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Abstract
The Actuator Line/Navier-Stokes model is validated against wind tunnel measurements for flows
past the yawed MEXICO rotor and past the yawed NREL Phase VI rotor. The MEXICO rotor is operated at a rotational speed of 424 rpm, a pitch angle of −2.3˚, wind speeds of 10, 15, 24 m/s and yaw
angles of 15˚, 30˚ and 45˚. The computed loads as well as the velocity field behind the yawed
MEXICO rotor are compared to the detailed pressure and PIV measurements which were carried
out in the EU funded MEXICO project. For the NREL Phase VI rotor, computations were carried out
at a rotational speed of 90.2 rpm, a pitch angle of 3˚, a wind speed of 5 m/s and yaw angles of 10˚
and 30˚. The computed loads are compared to the loads measured from pressure measurement.

Keywords
Actuator Line Model, MEXICO Rotor, NREL Phase VI Rotor, Yawed Wind Turbine Rotor

1. Introduction
In order to precisely predict the performance of wind turbines in wind farms, it is required to have a detailed
knowledge on the inflow conditions in front of the turbines which are usually created by the atmospheric turbulence, the ground and the upstream turbines. To compute such complex flows, using a standard CFD code,
which solves both the boundary layer on the blades and the wake, is too expensive. In order to reduce computational costs, the Actuator Line/Navier-Stokes (AL/NS) technique [1] was developed at the Technical University
of Denmark (DTU) such that the procedure of solving the boundary layer is skipped and the loading on the rotor
blades is represented by using rotating body forces. This enables more mesh points to be used in the wake region
or in the flow regions between the turbines. The Actuator Line (AL) model has been further developed by including the atmospheric turbulence and the wind shear by using the immersed boundary technique for flows past
two wind turbines [2] [3]. In order to include the influence of landscape, a hybrid Actuator Line/Navier-Stokes
model has been developed where the rotor is solved with the Actuator Line model and the ground is solved with
a standard Navier-Stokes solver for Very Large Eddy Simulation (VLES). The flow past a wind turbine on a
Gaussian hill was simulated in [4].
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An important check is whether the AL/NS technique can predict the loads on the blades and the wake behind
the turbines correctly. In the first part of the MexNext project [5], the AL/NS technique has been validated
against detailed measurements for the MEXICO rotor in standard axial conditions [6] [7]. Results showed that
the model can predict the loading and the wake with good accuracy.
In this paper, the AL/NS technique is validated against wind tunnel measurements for wind turbine rotors in
yaw. Both measurements for the MEXICO and NREL Phase VI rotors in yaw are used.

2. Numerical Methods
The numerical method used in the paper is the Actuator Line/Navier-Stokes model which was developed in
[1]-[4] [6] [7]. The principle of the model is summarized here.
The EllipSys3D code [8] [9] is used as the Navier-Stokes solver of the AL/NS model. The EllipSys3D code
was developed at the Department of Wind Energy, Technical University of Denmark (DTU). The code is based
on a multi-block/cell-centered finite volume discretization of the steady/unsteady incompressible Navier-Stokes
equations in primitive variables (pressure-velocity). The predictor-corrector method is used. In the predictor step,
the momentum equations are discretized using a second-order backward differentiation scheme in time and
second-order central differences in space, except for the convective terms that are discretized by the QUICK
upwind scheme. In the corrector step, the improved Rhie-Chow interpolation [10] is used in order to avoid numerical oscillations from velocity-pressure decoupling. In order to make it more consistent, the improved
SIMPLEC scheme for collocated grids [11] is used. Using the scheme the solution is in-dependent of relaxation
parameter and time-step. The obtained Poisson pressure equation is solved by a five-level multi-grid technique.
Since the EllipSys3D code is programmed using a multi-block topology, it can be parallelized relatively easily
using Message Passing Interface (MPI). The turbulence model used for Large Eddy Simulation is the mixed
scale turbulence model developed at LIMSI [12] [13].
To determine the body forces on the rotor blades, we use a blade-element approach combined with airfoil
characteristics. The computational domain is chosen to be fixed with the ground and three rotating blades are
represented with a rotating body force. At each time step, the flow solver gives a Cartesian velocity field. The
velocity at a given blade position is calculated by identifying the index of blade position and performing a
tri-linear interpolation. In order to find the loading, the obtained Cartesian velocity (u, v, w) is transformed into
the local velocity of the blades,

=
Vn w cos γ + u sin γ

(1)

Vt =v cos θ − ( u cos γ − w sin γ ) sin θ

(2)

where (Vn, Vt) are the velocity in the normal and tangential directions of the rotor, respective, γ is the yaw angle,
θ is the azimuth angle. Since the rotor is rotating with an angular velocity Ω, the flow angle is determined as


Vn 

 Ωr − Vt 

φ = tan −1 

(3)

The angle of attack at each cross section is defined as α= φ − β where β is the sum of local twist and pitch
angles on the rotor. The relative velocity is

V=
rel

Vn2 + ( Ωr − Vt )

2

(4)

The force per spanwise unit length is


 dF 1


f
=
=
ρVrel2 c ( Cl eL + Cd eD )
dr 2

(5)

where Cl = Cl (α , Re ) and Cd = Cd (α , Re ) are the lift and drag coefficients, respectively. The airfoil data
obtained directly from 2D measurements or computations need to be corrected for rotational effects caused by
Coriolis and centrifugal forces, especially for cross-sections near the root. At the same time, airfoil cross-sections near the blade tip are influenced from the fact of pressure equalization from the pressure and suction sides
at the tip such that the tip flow is different from the corresponding 2D flow at the same angle of attack. To take
into account tip effects, a function F1 is applied on the 2D airfoil data [14]-[16]. The function is

8

F1
=


B( R − r )n 
cos −1 exp(− g
)
π
2r n sin φ 
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(7)

where B is number of blades, the function g is

 −0.125( BΩR / U ∞ − 21) 
g exp 
=
 + 0.1
1 − min ( dc / dr )



n = 1 + 0.5 min(dc / dr )

(8)
(9)

and c is blade chord.
The g function adjusts the influence of the tip vortices on the pressure distribution in the blade tip region. The
number of blades, B, determines the distance between the tip vortices at a fixed tip speed ratio whereas the tip
speed ratio, ΩR/U∞, determines both the distance between the tip vortices at a fixed number of blades, and the
pitch of the vortex structure. Their influences on the pressure distribution on the blade are similar and thus are
considered together in the g function. Finally, the obtained 2D force is put into a Cartesian regularized volume
force.
To take into account the dynamic effects for yawed rotors, the Beddoes-Leishman type dynamic stall model
[17] has been implemented in the code.

3. Results
AL/NS computations are carried for both yawed MEXICO and NREL Phase VI rotors. The obtained results are
presented in the following two subsections.

3.1. MEXICO Rotor in Yaw
Computations for flows past the MEXICO rotor at a rotational speed of 424 rpm, a pitch angle of −2.3˚, wind
speeds of 10, 15, 24 m/s and yaw angle of 15˚, 30˚ and 45˚ were carried out by employing the AL/NS model on
a Cartesian mesh consisting of 11.8 M mesh points in a domain of [−16R, 16R] × [−16R, 16R] × [−16R, 16R],
with the finest mesh size of R/30 where R is the rotor radius. Two sets of airfoil data: original airfoil data (OAD)
and modified airfoil data (MAD) are used for flows past the yawed MEXICO rotor. For more information about
the airfoil data, the reader is referred to [6]. To validate the computations (with MAD), the force distributions
during one revolution are compared to the DNW measurements in Figure 1 and Figure 2. Figure 1 shows the
loading at a wind speed of 10 m/s and a yaw angle of 30˚. The normal force at radial positions of 35%, 60%, 82%
r/R follows quite well the experiments while at 92% r/R a phase shift occurs between the computations and the
experiments. The variation of the computed tangential force agrees in general with the measurements with slight
over-predictions of the mean tangential force. In Figure 2, the force distribution at a wind speed of 15 m/s and a

Figure 1. Comparison between computations and experimental data for flows past the MEXICO 25 kW rotor at a
wind speed of 10 m/s and a yaw angle of 30o (solid line: experiment; dashed line: computation with MAD).
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Figure 2. Comparison between computations and experimental data for flows past the MEXICO 25 kW rotor at a
wind speed of 15 m/s and a yaw angle of 45˚ (solid line: experiment; dashed line: computation with MAD).

yaw angle of 45˚ is plotted. From the figure, good agreements for both normal and tangential force are seen between the computations and measurements.
The radial, tangential and axial velocity components in the rotor coordinates are also plotted. In Figure 3, the
velocity at 0.15 m before the rotor is compared to measurement. From the figure, good agreements are seen. The
velocity at 0.15 m after the rotor is also plotted and compared to experiment in Figure 4. Excellent agreements
are seen. It is worth noting that in the tip region big velocity variations are seen in the experiments where a
smooth transition occurs in the computations. This is probably caused by the too coarse mesh used in the computations.
In order to show the structure behind a yawed rotor, iso-vorticity is plotted in Figure 5. The structure shows
that the wake develops first in the axial direction, and then bends to a direction with an angle which is slightly
negative (below the wind direction).

3.2. NREL Phase VI in Yaw
Computations for flows past the NREL Phase VI rotor [18] at a rotational speed of 90.2 rpm, a pitch angle of 3˚,
a wind speed of 5 m/s and yaw angle of 10˚ and 30˚ were carried out by employing the AL/NS model on a Cartesian mesh consisting of 11.8 M mesh points in a domain of [−16R, 16R] × [−16R, 16R] × [−16R, 16R], with
the finest mesh size of R/30 where R is the rotor radius. The airfoil data used in the computations are that described in [15]. To validate the computations, the force distributions during one revolution are compared to the
measurements in Figure 6 and Figure 7. Figure 6 shows the loading at a wind speed of 5 m/s and a yaw angle
of 10˚. The normal force at radial positions of 30%, 47%, 63%, 80% r/R follows quite well the experiments
while at 95% r/R computation over-predicts the normal force which has something to do about tip loss correction. The variation of the computed tangential force follows in general with the measurements but the values are
under-predicted. In Figure 7, the force distribution at a wind speed of 5 m/s and a yaw angle of 30˚ is plotted.
From the figure, good agreements for both normal and tangential force are seen between the computations and
measurements.

4. Conclusion
The Actuator Line/Navier-Stokes model has been validated for both loading and velocity field against measurements for flows past the yawed MEXICO rotor, and for loading for the yawed NREL Phase VI rotor. In
general, the model can predict correctly the force changes during a revolution. The velocity behind the rotor can
also be predicted correctly in the near field. From the study we can conclude that the AL/NS model is ready to
simulate flows past a wind turbine in yaw and to simulate complex flows in wind farms.
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Figure 3. Radial, tangential and axial velocity at 0.15 m before the rotor for flows past the MEXICO rotor at
a wind speed of 15 m/s and a yaw angle of 30˚.

Figure 4. Radial, tangential and axial velocity at 0.15 m after the rotor for flows past the MEXICO rotor at a
wind speed of 15 m/s and a yaw angle of 30˚.

Figure 5. Iso-vorticity surface plot for flows past the MEXICO rotor at a wind speed of 15 m/s and a yaw
angle of 30˚.

Figure 6. Comparison between computations and experimental data for flows past the NREL Phase VI rotor
at a wind speed of 5 m/s and a yaw angle of 10˚ (solid line: experiment; dashed line: computation).
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Figure 7. Comparison between computations and experimental data for flows past the NREL Phase VI rotor at a
wind speed of 5 m/s and a yaw angle of 30˚ (solid line: experiment; dashed line: computation).
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