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1 | INTRODUCTION

Steven Parkinson

2 | Thorsten Lutz'

Abstract

Wind turbines often have lower performance and experience higher loading in real opera-
tion compatred to the original design performance. The reasons stem from the influences
of complex atmosphetic turbulence, blade contamination, surface imperfection and airfoil-
shape changes. Engineering models used for designing wind turbines are limited to
information derived from blade sectional datasets, while details on the three-dimensional
blade characteristics are not captured. In these studies, a dedicated strategy to improve
the prediction accuracy of engineering model calculations will be presented. The main aim
is to present an elaborated effort to obtain a better estimate of the turbine loads in real-
istic operating conditions. The present studies are carried out by carefully utilizing data
from high fidelity Computational Fluid Dynamics (CFD) computations into Blade Ele-
ment Momentum (BEM) and Vortexline methods. The results are in a good agreement
with detailed field measurement data of a 2.3 MW tutbine. The studies are further extended
to a large turbine having a rated power of 10 MW to provide an overview of its suitabil-
ity for large turbines. Finally, calculations of the wind turbine under a realistic IEC design
load case are demonstrated. The studies highlight important considerations for engineering
modeling using BEM and Vortexline methods.

robust and reliable in most flow situations within its limit. The

The aerodynamics of a wind turbine rotor is highly com-
plex and it has become the subject of interest for many
decades. Understanding the physics of this phenomenon is of
importance to enable an accurate estimation of the wind tur-
bine loads, having a ditect implication to an improved wind
turbine design strategy. The complexity results from interac-
tions between the inflow conditions such as wind shear, yaw
and turbulence with the highly three-dimensional flow on the
rotor blade, and this provides a direct challenge to the rotor
design [1].

Various modeling strategies have been developed through-
out the years. These include the simplest of hands calculations
to sophisticated numerical approaches. Among the modeling
approaches, the Blade Element Momentum (BEM) theory is
considered as the state-of-the-art method in wind turbine design
especially in industry. This method is relatively simple, fast,

works of Betz [2] and Glauert [3-5] are believed to be the
basic foundation of all various available BEM methods. Prin-
cipally, BEM models the rotor as a rotating permeable disk
which extracts the energy from the flow. As a consequence,
forces are generated and depending on the modeling strategies,
these forces can be applied on the rotor area or at the local
blade segment. BEM usually relies on the defined sectional aero-
dynamic characteristics which can be obtained from the polar
data in forms of the tabulated lift (C;), drag (C}») and moment
(Cyy) coefficients.

Since BEM is inherently a pure low-dimensional approach, it
comes with many assumptions [1, 4-12] which are not always
valid in all conditions. One of the example is the missing
three-dimensional effects in BEM modeling. These effects are
prominent in the area where the local flow gradients are large,
especially in the near blade tip and root areas. Despite that,
the physical mechanisms of the three-dimensional effects at
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these two distinct locations are inherently different. The effect
near the tip area is mainly caused by the assumption of the
infinite blade number in BEM, while in fact the number of
blades is limited. This causes flow field discrepancy and the
angle of attack seen by the blade section is altered. As a con-
sequence, the access to the look up table of the polar data
in the near tip area needs to be adjusted to account for this
effect. Several tip loss models are available and can be used to
correct the loads acting at this region, for example, by using
the Prandtl tip loss model [13] or Shen model [14]. As an
alternative to BEM, the higher fidelity Vortexline method is
proven beneficial for modeling the tip loss effect. The solutions
of the Vortexline method is based mainly on the induc-
tion calculations employing the Biot-Savaart law. The method
does not require any empirical correction model near the tip
because the three-dimensional interactions ate considered in the
analyses.

The effect in the root area is more complex because it
involves nonlinear interactions of the separated flow at high
angle of attack and three-dimensionality of the flow itself.
This difficulty remains true both for BEM and Vortexline
based computations. Himmelskamp [15] was the first to dis-
cover the characteristics by evaluating the sectional aerodynamic
forces of a rotating propeller and comparing the data with
two-dimensional measurements. Under the influence of this
effect (also commonly referred as the rotational augmentation),
the sectional lift coefficient in the blade root is significantly
higher than the two-dimensional (2D) conditions [16]. Tra-
ditionally, this effect is thought to be trelevant only for old
turbines having stall controlled mechanisms. Bangga et al. [10,
17] demonstrated that the effect is still very strong for large wind
turbines because flow separation is even more pronounced for
the employed thick airfoils. Empitical correction models such
as those from Lindenburg [18], Bak et al. [19], Chaviaropou-
los and Hansen [20] or Du & Selig [21] may be applied to
model the rotational augmentation effect in the blade root
area. Despite that, these correction models were developed
long time ago for small wind turbine sizes. Calibration of the
constants is rarely documented when the turbine size changes
over the time. Empirical correction models often fail to deliver
good prediction accuracy under such condition due to the
complexity of the flow physics. Furthermore, there is no guar-
antee that the model works as expected for challenging flow
conditions.

This three-dimensional effect becomes more difficult to pre-
dict when the turbine is operating under strong unsteadiness
due to dynamic stall or atmospheric turbulence. Computational
Fluid Dynamics (CFD) approaches offer an improved accu-
racy in modeling the three-dimensional flow in the root area
of wind turbine blades [16]. The method has been proven
to be reliable even under complex flow conditions in numer-
ous studies [16, 22-27]. Despite that, it is well known that
CFD is not suitable for computing all load cases due to
its high computational cost. A question then arrives if one
will be able to utilize partial data from CFD simulations
and to incorporate the results into engineering model com-

putations to improve their accuracy for vatious design load
cases.

A proposal was made to replace the polar data of engineer-
ing model calculations with the polar data obtained from CFD
simulations [1, 28]. This was done to incorporate partial inclu-
sion of the three-dimensional effect into engineering model
based simulations. Bangga [28] demonstrated that the polar data
extracted from 3D CFD simulations was able to be adopted
into BEM calculations, and the computed loads using BEM
matched the loads obtained from CFD computations. A similar
study was done by Schneider et al. [29] who evaluated differ-
ent angle of attack extraction methods and by Guma et al. [30]
for a relatively small wind turbine size. However, all these stud-
ies [28-30] were limited to steady flow conditions that match
the situation in which the polar data was generated from. Fur-
ther elaboration was done by Bangga and Lutz [1] who took
the influence of the turbulent flow into account. Thy demon-
strated that the proposal can be adopted for cases involving
turbulent flows. However, this study was only limited to medium
size wind turbine. Further studies are required to investigate
the suitability of the 3D CFD polar for large wind turbines in
complex conditions. Moreovet, a consideration of the realistic
inflow situation according to IEC (international electrotechni-
cal commission) is required to assess the effects of the polar
data against standardized turbine design conditions. The present
paper is aimed at investigating the feasibility of incorporating
the 3D CFD data into engineering model computations for
wind turbines with different rotor sizes. Various flow condi-
tions will be considered to enable comprehensive evaluations
and to be able to verify the suitability of the approach. The
results will be compared against high fidelity CFD computa-
tions and experimental data. Discussions will be provided in
detail in terms of the resulting loads and the associated physical
effects. The studies shall provide suggestions in the usage of the
high fidelity data into engineering model simulations and will
highlight possible improvements in future engineering model
developments.

The present paper is structured as follows. Section 2 presents
the investigated turbine, calculation methods and the process
chain of the simulation strategy. The results are discussed in
Section 3 and conclusion is given in Section 4.

2 | RESEARCH METHODOLOGY
2.1 | Studied wind turbine
2.1.1 | The 2.3 MW NM-80 turbine

The 2.3 MW NM-80 wind turbine measured within the frame-
work of the DanAero project [31] was chosen as the first
investigated turbine in the present studies. Detailed field mea-
surement data is available for this tutbine blade and accessible
through a mutual collaborative work within the IEA Wind
Task 29 project (now Task 47) [32]. During the DanAero mea-
surement campaign, a number of innovative and coordinated
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FIGURE 1 DanAero measurement site and the
position of the turbine as well as the meteorology mast

[31]

FIGURE 2 Illustration of the DanAero turbine and
the installed machine on the site [31]

T—
0.1222 R 1] 10

FIGURE 4 Ilustration of the Chimera mesh topology for simulating
wind turbines in FLOWer

measurements on two full scale MW turbines as well as wind
tunnel measurements on various airfoil sections were carried
out. The project was aimed at investigating the relationships
x/c between atmospheric and wake turbulence on turbine perfor-

mance, loading and stability. The measurement was located in
FIGURE 3 lllustration of the AVATAR wind turbine blade and its local

a small wind farm at Tjaereborg as depicted in Figure 1. In the
airfoil sections having a rotor radius of 102.9 m [16] J & p g
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FIGURE 5

edge areas

Overview of the blade mesh near the leading edge and trailing

//?,c
3c

ustration of the monitoring positions for extracting the

FIGURE 6

sectional polar characteristics [16]

field measurement campaign, the aerodynamic loads in chord
normal and tangential directions at four blade stations were
recorded. These blade sectional loads were obtained by integrat-
ing the pressure distributions which were measured during the
campaign. The locations of the pressure sensors and the illus-
tration of the blade shape ate given in Figure 2. The studied
NM-80 turbine has a rotor diameter of 80 m, a tilt angle of 5°
and a prebend of 1.4 m at the blade tip.

2.1.2 | The 10 MW AVATAR turbine

The second turbine chosen for the investigation was the 10 MW
AVATAR turbine [33]. This turbine was designed based on the
DTU 10 MW reference wind turbine [34] by enlarging the rotor
size but keeping the rated power. A scaling factor of around
1.15 was applied. This directly yields in the smaller rated wind
speed for the AVATAR turbine. This also implies that the tur-
bine is operating at a smaller induction factor, reduced to below
1/3, resulting in 0.23 < 2 < 0.28 to capture more power from
lower wind speeds but reducing the loads. This design concept
is denoted as low induction rotor (LIR) concept. This results in
a slender blade design as illustrated in Figure 3. The AVATAR
turbine has a diameter as large as 205.8 m (a radius of 102.9 m).
The blade of the AVATAR turbine was tapered and twisted to
obtain appropriate acrodynamic loading,

2.2 | Code description

221 | FLOWer

The FLOWer code was adopted as the main workforce for per-
forming CFD simulations in the present studies. The code was
originally developed by the German Aerospace Center (DLR)
[35], but has undergone significant improvement in helicopter
and wind turbine simulation capabilities in the last decade at the
University of Stuttgart [36—39]. FLOWer is a compressible code
and solves the three-dimensional Navier-Stokes equations in an
integral form with several turbulence models available. For the
present studies, the Menter Shear Stress Transport (SST) model
[40] was chosen as this model was proven to be accurate for flow
with relatively large pressure gradient. For complex flow involv-
ing atmospheric turbulence, this turbulence model was coupled
to a large eddy simulation (LES) approach through the usage
of the hybrid high fidelity RANS/LES modeling, The delayed-
detached eddy simulation (DDES) was chosen for this modeling
strategy for an improved treatment of the gray area problem and
to avoid the occurrence of grid induced separation.

Block-structured grids were used to discretize the physical
problem into the numerical domain. The spatial discretization
applied a second order central discretisation with an artificial
damping according to Jameson-Schmidt-Turkel (JST) [41] to
obtain a second order or accuracy on smooth meshes. For
simulating inflow turbulence and for propetly resolving the
wind turbine wake, the 5th order weighted essentially non-
oscillatory scheme (WENO) [42] was used in the surrounding
area outside the boundary layer domain. Time integration was
done by an explicit multi-stage scheme adopting the dual
time stepping method as implicit scheme. The turbulence
model equations were solved separately from the main flow
equations using a full implicit time integration method. The
Message-Passing Interface (MPI) approach was adopted for the
parallel computations.

FLOWer adopts an overlapping (Chimera) grid strategy for
modeling wind turbine components. This mesh strategy simpli-
fies the grid generation because it can be done separately for
each turbine component while retaining the quality of the mesh.
Figures 4 and 5 illustrate the Chimera mesh strategy applied for
the 2.3 MW NM-80 turbine in the present studies.

For all simulations in the present paper, the boundary layer
was fully resolved. This means that the height of the first cell
layer was kept below y* < 1. For the rotor blade, the average y*
level is 0.778. This is necessary to resolve the laminar sub-layer
near the wall for the turbulent flow and since no wall function
was employed. The growth rate in the boundary layer regime
was kept 1.1. The blade mesh is one of the most important part
in wind turbine analyses using CFD. For this paper, a mesh of 9
million cells was applied to model the blade of the 2.3 MW tur-
bine blade and a mesh of 11 million cells was applied on the 10
MW turbine blade. Blade mesh convergence studies have been
done in advance to ensure the solutions are independent of the
mesh number [1, 17]. Depending on the type of the simulations,
the resolution of the other mesh components (e.g. background
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TABLE 1  Test cases considered for extracting the 3D CFD polar data
Turbine Uy, [m/s] n [rpm] @, [deg] a; [-] @ [deg] TIx [%] TIy [%] TI; [%] Models
2.3 MW NM-80 3-25 123 —=0.15 0 0 0 0 0 CFD
10 MW AVATAR 3-25 9.02 0 0 0 0 0 0 CFD
mesh) was adjusted. For example, the total number of mesh is F

NC

about 27 million cells for generating the steady state solutions
required for the polar data extraction (see Section 2.3). This
was done by modeling only one blade by applying a periodic
boundary condition. On the other hand, the simulations involv-
ing inflow turbulence and considering wake interaction amount
cells number of higher than 100 million. Transient CFD solu-
tions need to be obtained for this large cells number for every
single time step size of around 2 degrees of blade rotation per
physical step.

222 | Bladed

Bladed is an engineering tool used in numerous wind turbine
industries and in research environment. The code long his-
tory dates back to eatly 1990s at the consulting office at the
university by Dr. Andrew Garrad and Dr. Unsal Hassan to
date being one of the major software for wind turbine design
at DNV. Commercially the code uses the solutions of the
BEM equations to obtain the aerodynamic loads experienced
by the wind turbine. The code has been improved over the
time accommodating several latest development in the field, for
example, better handling of the polar gradient for dynamic stall
modeling, the inclusion of the structural velocity in induction
calculations, improved calculation speed and integrated wind
turbine aero-structural offshore platform analyses. Several pub-
lications documented verification studies of the Bladed code
performance [32, 43—50].

The engineering modeling in Bladed aerodynamics is based
on classical BEM theory where the axial and tangential Glauert
momentum equations are expressed in dimensional form
instead of non-dimensional factors. The dynamic submodels
such as the skew wake correction are represented in a full state
space forms which allow a direct integration of the aerody-
namic and structural states. These were made possible via the
Generalized-a integrator [51]. For the present studies, the time
step size for the fixed step integration was set to 0.02 s. The tip
loss effect was modeled by employing the Prandtl tip loss cot-
rection [13]. This modifies the induction by providing a “fade
out” function which scales the level of the mass flow along
the blade radius. Furthermore, Bladed solutions wete also cou-
pled with the high induction correction according to Glauert
[3-5] and with the state-of-the art Beddoes-Leishman dynamic
stall model [52]. The incompressible forms [53] of the equa-
tions were adopted in these studies incorporating the impulsive
lift and pitching moment contributions.

Next to the classical BEM model, a fully coupled free wake
lifting line (Vortexline) model can be used in Bladed. This

Parallel to rotor p[ané

Incoming wind

FIGURE 7

for the evaluations. /7, represents the normal force, perpendicular to the local

Definition of the sectional forces at the blade element used

chord line; /7; represents the tangential (chordwise) force, parallel to the local
chord line

model is currently available for internal purpose only and not
yet commercially released into the market. The basic theory
of the implementation strategy was described by Kloosterman
[54]. The following works documented the performance of the
Bladed Vortexline model [45, 46, 55, 56]. The code is run in
parallel and adopts vectorized implementation to accelerate the
running time. The Vortexline model in Bladed has been recently
improved for better convergence treatment and capabilities in
calculating the loads at the blade sections.

2.3 | Extraction of the 3D CFD polar data

In this paper, the data from the high fidelity CFD simula-
tions will be adopted into engineering model simulations for
an improved accuracy. It is agreed that engineering models like
BEM and Vortexline rely heavily upon the polar data. Therefore,
providing reliable polar datasets will be the key for achieving
accurate computations. The proposal for replacing the stan-
dard polar data, two-dimensional data corrected using empirical
models, with the higher fidelity 3D CFD data will be adopted
in the present studies. Despite that, it is not a trivial matter to
perform such a task because the flow field of a rotating wind
turbine blade is not directly accessible in the simulations. The
effective angle of attack is a key parameter that needs to be con-
sidered, which is influenced by the effects of bound circulation
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TABLE 2 Test cases considered for the 2.3 MW wind turbine computations

Case Uy [m/s] n [rpm] @, [deg] o [-] @ [deg] TIx [%] TIy [%] TI; [%] Models

Case A.1 9.792 16.2 —4.75 0.249 —6.02 0 0 0 CFD/BEM/Vortexline
Case A.2 9.792 16.2 —4.75 0.249 —6.02 5.16 3.612 2.58 CFD/BEM/Vortexline

0 90 180 270

0 |deg]

360

Fne R3 [N/m]

0 90 180 270

0 [deg]

360

-©- DanAero Exp
FLOWer CFD

-

FIGURE 8
(0.325R), R2 =19 m (0.475R), R3 = 30 m (0.75R), R4 = 37 m (0.925R)

and wake, including the shed- and trailing-vortices and induc-
tions. Thus, it cannot be obtained directly from the blade surface
pressure data.

The reduced axial velocity technique, also known as the
azimuthal averaging technique, according to Hansen et al. [57]
was used to extract the angle of attack and to obtain the sec-
tional polar data. As briefly mentioned in Section 2.2.1, only one

0 90 180 270

0 |deg]

360

0 90 180 270

0 [deg]

360

—— Bladed BEM - CFD Polar
—— Bladed BEM - Standard Polar

Azimuthal normal force comparison between BEM, CFD and measurement data for Case A.1. Four radial stations are reported: 1 = 13 m

blade was modeled in this extraction by adopting flow period-
icity. Steady state solutions were aimed and thus it accelerated
the computational time significantly compared to the transient
simulations in complex flow conditions. During the simulation,
the velocity was monitored at two axial locations upstream and
downstream of the rotor plane, covering an azimuth angles of
—60° to +60°, see Figure 6. The velocity components at the
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FIGURE 9  Azimuthal normal force comparison between Vortexline, CFD and measurement data for Case A.1. Four radial stations are reported: 1 = 13 m
(0.325R), R2 =19 m (0.475R), R3 = 30 m (0.75R), R4 = 37 m (0.925R)
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FIGURE 10 Angle of attack variation from Vortexline simulations and the associated input polar data in comparison with field measurement. The polar data
(in forms of C; and Cp) are transformed to chord normal direction (Cy) to conform with the measured values. Direction of the Cjy is inline with /5 in Figure 7
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(0.325R), R2 =19 m (0.475R), R3 = 30 m (0.75R), R4 = 37 m (0.925R)

rotor plane were obtained by averaging the velocity components
from these two monitoring positions, then the sectional polar
characteristics could be derived. To obtain the full set of the
polar data, simulations were performed by varying the incom-
ing wind speed at a constant rotational speed and a constant
pitch angle. For the present studies, the setup listed in Table 1
was used for the polar data extraction process by means of the
CFD simulations.

The extracted polar data includes all the three-dimensional
effects along the blade radius. For Vortexline simulations, the
three-dimensional effect in the near tip area should be removed
because it is included already in the basic of Vortexline calcula-
tions. There is no “switch” to turn the tip loss effect off for the
Vortexline based calculations. This is necessary to avoid having
the tip effect applied twice. To do so, the 3D polar data was

0 90 180 270 360
0 [deg]

0 90 180 270 360
6 [deg]

—— Bladed BEM - CFD Polar
—— Bladed BEM - Standard Polar

Azimuthal chordwise force comparison between BEM, CFD and measurement data for Case A.1. Four radial stations are reported: 1 = 13 m

applied only for the first 90% of the blade stations. The remain-
ing 10% was obtained from 2D CFD simulation of the local
blade section considering the Reynolds number at the rated tur-
bine operation. The combined 3D-2D CFD polar data can be
denoted as the “hybrid polar”.

2.4 | Inflow generation

The turbulent inflow was generated differently for CFD and
engineering model simulations. This is due to the fact that
CFD and engineering models have different assumptions
in reading the inflow data, for instance the assumption of

frozen tutbulence or the Taylor’s hypothesis in engineering
modeling,
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To impose the inflow turbulence in CFD, velocity fluctua-
tions (#') in three directions in space were injected at a desired

position upstream of the rotor plane using a momentum source
term [58]:

i

s = g (U4 34, 0
where the subscript # represents the normal component to the
turbulence plane. The turbulent fluctuations were superimposed
with the mean wind speed. This approach allows one to apply
turbulence closer to the rotor plane, minimizing the effect of

numerical dissipation when turbulence is propagated.
Specifically for a direct comparison of the timeseries align-
ment between engineering models and CFD, the turbulent

180 270

0 [deg]

180 270

0 |deg]

0 90 360

—— Bladed Vortexline - CFD Polar
—— Bladed Vortexline - Standard Polar

Azimuthal chordwise force comparison between Vortexline, CFD and measurement data for Case A.1. Four radial stations are reported: #1 = 13

inflow needs to be prepared in a specific manner. If this is the
intention, the artificially generated inflow turbulence (e.g. using
Kaimal or Mann models) cannot be directly used in engineering
model (unless only statistics or mean values will be compared).
This is due to the fact that turbulence is applied directly on the
rotor plane for engineering model while it is at a specified dis-
tance upstream of the rotor for CFD. Furthermore, turbulence
is frozen in engineering models. In contrast, turbulence prop-
agation is slowing down approaching the rotor in CFD since
the energy of the flow is extracted by the rotor. To account for
these effects, the turbulent inflow can be generated by extract-
ing the flow field from CFD simulations without rotor (Empty
Box simulation). The time shift can be calculated by quantifying
the timeseries correlation of the Empty Box data with an equal
simulation but with the rotor being present. The time shift is
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reported: R1 = 13 m (0.325R), B2 = 19 m (0.475R), R3 = 30 m (0.75R), R4 = 37 m (0.925R)

searched by varying 7 in the following formulation:
Ci(xn 2 T)

T
zl=fn |:”£,LMP§'<X’j’ 27 + T) : ”:,Rafor (X’J/’ 2 l):|

2 2
T
\/Zz=m [(”;,z;'wpzy(x’]’ Lt T)) ) (”:,Rw‘l/r‘(x’-)” e )) ]

>

)

where the optimal alighment is obtained by maximizing
C;;(x,, 2, T). The usage of this approach has been documented
and verified in [1, 59]. This method was applied on cases where
CFD data is available for comparing the timeseries in Sec-

tions 3.1 and 3.2. For modeling the flow data in Section 3.4,
the standard Kaimal turbulence generator was adopted instead.

3 | RESULTS AND DISCUSSION

The results of the present studies will be presented and dis-
cussed in this section. The analyses are divided into three
different categories: for the 2.3 MW turbine in Section 3.1, for
the 10 MW turbine in Section 3.2 and the simulations consid-
ering an IEC design load case in Section 3.4. The investigations
petformed in this paper are focused at the detailed local chat-
acteristics of the blade sections. Figure 7 illustrates the adopted
definition of the sectional forces at the blade element.
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FIGURE 14  Azimuthal chordwise force comparison between BEM, Vortexline, CFD and measurement data for Cases A.1 and A.2. Four radial stations are

reported: R1 = 13 m (0.325R), R2 = 19 m (0.475R), R3 = 30 m (0.75R), R4 = 37 m (0.925R)

3.1 | 2.3 MW wind turbine

Two different test cases were considered for this turbine as listed
in Table 2. Both tests have effectively the same turbine setup
and most flow conditions. They are exposed to a wind speed
Uy = 9.792 m/s, a rotational speed (#) of 16.2 rpm, a wind
shear exponent (a;) of 0.249, at a constant pitch angle (@) of
—4.75° and under a constant mean yaw misalignment (@) of
—6.02°. The main distinction between the two test cases lies
in the inclusion of the inflow turbulence with in all directions
for Case A.2, whereas the flow is inherently steady for Case
A.1. This inflow turbulence was generated based on the process
described in Section 2.4.

3.1.1 | The effects of polar data

This section highlights the importance of polar data for obtain-
ing accurate engineering model calculations. Two polar datasets
were considered. The first polar data is the “standard polar”
which was based on wind tunnel measurement of 4 aitfoils con-
structing the blade. This polar data was corrected to account
for the 3D effects using an empirical model according to Bak
et al. [19]. In contrast to the standard polar model, data from
the high fidelity CFD results was extracted and the sets of
the resulting aerodynamic polar were applied on the second
model “CFD polat”. The extraction process is desctibed in
Section 2.3. Furthermore, a fully resolved CFD simulation was
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also carried out for Case A.1 based on the setup given in Sec-
tion 2.2.1. All the results are compared with field measurement
data of the same turbine [31]. Note that it is not possible
to have zero turbulence in the field. Therefore, the measure-
ment data was averaged (binned) from azimuth (©) 0 to 360
degrees.

Figures 8 and 9 present the blade section normal force
(perpendicular to local chord orientation) characteristics over
the azimuth angle computed using CFD, BEM and Vortex-
line approaches. Four different radial stations (measured from
the center of rotation) are considered at 13 m (0.325R), 19 m
(0.475R),30 m (0.75R) and 37 m (0.925R). The grey shaded
area illustrates the standard deviation of the measured values
from the experiment. It can be seen that the BEM results
change depending on the employed polar data. The same trend

is observed for the Vortexline results. The standard polar data
fails to predict the amplitude of the force due to combined wind
shear and yaw misalignment effects, especially at R2 both for
the BEM and Vortexline based calculations. The trend of the
computed loads is even incorrect at this radial station when the
standard polar data is used. In contrast, the 3D extracted polar
data from high fidelity CFD simulation agrees very well with
the fully resolved CFD results and field measurement data. The
reason for this discrepancy especially at 2 can be explained
in Figure 10 where the local angle of attack (sampled from
Vortexline simulations) and the associated input polar data are
presented. It can be seen that the angle of attack at this blade
section is within 9° < a < 14°. The standard polar data shows
an indication of stall at this range, which is critical as this affects
the characteristics of the simulation results. In contrast, such
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behavior does not appear in the 3D CFD synthesized data as
well as the field measurement values.

A similar assessment is made for the blade section chordwise
loads in Figure 11 for BEM results and Figure 12 for Vortexline
results. All polar datasets seem to be able to reproduce the trend
of the chordwise loads fairly well, both for BEM and Vortex-
line computations. This shows that the discrepancies are mostly
originated from the lift forces of the blade sections, while drag
is of less concern. Note that the influence of drag is comparable
to lift for the blade chordwise force.

The analyses made for the blade section normal and chord-
wise loads confirm that the selection of the polar data is of
highly importance for loads analyses in engineering modeling.
The obtained finding indicates the high value of the 3D CFD
data for engineering model simulations since the adopted polar
data is able to be generalized to different cases - not only
bounded to the case where the polar data was extracted from.
In fact, the synthesized CFD polar data was obtained from

the steady state computations but is still valid for usage under
unsteady conditions.

3.1.2 | Impacts of inflow turbulence

The impacts of inflow turbulence on the loads will be discussed
in this section. The engineering model calculations were done by
adopting the 3D CFD polar data since this is proven to be more
accurate as highlighted in Section 3.1.1. A fully resolved CFD
simulation was carried out according to the conditions speci-
fied in Table 2 for Case A.2 with the numerical setup described
in Section 2.2.1. To provide a better overview about the turbu-
lence influence, results from Case A.1 are used for comparison.
All the results are compared with field measurement data of
the same turbine [31]. The inflow data for engineering model
calculations were obtained based on the method described in
Section 2.4. Since field measurement data of the inflow at a met-
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mast upstream of the turbine was available, key input parameters
such as the turbulence intensity and the shear exponent were
adjusted to match with the measurement data. This process was
documented in the final report of the IEA Wind Task 29 project
in [32].

Figures 13 and 14 depict the results comparison for the chord
normal and tangential forces, respectively. It can be seen that
the normal loads at R1 for cases incorporating inflow turbu-
lence agree fairly well to each other. The non turbulent cases
(BEM and Vortexline from Case A.1) show a slightly higher
load approaching the top side of the rotor, that is, when the
azimuth angle is close to the azimuth angle of 0° or 360°. For
the neighboring measured station at R2, it can be seen that the
similar behavior occurs. Furthermore, now the lowest variation
of the normal loads obtained from BEM results (from Case A.2)
are also smaller than the Vortexline and CFD results. However,
all computed results are still within the range of the measured
fluctuations. Note that the measurement was done much longer

than the simulations, and such that not all turbulent eddies were
simulated. This characteristic is further pronounced at a larger
blade station at R3. For the most outboard measurement station
at R4, there is an indication that the normal loads obtained from
CFD results are higher than most simulation results. The same
characteristics are observed for the tangential loads in Figure 14
for all blade stations. Despite all the described discrepancies, the
simulation results are generally in a very good agreement and the
trend of the loads is highly comparable.

To better evaluate the source of the discrepancies and to
enable future improvement potentials, the dynamics of the axial
induction factor (normalized by the the local undisturbed axial
velocity) is plotted in Figure 15. For these analyses, only engi-
neering model results are presented since the induced velocity
was not available from the CFD and experimental data.

It can be seen in Figure 15 that the axial induction factor (a)
varies greatly along the azimuth angle and shows large differ-
ences between modeling strategies, especially approaching the
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TABLE 3  Test cases considered for the 10 MW wind turbine computations

Case Uy [m/s] n [rpm] @, [deg] o [-] @ [deg] TIx [%] TIy [%] TI, [%] Models

Case B.1 4 6 0 0 0 0 0 0 CFD/BEM/Vortexline
Case B.2 5 6 0 0 0 0 0 0 CFD/BEM/Vortexline
Case B.3 6 6 0 0 0 0 0 0 CFD/BEM/Vortexline
Case B4 8 6.8738 0 0 0 0 0 0 CFD/BEM/Vortexline
Case C.1 8 6.8738 0 0 0 23 16.1 12.5 CFD/BEM/Vortexline

blade tip although the computed forces are highly compara-
ble. The axial induction factor for BEM results (both with and
without inflow turbulence) increases approaching the lower side
of the rotor at 180°. It becomes cleat that BEM results incot-
porating inflow turbulence are characterized with the largest
induction variations. This directly influences the angle of attack
and ultimately the blade loads. As a consequence, this effect
becomes responsible for the lower loads obtained from BEM
results with inflow turbulence in Figures 13 and 14.

The same characteristics as for BEM results are observed for
the Vortexline results without inflow turbulence in Figure 15,
that is, the axial induction factor increases approaching 8 =
180°. When turbulence is introduced into the simulations, it
can be seen that the induction dynamics changes and this effect
is only seen for the Vortexline simulations. This shows that
the influence of the inflow turbulence on the wake dynamics
is not captured by BEM based results. On a further note, the
axial induction factor is relatively high for the chosen test case
which also poses a challenge for BEM modeling under turbulent
wake state conditions. These observations highlight possible
improvements for future engineering model developments. This
effect might be related to the dynamic wake assumption of BEM
which smears out the local induction dynamics. Future work
to improve the sensitivity of BEM to local flow changes can
be done by using vortexline data as the reference for tuning or
devising a dynamic wake model.

3.1.3 | Timeseries alignment

As the turbulent inflow for Case A.2 was generated using
dedicated CFD extraction method with timeshift applied (see
Section 2.4), it becomes possible to directly compare the
timeseries obtained from engineering model and CFD sim-
ulations. The loads acting on chord normal and tangential
directions at four radial stations are plotted in Figures 16 and
17, respectively. For comparison, engineering model results
obtained from simulations employing the standard polar data
are also presented.

The normal loads timeseries in Figure 16 shows that the
alignment with the CFD data is slightly affected by the polar
data being used. This is actually interesting because the inflow
data for all engineering simulations is exactly the same. This
occurs in the blade inboard area whete the three-dimensional
effects are strong. For example, BEM and Vortexline results
with the standard polar data overestimate the other models

between 20 s and 55 s. The reaction of the local induction due
to changes in wind speed seems to be delayed as the rotor loads
balance the effects out. As for the cases employed with the 3D
CFD polar data, the alignment with the CFD results can be
improved. Note again that the 3D CFD polar data was gener-
ated under steady inflow conditions which was totally different
than the simulated turbulent flow case.

3.2 | 10 MW wind turbine

This section is dedicated for evaluating the simulation results of
the 10 MW turbine considered in the studies. Two groups of test
cases were evaluated, one under steady state condition and one
under turbulent inflow conditions. Details of the steady state
test cases (labeled B) and the turbulent test case (labeled C) are
given in Table 3. For the turbulent case, a high turbulence inten-
sity was defined to fully explore the influence of turbulence on
a large wind turbine rotor. The CFD simulations presented in
this section were submitted to the Vortex Loads project [45]
as the contribution of the University of Stuttgart. Engineer-
ing model simulations were computed by utilizing BEM and
Vortexline approaches by adopting standard polar data and the
synthesized 3D CFD polar data described in Section 2.3. The
standard polar was obtained from two-dimensional CFD simu-
lations of 8 different blade stations constructing the blade from
Bangga et al. [16, 17]. These two-dimensional polar data was
corrected to account for three-dimensional effects by adopting
the correction model according to Chaviaropoulos and Hansen
[20].

3.2.1 | Steady state case

The results of the steady state cases for the blade section not-
mal and tangential (perpendicular and parallel to the local chord
orientation, respectively) forces are depicted in Figures 18 and
19, respectively. It becomes obvious that the results of engineer-
ing model calculations are improved when the 3D CFD polar
data was adopted. This occurs especially in the root area where
the three-dimensional effects cannot be neglected. These char-
acteristics become more pronounced for large wind turbines
because the airfoil thickness is large, which is prone to flow
separation.

Bangga et al. [16, 17] demonstrated how the flow field being
altered significantly when three-dimensional effects are consid-
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ered, as illustrated cleatly in Figure 20. The three-dimensional
influences in the root area are associated with the Himmel-
skamp effects due to the centrifugal pumping and the Coriolis
acceleration. These induce boundary layer thinning and flow
field stabilization and in return yield delayed flow separation
compared to the corresponding two-dimensional situation.
The three-dimensional effects in the root area are tradition-
ally corrected using empirical models such as those from Bak
et al. [19] or Chaviaropoulos and Hansen [20]. The empirical
correction model yields uncertainty which varies from one case
to another. As a huge number of load cases need to be per-
formed in designing and assessing wind turbines, there is no
silver bullet to definitely declare the correction works for all
cases. These empirical models were developed many years back
and no extensive calibrations have been made for the current
standard of wind tutbine size. The proposed three-dimensional
CFED polar data can be an alternative to this classical approach.
The required computational effort is justified since only steady
state. CFD simulations will be required for generating the
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Blade section normal force of the 10 MW wind turbine obtained from engineering models and CFD computations for four wind speed cases

polar data, and this is many orders of magnitude cheaper than
transient CFD simulations under realistic inflow conditions.

322 |

Turbulent inflow case
Figures 21 and 22 present the timeseries of the normal and
chordwise forces, respectively, at three different radial stations:
50 m (0.485R), 70 m (0.680R) and 95 m (0.923R). Note that the
rotor radius reaches 102.9 m for this turbine. Engineering model
calculations are compated against CFD simulation results under
comparable inflow conditions. The computations were done
by adopting the extracted 3D CFD polar data both for BEM
and Vortexline methods. The turbulent inflow for engineer-
ing model calculations was generated based on the approach
described in Section 2.4, making it possible to compare the
timeseries alignment.

It can be observed that engineering model results (both BEM
and Vortexline) align fairly well with the CFD simulation results.
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FIGURE 19 Blade section chordwise force of the 10 MW wind turbine obtained from engineering models and CFD computations for four wind speed cases

5D T

FIGURE 20 Nondimensional velocity (relative to local kinematic velocity) field near the aitfoil section of the 10 MW wind turbine rotor. Separation area is
significantly reduced for the 3D case, H, < H and L, < L. The area of the negative streamwise velocity (blue color) is remarkably smaller in the 3D case [16, 17]
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This signifies the consistency of the adopted approach as the
same behavior was observed for the 2.3 MW wind turbine case
in Section 3.1. One major finding obtained from observing
Figures 21 and 22 is that the Vortexline results underestimate
the maximum loads from CFD simulations. In contrast, BEM is
able to reconstruct the loads very well despite all the assump-
tions adopted. Having integrated the loads into the flapwise
and edgewise bending moment at the rotor center of rotation,
Figure 23 demonstrates that this behavior is also observed for
the integrated parameters.

To evaluate this observation in a greater depth, the dynamic
characteristics of the axial induction factor (@) and axial induced

velocity (#;,;) are plotted in Figure 24. The axial undisturbed
wind speed (#) at the local blade section is also plotted for
comparison. It can be seen that the axial induction factors
from both simulations lie around the same mean level, but
the fluctuations are inherently different. This is in contrast to
the loads observed in Figures 21 and 22. For instance, the
axial induction factor decreases at 53 s for Vortexline simu-
lations while it increases for the BEM results. To trace the
source of this discrepancy, the induced velocity is also plotted
in Figure 24. Now it becomes clear that the induced veloc-
ity decreases for the Vortexline results but it remains almost
stationary for the BEM results. The trend of the axial induc-
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tion for Vortexline results is inline with the local axial wind
speed at the corresponding blade section. This variation is plau-
sibly mote physical than the stationary induction trend obtained
from BEM. In accordance with the conclusion obtained from
the 2.3 MW wind turbine case, Vortexline seems to be more
sensitive to changes in inflow variation which affects the wake
dynamics. Such characteristics are not captured in BEM based
calculations and can be a subject of future engineering model

developments.

3.3 | Discussion on the rotor size influence

The analyses performed for the 2.3 MW wind turbine in Sec-
tion 3.1 and for the 10 MW wind turbine in Section 3.2 highlight
the influence of the rotor size on engineering calculation results.
From the studies, it can be seen that the overall agreement
between engineering models and experimental data as well as
CFD results becomes better when the sectional aerodynamic
data is replaced with the synthesized 3D CFD polar. The
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approach is confirmed for two turbines having completely dif-
ferent rotor sizes (R = 40 m against R = 102.9 m). This clearly
suggests that the usage of the 3D CFD polar data is applica-
ble for the load analyses regardless of the wind turbine size.
This way, all important physical parameters such as the Reynolds
number, Mach number and actual blade section geometry atre
inherently included in the engineering calculations.

The same key results also apply for the extracted inflow
data from the 3D CFD simulations. This approach is suc-
cessful in aligning the timeseries data between engineering
models and CFD results. The method is applicable for
wind turbine load analyses regardless of the rotor size. It
is important to note again that this approach requires rel-
atively large computational effort. This shall be aimed only
when the exact course of the timeseries is of interest, for
example to develop advanced control techniques in complex
situations.

The third key point about the rotor size influence lies on the
result differences between BEM and vortexline methods. It is
clear from Section 3.1 (2.3 MW turbine) that Vortexline has a
better agreement with experiment and CFD than BEM results.
In contrary, BEM agrees with CFD data better than Vortexline
for the 10 MW turbine in Section 3.2.

— Bladed BEM

55 60 65 70

Time [s]

— Bladed Vortexline

Rotor center flapwise (top) and edgewise (bottom) bending moments obtained from blade-1 obtained from engineering model and CFD

The induction dynamics in Figures 15 and 24 hold the
answer to this inconsistency. The 10 MW rotor (@ =~ 0.2) opet-
ates at a much lower induction level than the 2.3 MW rotor
(a = 0.4). This means that the lower rotor is challenged by
the turbulent wake state effect. BEM relies on the usage of
the empirical model for modeling this aspect (in this case the
Glauert correction was applied), and this can lead to inaccu-
racy. On the other hand, the induction dynamics in Vortexline
are directly influenced by the wake solutions, allowing a more
accurate solution.

When the 10 MW rotor is calculated, the low induction
characteristic of the rotor causes the full development of the
wake takes longer. This means the induction at the blade sec-
tions are influenced by the strength of the wake vortices up
to long wake distance. As a consequence, more wake points
shall be included in Vortexline computations to consider these
effects. The accuracy of the Vortexline calculations in Sec-
tion 3.2 may be improved by increasing the number of wake
points. Despite that, this increases the computational time sig-
nificantly from a couple of minutes to days, preventing practical
engineering applications for load analyses. Since the real load
analyses according to IEC may have more than 1000 load cases
in reality, the computational effort in Vortexline shall be reduced
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TABLE 4 Flow conditions and turbine setup for simulating the 10 MW wind turbine under an IEC design load case
Case Uy [m/s] n [rpm] @, [deg] a; [-] @ [deg] TIx [%] TIy [%] TI; [%] Models
Case D.1 25 0.0 75 0.11 -8.0 11 7.7 5.5 BEM/Vortexline

as low as possible. Future work may be aimed at improving
the accuracy of Vortexline computations without having to
include lots of wake points, for example, by applying some
empirical corrections.

3.4 | IEC designload case

The last test case investigated in this paper adopts an IEC design
load case (DLC) according to the IEC standard - Edition 4
[60]. For this study, the 10 MW wind turbine was adopted. The
chosen load case is DLC 6.1 that simulates wind turbine loads
in parked conditions. This flow situation yields relatively high
angles of attack over the whole blade stations. The turbine was
exposed to an extreme wind speed model (EWM) with a return
period of 1 year. The model was applied to a reference velocity

(wind speed) of 25 m/s and a shear exponent of 0.11. Details of
the flow conditions are given in Table 4.

The resulting rotor loads are plotted in Figure 25 for differ-
ent simulation models and polar data sources. The simulations
were cartied out for 450 s, but only the a sample of 200 s is
presented for clarity of the observation. It can be seen that the
resultant moment at the rotor center varies depending on the
polar data, where the simulations adopting the 3D CFD polar
predict a higher resultant moment. The usage of the 3D CFD
polar data reduces slightly the rotor torque. A clear discrepancy
between the two polar data is observed for the rotor thrust. It
is observed that thrust level is overestimated when the standard
polar data is used. This is in agreement with the observation
made in Section 3.2 for the blade normal forces. A deeper obser-
vation is made by evaluating the dynamic polar data from four
blade stations in Figure 26. The dynamic stall effects are clearly
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seen for these four radial stations as the local angles of attack are
relatively large. The agreement between different polar datasets
becomes poorer approaching the blade root where the three-
dimensional effects are large. The deviation also increases once
the blade stations approach stall. This further highlights the
importance of careful consideration in selecting the polar data
used for load analyses of wind turbines.

To further summarize different methods evaluated in this
papet, Table 5 provides an illustration of the key strengths and
challenges associated with each method. This involves the usage
of different polar and inflow data as well as adopting BEM or
Vortexline method.

4 | CONCLUSIONS AND REMARKS

The present studies provide comprehensive evaluations of the
load analyses of wind turbines with different rotor sizes. CFD
and engineering model computations were adopted to calculate
the loads acting on the turbines at various flow conditions. The

usage of synthesized 3D CFD polar data was demonstrated for
various cases and discussions into the physics were provided.
The following conclusions might be drawn from the paper:

* 3D CFD polar data can be generated by utilizing steady
inflow conditions but is able to generalize to various chal-
lenging cases including strong shear, yaw misalignment, high
turbulence and patrked conditions.

* The usage of the 3D polar data is verified for medium and
large wind turbine sizes.

* The results of the engineering model simulations are in a
good agreement with CFD and experimental data.

* Timeseries alignment with CFD results is made possible if a
dedicated consistent inflow condition is imposed.

* The agreement between the standard polar data with the 3D
CFD polar data deteriorates approaching the blade root and
when the blade sections are approaching stall conditions.

* Three-dimensional effects in the root area remain strong for
large wind turbine and empirical correction models are not
sufficient for challenging flow conditions.
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FIGURE 26 Dynamics of the lift coefficient of the 10 MW wind turbine for Case D.1. Four radial stations are reported: 1 = 25 m (0.194R), R2 = 45 m
(0437R), R3 = 70 m (0.680R), R4 = 95 m (0.923R)

TABLE 5 Characteristics of the simulation strategy using engineering models

Model Strength Challenge

Vortexline Relatively accurate High computational effort
Induction is sensitive to local flow Accuracy and speed depend on wake points
Appropriate for high induction case Still based on inviscid method
Useful for wake study

BEM Accuracy is acceptable for most cases Induction is less sensitive to local flow

3D CFD polar data

CFD inflow data

Industrially matured

Numerically stable and robust

Accurate for most flow conditions

Can be generated for many blade sections

Suitable for timeseries alignment

Huge number of model/assumption variations
Lower accuracy for high induction case
Preparatory computational effort is required
Require angle of attack extraction

Huge preparatory computational effort is required
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* The induced velocity obtained from BEM computations is
less sensitive to changes of the inflow conditions, in contrast
to the Vortexline results. This highlights a possible improve-
ment area in future engineering model developments.

* Future studies might be aimed at improving the accuracy
of Vortexline calculations for turbines having low induction
levels without considering a huge number of wake points.

Based on the studies, it becomes clear that the usage of the
3D CFD polar data is recommended for improving the accu-
racy of engineering model calculations, which in turn directly
contributes to the increased reliability of the wind turbine loads
analyses. The synthesized polar data is not only useful for mod-
eling the Himmelskamp effect, but this also includes the effect
of other important physical parameters such as the Reynolds
number, Mach number (especially for large blade near the tip
area), radial variation of the pressure field, blade geometry effect
etc. These parameters affect the flow field surrounding the
rotor and ultimately the rotor loads. Furthermore, extracting the
inflow data from CFD simulations is also suggested for compar-
ing the timeseries alignment with CFD simulations. However,
this requires a greater effort and computational expenses but
has little influence on the overall statistics. Therefore, this
approach shall be used only when timeseries assessment is of
interest, e,g; for designing advanced control strategies.
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