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1. INTRODUCTION

The growing size and investment cost of wind turbines have created an equally growing demand for more reliable
design methods. In order to improve the cost competitiveness of wind energy when compared with other forms of energy 
production, significant efficiency improvements in individual turbine design, as well as wind farm design, must be 
realized. In the ideal case, improved numerical analysis methods, site testing, and wind tunnel testing can be used together 
to better understand the fundamental fluid dynamics principles involved in wind turbine aerodynamics. Unfortunately, 
there are many circumstances, especially when studying wind turbine wakes, where the experimental data that includes 
detailed geometry of the turbine blades is limited. In the absence of extensive measurement data sets, it is valuable to have 
a suite of various modeling methods, as it provides the ability to cross-compare data between the models that might not be 
available from the experiment. A suite that includes models of incremental complexity also provides varying simulation 
times depending on the solution detail that is required. We suggest that this type of multi-model strategy can be applied for 
industrial circumstances where demand is placed on faster modeling times and efficient use of computational resources.



Depending on the level of detail needed and time requirements for simulations, a user would have the option of selecting
the appropriate method knowing a priori the strengths of each model.

Previous articles by Crespo et al.,1 Vermeer et al.,2 and Troldborg et al.3 have discussed the most influential work in
this field and have introduced the issues being faced by the wind turbine performance and wake modeling community.
There are significant current efforts to improve the understanding of the near and far wake with increasingly complex vor-
tex, Reynolds-averaged Navier–Stokes (RANS), large eddy simulation (LES), and detached eddy simulation (DES)-based
methods that incorporate actuator line/disc/surface and full rotor representations of the turbines.

The objective of this research is to develop a platform for a multi-fidelity turbine aerodynamic performance and wake
prediction tool. Three models will be tested side by side in increasingly complex wind farm situations to give a complete
picture of the capabilities of each method. In this article, we focus on an isolated wind turbine in uniform inflow conditions
(both axial and yawed). The objectives of this article are as follows:

1. The National Renewable Energy Laboratory (NREL) Phase VI experimental test case is used to validate the single
turbine performance and loads prediction in axial and yawed inflow for each of the incrementally complex models. An
aeroelastic analysis is performed at varying yaw angles by coupling the models with the multibody solver (MBDyn).
Characterizing the level of detail that each model captures at the turbine will also help to explain the differences in the
downstream wake. The analysis models in increasing order of complexity are:

(a) Free-vortex wake analysis using a blade element model (UWAKE)
(b) RANS and LES with an actuator disc using a blade element model (FLOWYO)
(c) Overset grid based RANS and DES using full rotor model (HELIOS)

2. The wind speed deficits in the wake generated by the NREL Phase VI turbine in uniform inflow conditions are also
analyzed. In particular, the differences in the wake details between the lower complexity models (FLOWYO/UWAKE)
and HELIOS predictions are quantified. Modeling the single wake correctly is the first step to designing an accurate and
flexible wind farm model.

The NREL Phase VI data were chosen for the first validation step due in part to the large number of models that have
been used to simulate the experimental results. Because the NREL Phase VI experimental data were published, there have
been many RANS computational fluid dynamics (CFD)4–11 and vortex methods12–14 applied to the Phase VI rotor with
varying outcomes.

In the second part of the results, the focus is shifted to using each of the three methods to simulate the wake velocities of
the Phase VI turbine. The NREL Phase VI experiment was not focused on wake measurements, so these initial wake sim-
ulations are only cross-compared between the methods. Before these models are applied to more complex wake scenarios,
it was deemed a logical first step to test a single turbine wake in uniform inflow. The NREL Phase VI data are ideal for
wake simulations using a variety of models due to the availability of specific turbine blade information such as the twist,
chord, airfoil distributions, and blade geometry. This makes it possible to create both a full rotor model and also to use the
two-dimensional (2-D) airfoil data for the blade element-based methods.

2. VALIDATION DATA

2.1. National Renewable Energy Laboratory Phase VI

One of the most significant developments in wind research over the past 10 years was provided by the NREL full-scale
wind tunnel experiment, which conducted tests on an instrumented wind turbine in the NASA-Ames wind tunnel.15 The
NREL Phase VI rotor geometry, aerodynamic, and structural properties have been well-documented in the literature,15–17

so only brief details are given.
For the upwind axial and yawed cases, the wind speed was varied from 5 to 25 meters per second .m s�1/, and the

turbine rotated at 72 rotations per minute. The rotor radius (R) was 5.029 meters (m), and the tip pitch was 3ı. The rotor was
attached to a free-standing cylindrical tower with a height of 12.2 m, designed to align the rotor hub with the wind tunnel
centerline. There was no fixed tripping on the blade and free transition was allowed. The Phase VI rotor is a stall-regulated
turbine with the power generated being limited due to rotor stall.

3. METHODOLOGY

3.1. UWAKE Free-vortex wake with a blade element model

The in-house free-vortex wake approach UWAKE18 uses a Lagrangian formulation of the vorticity-transport equation to
model the time evolution of vorticity fields. Considering the dominant structures in the wind turbine flow field to be the



(a) Representaion of tip wake filament and wake marker (b) Converged free-vortex wake for Phase VI turbine at 7 

Figure 1. National Renewable Energy Laboratory Phase VI free-vortex wake tip visualization

tip and root vortices, the present analysis considers a single tip and root vortex for each wind turbine blade, released from
the blade tip and root, respectively. The vortex elements are assumed to convect with the fluid particles. The governing
vorticity transport equation can be expressed in Lagrangian form as

dEr. , �/

dt
D EV.Er. , �//, (1)

where Er. , �/ defines the position vector of a wake marker, located on a vortex filament that is trailed from a turbine blade
located at an azimuth  and wake-age �. This wake marker was first created when the blade was located at an azimuth
. � �/, as represented in Figure 1(a). Figure 1(b) also shows an example of the free wake generated from the blade tip for
the NREL Phase VI two-bladed turbine.

The vorticity transport equation can then be written in partial differential form as
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where the turbine’s rotational speed is given by �. The right hand side velocity, EV.Er. , �//, accounts for the instantaneous
velocity field encountered by a marker on a vortex filament in the rotor wake. This includes the free-stream velocity, the
induced velocities due to the vortex filaments present in the wake, and the induced contributions of the bound circulation
representing the lifting turbine blades. This equation is discretized into a set of finite difference equations that can then be
numerically integrated. The time marching algorithm is a 2nd-order backward predictor corrector algorithm and is based
on the work by Bhagwat.19 The velocity term in the vorticity transport equation is computed from the Biot–Savart law:
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where EV.Er/ is the velocity induced at a point P located at Er relative to the vortex element dEl. The integral is evaluated over
the entire length of the vortex filament. � is the total strength of the filament, and dEl is an elemental unit vector along the
vortex filament. The free-vortex method does not model a shed vortex sheet from the blade. The vortex sheets trailed by
the blades are assumed to roll up into tip and root vortices a short distance behind the blade, which has been verified in a
number of experiments and CFD computations.20, 21 The strengths of both the root and tip vortices are taken to be equal
to the maximum bound circulation along the outboard half of the blade. It is assumed that all the vorticity outboard of
maximum bound circulation rolls up into the tip vortex, and all the vorticity inboard of the maximum bound circulation
rolls up into the root vortex. Note that the root circulation has the opposite sign of the tip circulation to conform with
Helmholtz’s second law. The tip and root vortex core radius is noted rc, and h is the perpendicular distance of the evaluation
point from the influencing vortex element. Viscous diffusion is modeled by the growth of the core radius given by Squire22
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r
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�
, (4)



where, ˛ D 1.25643, is an empirical factor, ı is the apparent viscosity coefficient, � is the kinematic viscosity, r0 is the
initial vortex core radius, and � is the rotational speed of the rotor. The ı parameter is determined by the vortex Reynolds
number Re� , which is dependent on the tip and root vortex circulation strength �� ,

Re� D
��

�
. (5)

ı is then formulated as,

ı D 1C a1Re� . (6)

The empirical factor a1 has been determined in the past by Ramasamy,23 and the value of ı should range between 101 and
105 depending on the scale of the turbine in question.

An appropriate aerodynamic model for the blades needs to be coupled with a free-vortex wake model to predict both the
wake evolution as well as the blade loading. UWAKE utilizes a blade element model for the aerodynamic modeling, with
aerodynamic coefficients interpolated from tabulated 2D airfoil data. The details of the implemented model can be found
in Leishman’s book24 on helicopter aerodynamics. In addition, the Du-Selig25 stall-delay model is included to account for
the aerodynamics at separated flow conditions.

3.1.1. Parameter sensitivity study.
A sensitivity study at 7m s�1 for the downstream wind velocities at 5 R, 10 R, 15 R, and 20 R and power of the NREL

turbine was performed to better understand the influence of the critical parameters utilized in the UWAKE method. Figure 2
shows the resulting wind velocities for the variation of four different parameters. Of the four parameters that are varied in
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Figure 2. UWAKE wake wind deficit sensitivity study at 7m s�1, for variation of: (a) apparent viscosity coefficient, ı, (b) tip and root
vortex initial core radius as % of tip-chord r0, (c) spatial discretization �� , and (d) space and time discretization �� D � .
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Figure 3. UWAKE power sensitivity at 7m s�1, for variation of apparent viscosity coefficient, ı.

the study, the apparent viscosity or the vortex core growth rate parameter, ı, had the greatest effect on the wake velocities.
This is comparable with the eddy-viscosity dependence in RANS CFD turbulence models. As the ı parameter is increased,
the diffusion of the wake increases, and the wake velocity deficit recovers at a faster rate. From this study, it is expected
that the calculated value of ı at 7 m s�1 should be near 103, which is consistent with the value produced using equations (5)
and (6).

For the discretization parameters, varying the spatial discretization, ��, alone while the time discretization, � , is
kept fixed at a small value of 5ı does not significantly alter converged velocity values, as shown in Figure 2(c). This
justifies using a larger value for the spatial discretization to decrease the computation time without unacceptable loss in
accuracy. It should be noted that as each individual parameter is varied, the other variables are held constant at values of
ı D 104,�� D 15ı, and� D 5ı. From Figure 2(d), it can be noted that the combination of spatial and time discretization
has a larger effect on the wake velocities, so the time discretization is kept at 5ı for all simulations. The impact of the
number of points modeled along each blade and the number of wake revolutions modeled were also studied and were found
to have a negligible effect on the wake velocities above certain minimum values.

Further interpretation of the effect of the ı parameter can be gathered by examining the power sensitivity of the turbine
for increasing values of ı, as shown in Figure 3. The Phase VI turbine produces approximately 6 kWs of power at a wind
speed of 7 m s�1. The turbine power increases with increasing ı because the added ı causes an increase in size of the
vortex core, leading to less induced velocity at the rotor. The model solution will significantly diverge from theory and the
experimental values if ı is chosen to be too large.

3.1.2. Computational setup.
On the basis of the sensitivity study, the discretization steps used in UWAKE were set to � D 5ı (time discretization)

and �� D 15ı (spatial discretization). The aerodynamic loading was computed at 20 uniformly spaced points along each
blade. Two-dimensional wind tunnel data for the S809 airfoil from Ohio State University26 was used for the NREL turbine,
which was taken at a Reynolds number of 1 � 106. Along with the general blade element model theory, a stall delay
model by Du-Selig25 was also applied. A stall delay model is needed because of the elevated lift that is produced from the
increased radial flow from the separated areas of the blade. This increased radial flow can act to alleviate adverse pressure
gradients. The Du-Selig model was modified on the basis of the work of Breton et al.27 in which several stall delay models
are analyzed for the NREL Phase VI turbine.

It should be noted that the convergence of values such as turbine power and wake velocities in UWAKE depend on both
the wake-age modeled with spatial markers, and the number of wake revolutions simulated temporally. A general practice
adopted with UWAKE was to first determine the wake-age that is needed to be modeled to achieve convergence. The wake
evolution can then be simulated for several more revolutions temporally to show convergence in time at each wake marker.

For the performance prediction, it was observed that modeling the vortex wake up to five rotor revolutions of wake-age
(480 wake markers per blade) is sufficient to obtain converged results. The free-wake was simulated (starting from zero
initial conditions) for 10 rotor revolutions, corresponding to wall-clock execution time of about 10 s. All cases were run on
a single Intel Xeon 2.67 GH processor.

For the single turbine far wake velocity predictions, the wake-age was modeled up to 50 rotor revolutions (4800 wake
markers per blade), in order to capture the velocity field up to 20 R behind the turbine. The free-wake was simulated for
60 rotor revolutions, corresponding to an execution time of 100 min on the same Intel CPU mentioned earlier. UWAKE is



also capable of running in parallel, but the time savings are most beneficial when modeling large arrays of turbines where
millions of wake markers are used. The induced velocity at each individual wake marker is dependent on every other wake
marker, which means that the execution time in the current implementation varies with the square of the number of vortex
filaments used to discretize the wake. For the performance calculations with 480 wake markers per blade compared with
the far wake calculations with 4800 wake markers per blade, though there are only 10� as many wake markers, this creates
100� the number of calculations per time step. This explains the increase in simulation time from 10 s to 100 min for these
two cases.

In the results shown for UWAKE, the ı parameter was calculated for each wind speed using equations (5) and (6). This
method produced a ı D 1100 at 5 m s�1 and ı D 700 at 10 m s�1. The tip chord for the NREL turbine is 0.358 m, the
chord at the root is 0.737 m, and the thickness of the blade is 20.95% of the chord at each location. Using this information,
the initial core radius for the tip and root were chosen as the thickness of the blade at their respective location. This gave
an initial tip core radius of 0.075 m and an initial root core radius of 0.15 m.

3.2. FLOWYO actuator disc model

FLOWYO18 is a finite volume method that solves the Navier Stokes (N–S) equations in their conservative form for com-
pressible flows. Spatial discretization is carried out using a third-order upwind scheme for inviscid terms and a fourth-order
central discretization for viscous terms. Temporal discretization is accomplished using a second-order backward differen-
tial formula (BDF2) with variable time stepping. FLOWYO is capable of both RANS and LES calculations. For RANS, the
Spalart-Allmaras (S–A) turbulence model28 was used, where as the Smagorinsky sub-grid scale (SGS) turbulence model29

was used for all LES calculations. The wind turbine is modeled as an actuator disc, which involves inclusion of appropri-
ate source terms in the momentum and energy components of the N–S equations. This approach has been quite popular
as a mid-complexity analysis scheme for wind turbines.30–33 The aerodynamic loading on the wind turbine blade is com-
puted using a simple blade element model with the inflow angle computed using the velocities from CFD calculations. In
essence, the coupling between the blade element model and the CFD is as follows; the blade element model provides the
aerodynamic loading that is used to compute the source terms in the N–S equations at grid locations corresponding to the
disc location. The velocity field obtained from the solution of the N–S equations (with the additional source terms) is in
turn used to compute the aerodynamic loading using the blade element model. This solution scheme is iterated until both
the aerodynamic loading and the flow field converge and become consistent.

To further describe the source term implementation, the product of the blade element calculations are the normal force
.Fz/ and tangential force .Fx/ at every 2D .radial.r/, azimuthal.�// location on the cylindrical disc. Fz and Fx are calculated
using the following equations

Fz D L cos.	/C D sin.	/ and Fx D L sin.	/ � D cos.	/, (7)

where L is the lift given by L D 1=2
U2cCl, D is the drag, D D 1=2
U2cCd , and 	 is the inflow angle. For the lift and
drag equations, 
 is the density, c is the chord, U is the freestream velocity, and Cl and Cd are the lift and drag coefficients
determined from the airfoil lookup tables. Once these forces are determined at each location, they are modified to produce
a fraction of the total force as given in the following equations

F1 D
FzNb

N� � 1
and F2 D

FxNb

N� � 1
, (8)

where Nb is the number of blades, and N� is the number of azimuthal locations. The calculation in equation (8) is performed
because for the actuator disc, the blade is assumed to be at each azimuthal location in an averaged sense that represents
how often the blade will be present in that location over one revolution. These are the source terms that are applied at the
appropriate grid points at each time step.

For the blade element model, Prandtl tip and hub-loss corrections described by Mikkelsen30 were also implemented.
Characteristic boundary conditions are used at all sides of the domain so that the modeled inflow is entirely uniform.
Characteristic boundary conditions use Riemann invariants to automatically determine if a boundary has to be treated as
inflow or outflow (this type of boundary condition is typically described as ‘Opening’ in commercial CFD solvers).

3.2.1. Computational setup.
FLOWYO utilizes an overset grid system for modeling the actuator disc and wake field. Typically, an actuator disc

grid of cylindrical topology was embedded inside a stretched Cartesian grid. The FLOWYO code is fully parallel and was
typically run on 128 processors. For both the RANS simulations and LES of the Phase VI rotor, a total grid size of (60
R � 20 R � 24 R) was used, where x is the flow direction, y is the horizontal, and z is the vertical direction. In the axial
flow direction, there was 20 R spacing in front of the turbine and 40 R spacing downstream in order to convect the wake



Table I. FLOWYO grid independence study at 7m s�1.

Grid step Off-body nodes Near-body nodes RANS power [W] LES power [W]

NREL data 6042 6042
Refined 6.31� 106 7.54� 105 6214 6198
Step 1 4.66� 106 5.72� 105 6576 6558
Step 2 2.81� 106 3.29� 105 5946 6033
Step 3 1.07� 106 1.18� 105 5352 5387

for long distances. These dimensions will depend some on the flow velocity, scale of the turbine and desired distance to
track the wake. The actuator disc grid (near-body) had 7.54 � 105 points and the off-body grid had 6.31 � 106 grid points.
The grid points surrounding the location of the actuator disc loading points had a grid resolution of approximately 10 cm
in the radial and axial directions. There were 109 points in the circumferential direction of the grid giving a resolution of
approximately 30 cm at the tip and 5 cm at the root of the disc. The actuator disc grid in the near wake was also refined to
prevent excessive numerical dissipation directly behind the turbine. The actuator disc grid had a radius of twice the rotor
radius and an axial length of 16 R. Grid independence and power/wake convergence studies are performed for the RANS
and LES in the following sections.

3.2.2. Grid independence study.
Several guidelines have been developed while testing various overset grids. The filter width, � D .�x�y�z/1=3, was

first varied between the near and off-body grids, and it was found that the ratio of the filter widths between the near and
off-body should not exceed 4. Increasing the filter width ratio above 4 caused artificial turbulence production at the bound-
aries between the near-body and off-body grids. On the basis of this finding, the filter width was then held constant at near 3
and, the refinement level of the near-body and off-body grids were varied. Table I describes the four grids of varying refine-
ment and the resulting power for the NREL turbine at 7m s�1 for both the RANS simulations and LES. The step 1, 2, and
3 grids scale down the number of nodes in the near and off body that were used while the filter width ratio is kept constant.

Considering the results in Table I, the step 1 and step 2 grids, which have 74% and 43% of the nodes in the refined
grid, respectively, produce power results at less than 6% deviation from the refined grid for both RANS and LES. It was
only for the step 3 grid, which includes 13% of the nodes in the refined mesh that a significant deviation in power of 14%
from the refined grid occurs. It is hypothesized that coarsening the grid decreases the power because of the number of grid
points along the radius of the blade. Although it was expected that the grid used for LES simulations would need to be
more refined than the grid for the RANS cases, the deviation of power is similar for the RANS and LES cases as the grid
is coarsened. The refined grid in Table I performed well for both the RANS simulations and LES.

To further test the dependability of the various grids, the wake velocities at 5 R, 10 R, 15 R, and 20 R were also compared
using RANS. At each of the downstream locations, there was only a noticeable change in the wake velocity profiles when
using the coarsest step 3 grid. This study indicates that numerical dissipation is not significantly affecting the RANS results
at the turbine or in the wake.

3.2.3. Convergence study.
The convergence of power and the wind velocities were also studied for FLOWYO using RANS at 7m s�1. The RANS

simulations were performed using the S–A turbulence model. Figure 4(a) shows the convergence of power using the refined
grid, and Figure 4(b) shows the convergence of the velocities at 5 R, 10 R, 15 R, and 20 R for the refined grid. The power of
the turbine converges after approximately 1� 104 steps, which happens well before the wake velocities converge, even at 5
R in the wake. This demonstrates that power convergence can be obtained by only resolving the wake to very short distances
downstream of the turbine. The wake velocities at 5 R, 10 R, 15 R, and 20 R take approximately 3.5�104, 4�104, 4.5�104,
and 5 � 104 steps, respectively, to converge to within 1% of their final value. The wake velocities at each wake location
converge to very similar values, which was not expected. This is a product of the actuator disc method and the S–A
turbulence model, which is further discussed in the results.

3.3. HELIOS full rotor model

The flow patterns around a rotating wind turbine are dominated by vortex structures shed from the blades. Resolution of
these wake structures requires low dissipation CFD algorithms and good grid resolution. Solution-based adaptive mesh
refinement (AMR) is the most effective approach for maintaining good grid resolution and keeping the problem still
tractable.34
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Figure 4. Convergence of (a) power for refined grid and (b) normalized wind velocities at a horizontal location of 0.5 R and axial
locations of 5 R, 10 R, 15 R, and 20 R downstream of the turbine at 7m s�1.

Traditional CFD codes are often built on a single gridding paradigm namely structured curvilinear type, unstructured, or
Cartesian. Structured curvilinear grids and unstructured grids are body conforming and provide good modeling capabilities
for flow gradients/features near the no-slip boundaries. However, AMR is complex and often quite inefficient for these
grid types. Cartesian grids on the other hand provide a simple and efficient way for performing AMR and are also very
efficient for higher order low dissipation algorithms. Therefore, a good modeling approach for a wind turbine would be a
hybrid overset grid approach that uses body-conforming grids close to the body and Cartesian grids with AMR away from
the body. HELIOS35 provides this state-of-the-art capability, and hence considerably improves the modeling of the turbine
wakes. The following paragraph describes the main features of the numerical algorithms in the HELIOS code.

The near-body solvers utilized in HELIOS for this work are the NSU3D11 and FLOWYO18 codes developed at the Uni-
versity of Wyoming. NSU3D is a well-established finite volume-based flow solver for mixed element unstructured grids.
It uses second-order discretization in space with implicit BDF2 in time. FLOWYO, which was previously described for
the actuator disc simulations, is a multi-purpose solver that is capable of many different setups and numerical schemes.
When used within the HELIOS framework, FLOWYO models the full rotor and solves RANS equations on a struc-
tured curvilinear mesh topology. A node-centered finite volume scheme is utilized, inviscid fluxes are discretized using
a fifth-order weighted essentially nonoscillatory (WENO) upwind scheme, and viscous fluxes are discretized using a
fourth-order central discretization. Roe’s approximate Riemann solver is utilized to compute the interface inviscid fluxes.
Implicit second-order backwards in time stepping along with Newton type non-linear sub-iterations are used to ensure
time-accuracy at each physical step. For wind turbine calculations, low Mach preconditioning is applied to improve conver-
gence and also to minimize the numerical dissipation introduced by the Riemann solver. The off-body solver SAMARC36

is developed at the Army Aeroflightdynamics directorate. SAMARC uses a sixth-order accurate finite difference spatial dis-
cretization for the inviscid fluxes and explicit time integration using a three-stage Runge-Kutta scheme. Finally, the domain
connectivity module PUNDIT37 (also developed at the University of Wyoming) provides the overset grid assembling capa-
bility and facilitates data transfer between the near-body and off-body grid systems. All HELIOS simulations shown in
this paper utilize the Spalart-Allmaras turbulence model,28 which can be run in RANS or in DES mode38 to achieve
turbulence closure.

3.3.1. Computational setup.
An unstructured mixed element mesh with 3 million grid points is used for the near-body computations and extended

to approximately one chord length from the wind turbine rotor surface. This grid encompasses both blades. There are
approximately 70,000 nodes on the surface of the blade, which are clustered near the leading and trailing edge of the blades
and also at the tip location. For each blade, there are approximately 175 points in the span-wise direction and 200 points
along the airfoil contour. A no-slip boundary condition is utilized at the blade surface. The spacing normal to the wall has
a yC D 1 based on the chord Reynolds number. The outer boundaries of the near-body grid are overset with the off-body
grid. Computations were performed using an off-body mesh system with solution AMR. The off-body mesh system consists
of family of nested Cartesian grids with up to seven levels of refinement with each level twice as fine as its parent level.
Characteristic boundary conditions are used at all sides of the domain so that the modeled inflow is entirely uniform.

For HELIOS simulations of the turbine performance, the wake was only convected to short distances downstream. Using
AMR, the number of off-body nodes grew from 9 million to about 30 million in 20 adaptation cycles. About 5000 solution



(a) Near-body mesh detail (b) Off-body mesh detail

Figure 5. HELIOS mesh system, illustrating overset grids for (a) near-body mesh and (b) off-body mesh with solution-based adaptive
mesh refinement.
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Figure 6. (a) HELIOS grid independence of power and thrust at 7m s�1 and (b) HELIOS power error and residual for at 6m s�1.

cycles were required to achieve power convergence. This required about 36 h on 64 Intel Xeon 2.67 GHz CPU processors.
For the wake simulations back to 20 R, the off-body grid grew to around 160 million grid points. These simulations required
the use of 512 processors and took approximately 1 week of simulation time. Using AMR, the mesh system efficiently
tracks regions of high vorticity and provides sufficient grid resolution to maintain it un-dissipated for longer distances. This
capability is critical for maintaining the tip and root vortices coherently for long distances. Traditional meshing approaches
cause excessive numerical dissipation away from the turbine and tend to diffuse the vortex wake much faster than the
physical diffusion rate. Therefore, the AMR capability is significant for obtaining accurate prediction of flow physics in the
wind turbine wake. Figure 5(a) and (b) shows the mesh systems in HELIOS (both near body and off body with AMR).

3.3.2. Grid independence study.
HELIOS was tested with several different grids for the NREL Phase VI turbine in order to determine the grid size at

which the power and thrust would converge. Figure 6(a) shows the grid convergence study at 7m s�1, both the thrust and
power converge on a solution when slightly less than 12 million grid points are used.

3.3.3. Convergence study.
The power and thrust convergence of HELIOS were also considered in terms of power error and residuals. Figure 6(b)

shows a plot of power error and residual for the NREL Phase VI turbine at 6m s�1 wind speed, plotted in a semi-log scale.
The % error in power falls below 10�2% after just 2000 solution steps. Furthermore, the solution residual shows monotonic
convergence trends after the initial transients, decreasing by about four orders of magnitude in 5000 steps.



3.4. Turbulence models

For the RANS simulations with FLOWYO and HELIOS, the standard S–A turbulence model28 was used for closure. LES
performed with FLOWYO use the SGS Smagorinsky model.29 HELIOS with DES was accomplished by using a modified
form of the S–A model.38 Studying past work from the literature that used the S–A model, it was unclear whether the
standard S–A model was sufficient for far wake modeling, so the adopted approach was to compare various turbulence
modeling techniques.

The technique used to model the turbulence is critical in achieving realistic results. The k � � turbulence model has
been the standard in RANS CFD wake calculations, but after extensive modifications, significant shortcomings still exist
in comparison to LES techniques. It was not expected that the S–A model would provide more consistent results than the
k�� model. Instead, because the S–A model is arguably one of the most popular one-equation models used in research and
industry CFD codes, a detailed analysis of its performance in predicting wake effects when compared with LES and DES
is warranted. The comparison of the results from the S–A model with LES and DES will help contribute to the discussion
concerning RANS CFD usage for wakes.

3.4.1. Spalart-Allmaras model.
For the standard S–A model, the one-equation for turbulent eddy-viscosity is given as
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The quantity Q� is related to the eddy-viscosity by

�t D 
 Q�
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�
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�3
C c3

�1

, (10)

where � is the molecular kinematic viscosity, and c�1 D 7.1. The details of the model constants are not given here, but
can be found in the original work by Spalart and Allmaras.28 On the right-hand side of equation (9) are the production,
destruction, and diffusion terms, respectively. Two important features of this turbulence model are that the production term
is directly dependent on the vorticity and that the destruction term is dependent on the distance from the nearest wall. While
this model has been used extensively in the performance prediction of fixed wing aircraft, helicopters, and wind turbines
and has been used specifically for the NREL Phase VI turbine,10 the authors are not aware of its use for wind turbine wakes.

In the use of this model for helicopters, it has been suggested that the standard model is not sufficient for capturing
highly vortical flows, such as in the area of the wing tip vortex. Potsdam39 noted that, in wall-bounded flows, the strain and
vorticity are of similar magnitude, which makes the dependence of the production term on vorticity reasonable. In a vortex
core, on the other hand, where the vorticity is high, but the strain is low, the eddy-viscosity can be largely over-predicted.
Potsdam and other researchers have applied several rotational corrections40 to account for this shortcoming. In the present
study, the rotational correction was not applied in the FLOWYO or HELIOS simulations as it was desired to test the
standard model.

For HELIOS simulations, a hybrid DES version of the S–A38 was also utilized for predicting the downstream wake
velocities. This version of the model treats near-wall regions in a RANS-like manner and treats the rest of the flow in an
Smagorinsky-like manner. The change to the standard S–A model is made by modifying the distance parameter d in the
original model with the distance function in the following equation:

Qd D minŒd, CDES��, (11)

where CDES is a constant equal to 0.65, and � is the largest dimension of the grid cell.

3.4.2. Smagorinsky.
The Smagorinsky SGS model29 was used in all LES calculations with FLOWYO. By using the Smagorinsky model, the

eddy-viscosity is defined as

�t D .Cs�g/
2
q

2NSij NSij D .Cs�g/
2jSj, (12)

where �g is the grid size, Cs is a constant with a value between 0.1 and 0.2 and NSij is the rate-of-strain tensor.



3.5. Computational fluid dynamics/computational structural dynamics coupling
for yawed inflow

Inflow conditions with yaw errors create an in-plane component in the velocity field encountered by wind turbines. This
in-plane field creates a periodically changing aerodynamic setting for each of the turbine blades leading to a cyclic variation
of both aerodynamic and structural dynamic loads. Turbine elasticity does play an important role under these conditions as
cyclic variation of loading creates corresponding structural deformation patterns. Therefore, a methodology that includes
fluid/structure coupling is explored for yawed flow cases with a multibody system dynamics (MSD) used for solving the
structural dynamics. Fluid/structure interfaces are developed for both of the aerodynamic modeling approaches that allow
modeling of discrete blades, that is, HELIOS and UWAKE. A brief description of both the multibody solver and the
fluid/structure interface development is given here.

3.5.1. Multibody solver.
The proposed MSD analysis is based on MBDyn, a free general-purpose multibody solver developed at the Politecnico

di Milano.41–43

It solves initial value problems (IVP) related to generic multiphysics models, biased toward rotary wing aeroelasticity.
The structural analysis consists in writing Newton-Euler equations of motion of a set of rigid bodies,

M.x/Px D q (13a)

Pq D f .x, Px, t/, (13b)

connected by deformable elements and kinematic constraints. The kinematic variables x include rotation parameters. The
equations of motion consist in force and moment equilibrium of each body as functions of the momentum and momenta
moment variables g.

Deformable elements, for example, geometrically exact, nonlinear finite element-like beams44 are used for the structural
modeling of the blades. Kinematic constraints, like those used to model the blade pitch mechanism and the rotation imposed
to the hub, are explicitly added to the problem as algebraic relationships between the Cartesian coordinates x of the bodies,
	.x, t/ D 0. The constraints are enforced using Lagrange’s multipliers �. The resulting differential-algebraic equations,

M.x/Px D q (14a)

PqC 	T
=x� D f .x, Px, t/ (14b)

	.x, t/ D 0, (14c)

are integrated in time using implicit multistep integration schemes.45

Arbitrary rotations are dealt with using an incremental approach. The orientation of each body at a given time step
is described using its orientation Rk. The incremental orientation between two time steps is Rk�1,k, such that Rk D

Rk�1Rk�1,k. Since the problem is solved using a predictor-corrector scheme, the incremental orientation Rk�1,k is decom-
posed as Rk�1,k D R.0/R�, where R.0/ is the predicted increment of orientation, which remains constant during the
subsequent correction phase of the numerical solution, whereas R� is unknown. The operator R� is described in terms of
the Cayley-Gibbs-Rodrigues parameters,

R� D IC
4

4C g � g

�
g �C

1

2
g � g�

�
, (15)

a very efficient parametrization that does not use trigonometric operations.46 As a consequence, the orientation increment
is small with respect not only to the rotation that results in a singularity of the parametrization, � , but also to the order of
the integration scheme, kgk D o .�tn/, thus allowing significant simplifications in the formulation of the Jacobian matrix
of the problem.

The solver has been recently applied to wind turbine aeroelastic analysis, using blade element model aerodynamics
using either the built-in formulation41 or NREL’s AeroDyn routines.47 The fluid structure interface presented here is an
extension of the methodology originally developed and presented by the authors.48

3.5.2. Fluid/structure interface.
The aerodynamic and MSD analyses are coupled using communication primitives provided by MBDyn. A generic

external force element allows for communication of the kinematics of a set of finite element nodes, essentially the position
and orientation contained in x and the corresponding linear and angular velocities contained in Px, to the peer analysis, the
CFD in this case. The orientation of the nodes can be expressed in a choice of parametrizations, to ease their use in the



peer solver. The kinematics can be transmitted either in the absolute reference frame or in the relative frame of a reference
node; in the latter case, the absolute kinematics of the reference node are transmitted as well.

In principle, the coupling can be performed at the iteration level, so that the two analyses simultaneously and cooper-
atively converge to a fully-coupled solution at each time step, as carried out for example in.42 The MSD solver sends the
predicted kinematics; based on that, the CFD solver computes the aerodynamic loads and sends them back to the MSD
solver; the latter performs one iteration applying the aerodynamic loads received from the CFD, updates the kinematics and
sends them back to the CFD solver. The process is repeated until the CFD solver considers the flow solution converged.
From this point on, the MSD solver iterates keeping the aerodynamic loads constant until convergence. The process is
repeated for the following time step.

Given the relatively short time step required for accuracy by the CFD analysis, corresponding to 0.25ı, only one
exchange is actually required for each time step, as the predicted kinematics result in smooth aerodynamic load changes
that allow the structural solution to converge very quickly without appreciable correction to the kinematics.

4. RESULTS

The first objective is to validate the aerodynamic loads prediction of the three methods UWAKE, FLOWYO (RANS),
and HELIOS (RANS) versus the NREL Phase VI experimental data. Calculations are performed on the NREL Phase VI
rotor from 5–20 m s�1 wind speeds. The NREL data are shown with +/- one standard deviation for all measurements,
which indicate the variation over one revolution of the blade. For uniform axial inflow, the aerodynamic power, thrust and
spanloads are compared for each of the CFD methodologies. The suction surface streamlines simulated by HELIOS are also
provided. All of the methodologies are then used for computation of the wake of the NREL turbine to 20 R downstream,
including a comparison of FLOWYO with RANS/LES. For yawed inflow, the power, root bending moments, and sectional
aerodynamic loading are shown for UWAKE and HELIOS (RANS).

4.1. National Renewable Energy Laboratory Phase VI axial flow results

4.1.1. Power and thrust curves.
Power and thrust predictions are shown in Figure 7(a) and (b) along with the NREL experimental data. For the power

curve predictions, each of the methods are within 5% of the experimental data and within the experimental error bars up
to 9 m s�1, but after this the results differ. After approximately 9 m s�1, the NREL turbine enters the stall portion of the
power curve, and there are larger errors with the free-vortex and actuator disc approaches. While the reduced performance
of these methods is well known once stall is initiated due to their dependence on 2D airfoil data, recommendations from
Breton et al.,27 as well as the findings of Tangler49 and Sørensen4 are used to achieve more acceptable results, especially
for the free-vortex method. They showed that stall delay was significant over the inboard 80% span of the blade, while at
the tip, there was a reduction in lift. Therefore, the stall-delay model is applied over only the inboard portion of the blade,
and it is also ensured that the drag increases along with the lift coefficient. While out of the scope of the current work,
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Figure 7. (a) Power and (b) thrust curve for UWAKE, FLOWYO (RANS), and HELIOS (RANS) versus National Renewable Energy
Laboratory experimental data.



we concur with available literature that the development of correction methods be revisited. The thrust comparison of the
UWAKE and FLOWYO codes with the NREL data also shows the same trends as the power.

HELIOS predictions prove the most accurate, especially in the stalled portion of the power curve. Power predictions
with HELIOS are within the experimental error bars throughout the entire range of wind speeds, but there is a slight
over-prediction of power at the initiation of stall. HELIOS does not include a transition model and instead models the
flow over the blade as entirely turbulent. It is evident that including a transition model in HELIOS would further improve
predictions near stall transition. The thrust is over-predicted by HELIOS between 6 and 10 m s�1 but then falls very near
the data at the higher wind speeds.

4.1.2. Spanload distributions and suction surface streamlines.
The spanload distributions of the normal force coefficient, Cn, and the tangential force coefficient, Ct, are then compared

for each of the methods in relation to the NREL data. The normal coefficient and tangential coefficients at 7 m s�1 can
be seen in Figure 8(a) and (b), and the results at 10 m s�1 are shown in Figure 9(a) and (b). The UWAKE and FLOWYO
spanloads are first discussed, and then the HELIOS spanloads are described together with the surface streamlines.

Considering the Cn produced by FLOWYO and UWAKE at 7 m s�1, good agreement between predictions and experi-
mental data is shown, especially at the middle regions of the blade. It should be mentioned again that FLOWYO includes the
Prandtl root and tip loss models30 to compensate for the lack of distinct root and tip vortices generated by the actuator disc.
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Figure 8. Spanload distributions of (a) normal force coefficient, Cn, and (b) tangential force coefficient, Ct, versus National Renewable
Energy Laboratory experimental data at wind speed of 7 m s�1.
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Figure 9. Spanload distributions of (a) normal force coefficient, Cn, and (b) tangential force coefficient, Ct, versus National Renewable
Energy Laboratory experimental data at wind speed of 10 m s�1.



Figure 10. HELIOS suction surface streamlines for Phase VI blade at (a) 7, (b) 10, (c) 12, and (d) 15m s�1.

UWAKE on the other hand models the tip and root vortex, and the results near the tip are compatible between FLOWYO
with the tip loss and UWAKE without. There is also close comparison of predicted and measured Ct for FLOWYO and
UWAKE at 7 m s�1.

Moving to the 10 m s�1 cases, both UWAKE and FLOWYO significantly underpredict the inboard Cn at 10 m s�1.
This is the targeted region for the stall-delay model, which highlights the difficulty of accurately using this type of stall
correction with blade element model prediction tools. There is a significant downturn in the experimental Cn near the 47%
radial span location. This downturn is a result of the declining stall-delay outboard of this location. Tangler49 explains
that a decline of the delayed stall Cn in the spanwise direction leads to strong trailing vorticity near the 47% radial span.
He also mentions that this trailing vorticity is the continuation of a standing, spanwise vortex, which lies on the suction
surface. For the tangential force coefficient, UWAKE and FLOWYO with the stall-delay model actually show reasonable
prediction of the stall delay near the root and also shows a large drop in Ct near the midspan, but the magnitude of the drop
is not as severe as in the measurements. FLOWYO has difficulties near the tip region for both the Cn and the Ct, as both
are overpredicted. The tip loss model in FLOWYO attempts to reproduce the dropoff in load that is produced by the tip
vortex, but it appears that the application of the model may not extend far enough inboard as there is still overprediction of
the loads in the 80 � 95% span region.

HELIOS gives a more complete picture of the spanloads predictions as the numerical Cn and Ct spanloads can be viewed
in combination with the surface streamlines as shown in Figure 10. HELIOS is able to very accurately capture the Cn at 7
and 10 m s�1. The surface streamlines show that while at 7m s�1, the flow is attached over nearly the entire blade, there is
significant separation occurring at 10 m s�1. The Cn at the inboard region of the blade predicted by HELIOS at 10 m s�1 is
especially impressive compared with UWAKE and FLOWYO. HELIOS also slightly overpredicts the Ct curve at 7 m s�1

and is not able to capture the large drop of Ct at the mid-span of the blade at 10 m s�1. The streamlines at 10 m s�1 show
no evidence of the standing spanwise vortex. The overprediction of power for HELIOS at 10 m s�1 is due to this difference
in Ct at the mid-span, as the blade is more stalled than HELIOS is predicting. It is evident from the spanload results at
10 m s�1 that while HELIOS does show some discrepancies with the experimental data, it is able to capture stall effects
that are not successfully resolved by the other approaches. Including a transition model in HELIOS for future calculations
should allow for improved prediction of both Cn and Ct at wind speeds near stall transition compared with the other models.

The predicted suction surface streamlines are also compared with those produced by the simulations of several other
authors.4, 6, 7, 10 First, at 7 m s�1, the extent of the root stall varies slightly, but in general, the results are quite consistent



between the each of the studies. The 10 m s�1 streamlines present a very different story between the different approaches.
Sørensen et al.4 provided the closest predictions to measurements, and they explain that when 10 m s�1 is reached, the
separation point is abruptly moved to the leading edge near the 47% radial span location. It is also explained that at 10 m s�1,
the flow instabilities are large as massive stall is starting to occur. As the wind speed continues to increase to 12 m s�1,
HELIOS shows a leading edge separation point near the 63% span location and at 15 m s�1 shows stall over most of the
blade. Although not shown, the NREL Ct experimental data at 13 m s�1 shows clear evidence of leading edge separation
at the 63% span location, while the 80% station remains un-stalled. Then at 15 m s�1, the data show leading edge stall
extending to the 80% station. HELIOS appears to go from underpredicting the stall at 10 m s�1 to slightly overpredicting
the stall in the range of wind speeds from 12 to 15 m s�1. HELIOS also slightly underpredicts the power in this range of
wind speeds, which reflects the overprediction of stall. At even higher wind speeds, the stall area is spread over a larger
portion of the blade and in general the modeling results agree more closely to each other and to measurements. The main
area of discrepancy at higher wind speeds occurs in the area of the tip once the region has stalled.

4.1.3. Wake wind speed deficits.
Longer simulations were performed with each model to capture the downstream wind speed deficits back to 20 R in the

wake at 5 and 10 m s�1 wind speeds (the tip speed ratios, �, are � D 7.59 at 5 m s�1 and � D 3.79 at 10 m s�1). These
wind speeds are chosen mainly because of the large variation in thrust coefficient, which caused significant differences in
the development and breakdown of the downstream wake. For each wind speed, the power and thrust coefficients are first
given, and then the wake velocities and flow visualization are compared for each of the three CFD solvers.

The power coefficient, CP, and thrust coefficient, CT , predicted from each of the methods are shown in Table II. Also
shown is the NREL experimental data at 10 m s�1 plus or minus one standard deviation, which indicates the variation over
one revolution of the blade. For both wind speeds, HELIOS predicts larger CT values than the other two methods, which
corresponds with larger wake deficits.

Figure 11 shows the comparisons of the wind speed deficits back to 20 R at a hub-height plane from each of the three
methods. Each method produces a unique wind speed profile on the basis of the aerodynamic details that are captured at
the turbine and the method for modeling the diffusion.

Figure 12 shows the wind speed deficits in the wake along a line from 3 R forward of the turbine to 20 R downstream
of the turbine at a horizontal location of half the blade radius. Considering Figures 11 and 12 together, UWAKE predicts
a maximum wind speed deficit of 67% of the freestream velocity at approximately 4 R downstream for the 5 m s�1 case
and a maximum deficit of 81% of the freestream wind speed at 7 R for the 10 m s�1 case. The maximum deficit results
compare favorably with 1D momentum theory, reaching approximately twice the induced velocity at the rotor. At 5 m s�1,
the average velocity at the rotor is 84% of the freestream, and at 10 m s�1, the average induced velocity is 92% of the
freestream. The decrease in velocity relative to the freestream for the 5 m s�1 case is consistent with the larger CT of 0.49,
versus 0.34 for the 10 m s�1 case. With a larger CT , the wake deficits will be larger and the wake should break down at a
faster rate, which is also consistent with the UWAKE results.

Once again comparing Figures 11 and 12, FLOWYO with LES predicts a maximum wind speed deficit of 70% of the
freestream near 3 R for the 5 m s�1 case and a maximum deficit of 83% of the freestream wind speed at 6 R for the
10 m s�1 case. The maximum wind speed deficits are similar between FLOWYO and UWAKE, which is consistent with
the closeness of the predicted turbine CT for these models. There is very little diffusion of the wake when using RANS,
whereas the wake profile is becoming more Gaussian like when using LES. The diffusion of the downstream wake is also
similar between UWAKE and FLOWYO using LES. Specifically for the RANS simulations with FLOWYO, it does not
appear that there is enough turbulent eddy-viscosity produced solely by the actuator disc to allow the wake to diffuse at
similar levels to UWAKE or FLOWYO with LES.

This result begs the question of whether the actuator disc by itself is producing the appropriate vorticity levels and
providing a good enough approximation for the structure of the wake. The actuator disc method lacks the distinct tip and

Table II. Power and thrust coefficients for National Renewable
Energy Laboratory Phase VI turbine wake study.

Code/data Wind speed Œm s�1� CP [-] CT [-]

UWAKE 5 0.33 0.49
FLOWYO 5 0.34 0.50
HELIOS 5 0.37 0.54
NREL data 10 0.21˙ 0.01 0.35˙ 0.01
UWAKE 10 0.22 0.34
FLOWYO 10 0.22 0.33
HELIOS 10 0.22 0.39



Figure 11. Normalized wind deficits at 5 and 10 m s�1 for (a) UWAKE, (b) HELIOS (DES), and (c)–(d) FLOWYO (LES,RANS) at 5 R,
10 R, 15 R, and 20 R downstream of the turbine.
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Figure 12. Normalized wind deficits along a line from 3 R forward to 20 R downstream of the turbine at a horizontal location of half
the blade radius at (a) 5 and (b) 10 m s�1 for each method.

root vortices and the maximum vorticity levels produced at the tip and root are approximately one-tenth of that produced
in the full rotor simulations at 10 m s�1. The main reason for the reduced vorticity at the tip and root is likely the coarser
grid resolution in the actuator disc method compared with the full rotor method. The lack of diffusion for the FLOWYO
RANS simulations compared with the LES is conjectured to be a result of the dependence of eddy-viscosity production on
vorticity in the S–A turbulence model.

Finally, HELIOS with DES predicts a peak wind speed deficit of 58% of the freestream at 4 R downstream at 5 m s�1 and
65% of the freestream at 9 R for the 10 m s�1 case. The greater wind velocity deficits are consistent with the HELIOS CT

predictions that are larger than the other models. The modified DES version of the S–A model38 is used in this simulation
due to the issues found with using the standard S–A model with FLOWYO. The velocity and vorticity distributions in the
wake produced by HELIOS create a more detailed description of the wake structure, as shown in Figure 13. Furthermore, in
the HELIOS calculations, the more discrete and concentrated nature of the vortex structures cause the wake to destabilize



Figure 13. Visualization of the HELIOS wake. Top figures (a) and (b) show HELIOS vorticity iso-contours (w=3.0 s�1/ overlaid with
velocity contours back to 20 R in the wake for the 5 and 10 m s�1 solutions, respectively. The middle figure (c) shows how the
adaptive meshing refines the grid surrounding the tip and root vortex. The tip and root vortices are shown with vorticity iso-surfaces
(w=30 s�1/. Finally, horizontal slices of the wake velocity magnitude back to 20 R at 5 and 10 m s�1 are shown in figures (d) and (e),

respectively.

near 15 R downstream for the 5 m s�1 case and near 20 R for the 10 m s�1 case. The wake is observed to maintain a helical
structure at 10 m s�1, while at 5 m s�1, the tip vortices merge and develop into a vortex tube.

4.2. National Renewable Energy Laboratory Phase VI yawed flow results

Yawed flow conditions (up to 60ı) are simulated with full fluid structure coupling utilizing both of the aerodynamic pre-
diction methods that allow modeling of discrete blades, namely HELIOS and UWAKE. In the results that follow, results
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Figure 14. Power prediction based on low-speed shaft torque for different yaw error configurations.

using HELIOS and MBDyn coupling are denoted as HELIOS/MBDyn and results using UWAKE and MBDyn coupling
are denoted as UWAKE/MBDyn. Structural dynamic and aerodynamic loading are plotted with fraction of rotor revolution
as the x-axis coordinate. The starting reference for the rotor revolution (i.e., the zero azimuth coordinate) is when the blade
is radially aligned with the tower and at its top most vertical location.

4.2.1. Power curves.
The wind turbine blade encounters a periodically changing aerodynamic setting at yawed inflow conditions. The result-

ing angle of attack can cause the blade sections to move in and out of stall regions. Therefore, it is possible that the
power predictions reach a maximum at a non-zero yaw error conditions, especially at high wind speeds. Power results
for yawed inflow at two representative wind speeds of 10 m s�1 (stall onset) and 15 m s�1 (post-stall) are presented
here. Figure 14(a) shows the power variation at 10 m s�1. Measured power reaches a maximum very close to zero yaw
error at these conditions and continuously decreases as the yaw error increases. Both the analyses predict these trends
quite accurately. UWAKE/MBDyn predictions have closer agreement with measured data at smaller yaw error angles.
HELIOS/MBDyn predictions tends to over predict power at smaller yaw angles. At 15 m s�1 (shown in Figure 14(b)), the
maximum power is obtained at a yaw error of 30ı. Again, the analyses and measurements show good qualitative agreement
of the trends. UWAKE/MBDyn predictions appears to show close agreement with the measurement even in this case while
HELIOS/MBDyn predictions show a similar overprediction trend as that observed at 10 m s�1.

4.2.2. Root bending moments.
Figures 15 and 16 show the flapwise bending moment and edgewise moments at the root section of the blade at a yaw

angle of 30ı. The measured data waveform shows a low frequency (1/revolution) overlaid with a higher frequency (5/rev-
olution). Both of the analyses show reasonable predictions of the mean bending moment and amplitude and phase of the
low frequency variation (for both flap wise and edge wise moments and also at both wind speeds). The high frequency trends
are completely unresolved in UWAKE/MBDyn analyses while HELIOS/MBDyn appears to capture small high frequency
variations. As indicated by both Masarati48 and Gupta,12 even the estimated bending moment computed using measured
aerodynamic loading does not capture the high-frequency variations in flap bending moments. There are several hypotheses
for the origin of these high-frequency components, they are (a) blade structural mode excited by high frequency aerody-
namic loading caused by cyclic stall patterns, (b) blade hub motion excited by tower modes, and (c) variations caused by
gear-train mechanics. Of these, case (a) should be resolvable by the current analysis because full fluid/structure coupling is
performed. However, uncertainties do exist in the blade structural properties,48 which make matching the blade frequencies
and mode shapes difficult. Case (b) was investigated in the same work48 by including structural and aerodynamic models
of the tower. However, no remarkable improvement could be obtained. Further refinement of structural property data and
inclusion of multi-body dynamics to the gear-train mechanics are expected to show improvement in the predictions.

4.2.3. Sectional aerodynamic loading.
Integrated quantities such as flapwise and edgewise bending moments often mask the variations in actual aerody-

namic loading. In Figures 17 and 18, the normal force and tangential force coefficients are shown for three span stations
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Figure 15. Flapwise bending moments at the root of the blade at 30ı yaw error configuration.
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Figure 16. Edgewise bending moments at the root of the blade at 30ı yaw error configuration.

at a yaw angle of 30ı. Results for 10 m s�1 are shown in the left column, and results for 15 m s�1 are shown on
the right column. In general, HELIOS/MBDyn predictions show closer agreement with the measurements. The asym-
metric nature of the waveform is captured by the HELIOS/MBDyn analysis, while it remains largely unresolved in the
UWAKE/MBDyn predictions. HELIOS/MBDyn results show large overpredictions at the beginning and ending phases of
a rotor revolution, that is, at the high angle of attack regions and hence show larger mean values for both normal and tan-
gential force coefficients. This observation is consistent with the over prediction of power noted before. UWAKE/MBDyn
results show large disagreement with the nature of the waveform. However, there is good agreement in the prediction
of the mean sectional force, which is also consistent with improved agreement in the power variation with measured
data. The asymmetric nature of the waveform corresponding to the measured data is quite evident in all of the sec-
tional aerodynamic loading plots. In Figures 19(a) and (b), where sectional normal and tangential force coefficients (at
r=R D 0.63, V D 15m s�1, yaw D 30ı) are shown, we attempt to characterize the sources of this asymmetry. From
the point of view of a blade section (at constant pitch setting), the variation of incident velocity field (excluding axial
induction) is symmetric about 180ı azimuth, that is, angle of incidence encountered at one-eighth of a rotor revolution
will be exactly equal to that encountered at seven-eighths of a rotor revolution. Axial induction is weakly asymmet-
ric because the vortex wake is closer to the plane of the turbine at one location compared to the other. Further, the
asymmetry because of the vortex wake becomes weaker as one moves inboard. Dynamic stall is a second source of asym-
metry, which causes asymmetric separation and reattachment and is quite sensitive to the three-dimensional nature of
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Figure 17. Sectional normal force coefficient for 30ı yaw error condition where, left column : V=10 m s�1, right column :
V=15 m s�1.

the flow field. Presence of radial flow is the main driver for three dimensional asymmetry. At regions where the blade
rotation is toward the wind direction (termed as advancing side), the radial flow is directed from tip to root, while at
regions where blade rotation is away from the wind direction (termed retreating side), the radial flow directed from root
to tip.

The angle of attack obtained from the UWAKE analysis is shown in both Figures 19(a) and (b). Note that this angle
of attack variation does include the effect of axial induction. It is apparent that the variation is quite symmetric. As
a consequence, the aerodynamic coefficient variation computed by UWAKE is also symmetric—because UWAKE is a
blade-element momentum-based method that uses sectional angle of attack as the basis for aerodynamic loading. Also note
the strong stall patterns in the predicted aerodynamic loading corresponding to angle of attacks greater than 15ı. Both mea-
sured data and HELIOS predictions show strongly asymmetric behavior. This shows the more complex three-dimensional
nature of the flow field, that is, the presence of radial flow affects stall behavior. On the retreating side, significant stall
characterized by loss of aerodynamic loading is observed (especially in HELIOS results), while on the advancing side
aerodynamic loading tends to increase even in post-stall angle of attacks. The measured data shows similar trends, but the
losses on the retreating side are not as dramatic as those produced by HELIOS.
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Figure 18. Sectional tangential force coefficient for 30ı yaw error condition where, left column : V=10 m s�1, right column :
V=15 m s�1.
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Figure 19. Sectional normal force coefficient, Cn, and tangential force coefficient, Ct , variations at r=R D 0.63 station for V=15 m s�1

and yaw error of 30ı.



5. CONCLUSIONS

A detailed performance assessment of the NREL Phase VI turbine was completed with three incrementally complex
methodologies, namely UWAKE (free-vortex wake method), FLOWYO (actuator disc CFD), and HELIOS (full rotor
CFD). It is observed that the performance at pre-stalled conditions can be predicted quite accurately using low-complexity
blade element model type methods (UWAKE/FLOWYO), and it also encouraging to note that the higher complexity model
still retains the same level of accuracy as blade element model codes. The transition regime is not well predicted by any
methodology, but HELIOS shows excellent results once stall spreads along the blade at the higher wind speeds. The adap-
tive meshing technique in HELIOS proved to be beneficial for resolving the far wake but showed no remarkable benefits for
the performance prediction, which required only the near wake (less than a radius length from the turbine) to be resolved.
Three-dimensional effects shown in the post-stall results for HELIOS need to be further analyzed to develop correction
schemes for the two-dimensional airfoil data that are utilized by the other methods. Studies of performance, aerodynamic,
and structural dynamic loading under yawed flow condition led to two primary observations; (a) the free-vortex wake
method (UWAKE) is as reliable as the full rotor method (HELIOS) in providing accurate prediction of integrated quanti-
ties (power and root bending moment) and (b) the full rotor method is more accurate in capturing detailed wave forms of
sectional aerodynamic loading as it provides improved representation of the flow physics associated with radial flow and
wake dynamics.

Studies of the wind turbine wakes in uniform inflow showed that the full rotor method produced the largest wind deficits
and slowest dissipation rate for the far wake. The larger wind deficits predicted by HELIOS were consistent with a larger
thrust coefficient at the turbine. The differences between each of the methods emphasizes the need of further detailed
studies that can be augmented with experimental validation. The definition of the vortex core growth or viscous diffusion
based on the vortex circulation in UWAKE performed adequately to produce a slowly developing Gaussian profile for the
wake. An area of further work is to determine whether the core growth model can be appropriately modified when using
turbulent inflow in conjunction with UWAKE. The computational times for this model are significantly faster that RANS,
LES and DES and continuing to develop a physically reasonable viscous diffusion model could make this approach highly
valuable for large scale wind farm studies using only limited computational resources. FLOWYO showed a different wake
result between the RANS simulation and LES, with the LES producing a more realistically diffusing wake profile. Future
studies will look at different levels of atmospheric turbulence and how it effects the diffusion of the wake with the actuator
disc method.

For HELIOS, the strong and discrete vortex structures existed for up to 15 R in the wake and then destabilized. The
downstream location of destabilization is observed to depend on the tip speed ratio and the thrust coefficient. It is worth
noting that the AMR capability in HELIOS is the enabling technology for conducting tractable high resolution simulations
demonstrated in this work. Without AMR and a coarser mesh system in the far wake, the numerical dissipation will over-
whelm the physical diffusion rate and spread the wake at a much faster rate. On the other hand performing a simulation with
a uniformly refined mesh system will required large amount of computational time and hence will become intractable. The
present work clearly demonstrates the superior capabilities of the high resolution simulations in predicting the performance
and resolving the details in the vortex wake, paving the way for future efforts to systematically analyze and understand the
characteristics of the vortex wakes in wind farms.
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