary
layer modelling, the boundary cells of the ground surface are refined two times. The number of cell
is limited, because such grid should represent only a part of large wind park model. The nacelle
and mast are not modelled, distinct volume for the actuator disk is not defined and source terms
are imposed only in cells in virtual volume which represent the rotor. Such approach permits to
change wind turbine placement without change of initial grid.
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Fig. 5. Computational domain

The simulation is carried out by means CFD Ansys Fluent 14.5.7. For the turbulence, the model of
wall modelled large eddy simulation (WMLES) is applied, Shur et al [25]. This kind of modelling
permits to use LES, without need of fine boundary wall cells. The WMLES model is unsteady and
can capture the vortex structures behind the rotor, better than any RANS method. Somme incon-
venience is the low time step; CFL should be less than 0.3. In this study the time step is equal to
0.01s. In order to obtain sufficient information about the flow structures behind the rotor and wake
stability, more than 15000 time step are carried out during the simulation.

The presented simulation is carried out in the case of upstream velocity of 12.5 m/s at hub height,
and angular velocity of 2.83 rad/s. The inlet velocities are calculated by means of Eq.16-17 and
perturbed using method proposed by Mann [26]. The Fig. 6 and Fig. 7 shows the results obtained
for unsteady velocity in horizontal and vertical plane. The Fig. 8 and Fig. 9 represent the vorticity
and show that after a distance of 150m (nearly 2.5D) the wake becomes instable and after 10D

vorticity tends to disappear.
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Fig. 6. Snapshot of velocity in vertical plane Fig. 7. Snapshot velocity in horizontal plane
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Fig. 8. Snapshot of vorticity in vertical plane Fig. 9. Snapshot of vorticity in horizontal plane

The unsteady information about flow field is interesting, but it is important to show mean flow pa-
rameters. For this proper orthogonal decomposition (POD) is carried out using approach proposed
by Chen et all [27]. The result for first mode POD of flow velocity in the vertical plane and corre-
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sponding vorticity are shown in Fig. 10 and Fig. 11. The second and third modes POD of velocity
are shown in Fig. 12 and Fig. 13. These velocity fields are quite similar, but slightly shifted in axial
direction.

L L

Fig. 10. POD, first mode: velocity in vertical plane
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Fig. 11. POD, first mode: vorticity in horizontal plane
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Fig. 11. POD, second mode: velocity in vertical Fig. 12. POD, third mode: velocity in vertical plane

plane

4 Conclusion

The proposed model of actuator disk takes into account the irregularity of the flow through the rotor
and permits to represents the interaction of the wind turbine with atmospheric boundary layer. De-
spite of limited cell number it is possible to explore the wake development, its instability and mixing
with the external flow. The obtained results are promising and the next step of model validation
should be PIV measurement.
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