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Executive Summary

It is well known that airfoils under unsteady flow conditions with a periodically varying angle of
attack exhibit aerodynamic characteristics different from those under steady flow conditions, a
phenomenon commonly known as dynamic stall. It is also well known that the steady
aerodynamic characteristics of airfoils in the inboard region of a rotating blade differ from those
under steady two-dimensional (2D) flow conditions, a phenomenon commonly known as
rotational augmentation. This paper presents an investigation of these two phenomena together in
the inboard parts of wind turbine blades. This analysis is carried out using data from three
sources: (1) the National Renewable Energy Laboratory’s Unsteady Aerodynamics Experiment
Phase VI experimental data, including constant as well as continuously pitching blade conditions
during axial operation, (2) data from unsteady Delayed Detached Eddy Simulations (DDES)
carried out using the Technical University of Denmark’s in-house flow solver Ellipsys3D, and (3)
data from a simplified model based on the blade element momentum method with a dynamic stall
subroutine that uses rotationally augmented steady-state polars obtained from steady Phase VI
experimental sequences, instead of the traditional 2D nonrotating data. The aim of this work is
twofold. First, the blade loads estimated by the DDES simulations are compared to three select
cases of the N sequence experimental data, which serves as a validation of the DDES method.
Results show reasonable agreement between the two data in two out of three cases studied.
Second, the dynamic time series of the lift and the moment polars obtained from the experiments
are compared to those from the dynamic stall subroutine that uses the rotationally augmented
steady polars. This allowed the differences between the stall phenomenon on the inboard parts of
harmonically pitching blades on a rotating wind turbine and the classic dynamic stall
representation in 2D flow to be investigated. Results from the dynamic stall subroutine indicated
a good qualitative agreement between the model and the experimental data in many cases, which
suggests that the current 2D dynamic stall model as used in BEM-based aeroelastic codes may
provide a reasonably accurate representation of three-dimensional rotor aerodynamics when used
in combination with a robust rotational augmentation model.
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1 Introduction

Dynamic stall on rotating airfoils has been studied quite extensively during the last few decades,
primarily in helicopter research, see Ericsson and Reding (1988a,b); Gardner and Richter (2013);
Green et al. (1992); Jumper et al. (1986); and Visbal (1991). Accurate prediction of periodic
aerodynamic loads on helicopters is vital to assessing blade life, and such loads are one of the
primary factors limiting the performance of these structures, see Carr (1988). In recent years,
dynamic stall has also been gaining attention within wind turbine aerodynamics, see Rasmussen
et al. (1999) and Schreck et al. (2001). Rotational augmentation in lift in the inboard sections is
another important phenomenon that occurs on wind turbine blades, see Banks and Gadd (1963).
Even though modern wind turbines are pitch regulated and do not use stall as a control
mechanism, stall is unavoidable in the inner part of the blades when rated power is obtained.
Coupled with turbulent inflow, yaw misalignment, and wind shear, this may give rise to dynamic
stall effects in the inboard region of the blade. Both dynamic stall and rotational augmentation
have received significant attention during the last few decades, but independently. Several
engineering models independently model each of these two phenomenon—see, for example, Bak
et al. (2006); Breton et al. (2008); and Guntur et al. (2011) on rotational augmentation, and
Hansen et al. (2004); Holierhoek et al. (2013); Qye (1994); and Rasmussen et al. (1999) on
dynamic stall modeling on wind turbine blades.

Most rotational augmentation models are characterized for axial operating conditions, and to the
authors’ knowledge, dynamic stall together with rotational augmentation in axial operating
conditions has not been studied previously. The studies that looked at dynamic stall on wind
turbines have pertained mostly to its operation in yawed flow [see, for example, dos Santos
Pereira (2010) and Schreck et al. (2001)]. Some of the challenges that yawed conditions add to
analyzing dynamic stall together with rotational augmentation were identified by Schepers
(2012). In yawed flow, the induction at the rotor plane is a function of the rotor wake geometry
and its influence on the induction at the given azimuthal position of the blade. Without an
accurate method for quantifying the azimuthal variation in the induction caused by the skewed
wake, it is difficult to define a local instantaneous angle of attack (AOA) and identify dynamic
stall on a yawed turbine. The National Renewable Energy Laboratory’s (NREL’s) Unsteady
Aerodynamics Experiment (UAE) Phase VI experimental data contains, among other signals,
pressure data measured on the wind turbine blades sorted into different sequences based on its
operating conditions. In the N-sequence, the rotor operates in axial conditions and the blades
rotate and pitch simultaneously.

This unique data set has facilitated the study of dynamic stall together with rotational
augmentation in axial operating conditions by circumventing the aforementioned challenges
associated with yawed flow. Unsteady delayed detached eddy simulations (DDES) of the same
rotor have also been carried out for select cases using the in-house flow solver EllipSys3D, some
of which have been previously presented briefly in Guntur et al. (2013). Further, a Beddoes-
Leishman-type dynamic stall model Hansen et al. (2004) was implemented for the same rotor.
This work investigates dynamic stall on wind turbine blades with rotationally augmented flow
fields by modeling rotational augmentation and dynamic stall separately and superimposing the
results. Various N-sequence experimental data sets, the computational fluid dynamics (CFD)
results, and the results from a Beddoes-Leishman-type dynamic stall model by Hansen et al.
(2004) are compared and analyzed.
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2 Modeling Dynamic Stall

Various studies have been carried out previously using CFD as well as reduced order modeling
approaches in analyzing dynamic stall on rotating blades—see, for example, Leishman (2006) for
an outline of some existing models. Much of this work has been within helicopter research, but
several models exist that are applicable to wind turbines as well—see, for example, Hansen et al.
(2004); Oye (1994); and Rasmussen et al. (1999). In this work, dynamic stall has been modeled
using both unsteady CFD computations and a reduced order dynamic stall model given by Hansen
et al. (2004).

2.1 Reduced Order Engineering Model for Dynamic Stall

The dynamic stall model by Hansen et al. (2004) is a modification of the Beddoes-Leishman
dynamic stall model Leishman and Beddoes (1989) to suit wind turbine blades. The idea behind
the original Beddoes-Leishman dynamic stall model is that the different physical effects
influencing the aerodynamics of an oscillating airfoil can be treated as four modules: the attached
flow module, the leading-edge separation module, the trailing edge separation module, and the
vortex lift module. The original model was designed for helicopter rotors, which typically use thin
blades and operate at high Mach numbers. In the implementation of Hansen et al. (2004), the
following two modifications were made to the original model to suit wind turbine applications:

1. Most wind turbines use airfoils that are thicker than those typically used on helicopters,
and leading-edge separation is less common on thick airfoils. Hence, leading-edge
separation is not accounted for in this model.

2. The highest Mach numbers seen on wind turbines is only of the order of 0.3 (the speed of
the tip of a blade operating at a tip speed ratio of 7 at U..= 15 m/s is 105 m/s), so
compressibility effects are ignored.

This results in a simplified dynamic stall model that outputs time series data of dynamic lift, drag,
and moment coefficients for a given input of the frequency of pitching, the mean AOA, the
amplitude of oscillation, and the steady polars. The steady polars that are traditionally used as an
input to this model have been 2D nonrotating airfoil data. Ideally, an accurate rotational
augmentation model would be coupled with a dynamic stall model to simulate a wind turbine
using BEM-based codes. Because the reliability of most rotational augmentation models is still
questionable, see Guntur et al. (2011), this work uses experimentally obtained polars on rotating
blades from the H, J, and N sequence data sets of the NREL Phase VI experiment as the inputs to
the dynamic stall model.

2.1.1 Unsteady Delayed Detached Eddy Simulations

The in-house flow solver EllipSys3D is used in all computations presented in this paper. The code
is developed in cooperation between the Department of Mechanical Engineering at the Technical
University of Denmark (DTU) and the former Department of Wind Energy at Risg National
Laboratory, Risg-DTU [see Michelsen (1992, 1994) and Serensen (1995)]. In the present work,
turbulence is modeled by the k-w Shear Stress Transport (SST) eddy viscosity model Menter
(1993) in the form of the DDES technique of Menter and Kuntz (2004), which is an extension of
the detached eddy simulation model as proposed by Strelets (2001).

2
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The DDES methodology is combined with the laminar/turbulent transition in the boundary layer
on the blade, which is modeled with the y -~Rey correlation-based transition model of Menter et
al. (2004)—for the present implementation, see Serensen (2009). As the DDES methodology
treats everything except the separated region using the Reynolds Averaged Navier-Stokes (RANS)
methodology, the transition model can be applied in the standard way within the boundary layer.

Figure 1. The computational domain used in the present CFD simulations. The blade is visible at
the center of the domain, and the inlet part of the spherical outer boundary of the domain is
shown. The bottom plane shows the symmetry plane used to limit the computational domain.

Figure 1 shows the computational domain used in the current simulations. The pitching motion of
the blade is accounted for using a deforming mesh formulation in a fixed frame of reference,
implemented in a generalized way to allow for an arbitrary deformation of the computational
mesh. The rotational motion of the rotor is simulated by a moving mesh method, in which all the
grid points in the computational mesh are moved together as a solid body, see Thomas and
Lombard (1979). To ensure that no artificial mass sources are generated by the mesh deformation,
the mesh velocities needed for the convective terms are computed enforcing the geometry-
conservation law, as described by Ferziger (1996).

The EllipSys3D code is second-order accurate in time, using a second-order backward
differencing time discretization and subiteration within each time step. In the present
computation, the diffusive terms are discretized with a second-order central differencing scheme.
The convective fluxes are computed using the QUICK scheme in the RANS regions, whereas a
fourth-order central scheme is used for the regions in which the DDES model has switched to a
large-eddy simulation technique. The simulations are computed as transient runs with 1,700 time
steps per revolution and using 12 subiterations in each time step, see Serensen and Schreck
(2014). The turbulence intensity at the rotor location is controlled by the specified inflow values
of the turbulent kinetic energy ‘k’, the specific turbulence dissipation rate w, and the decay of the
turbulence from the inlet to the rotor location. The decay of the turbulence from the inlet to the

3
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rotor location can be computed from the freestream velocity and the distance from the inflow
boundary to the rotor location, see, for example, Langtry et al. (2006).

Table 1. The Values of the Parameters Reduced Frequency (K), Mean AOA (ay), and the Amplitude
of Oscillation (8¢) for the N Sequence Cases That Were Studied

Case Nr. K[-] o [°] K[-] o [7] 6o ']
(r/R=0.30) (#/R=0.30) (+/R=0.47) (/R=0.47)
N47020 0.090 4.5 0.063 2.0 2.37
N47030 0.090 13.9 0.063 11.6 4.79
N47050 0.108 10.8 0.075 8.3 2.50
N47090 0.143 10.7 0.100 8.1 2.37
N47140 0.179 6.5 0.125 39 1.19
N47150 0.179 14.6 0.125 12.2 1.27
N47170 0.036 15.7 0.025 13.4 6.28
N47180 0.036 21.2 0.025 19.7 5.84
N47230 0.072 15.7 0.050 13.4 6.50
N47240 0.072 21.1 0.050 19.8 5.98
N47290 0.108 15.9 0.075 13.6 6.46
N47300 0.108 21.3 0.075 20.0 5.98
N47350 0.143 15.8 0.100 13.5 6.33
N47360 0.143 21.2 0.100 20.0 5.98
4
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3 NREL Phase VI Experiment

NREL’s UAE Phase VI was a large-scale experiment on wind turbine aerodynamics carried out at
the National Aeronautics and Space Administration’s Ames Research Center’s 80 ft X 120 ft
wind tunnel. The experiment was conducted using a two-bladed 10-m-diameter turbine that was
subjected to different wind speeds, pitch conditions, and rotating speeds. Pressure distributions
were recorded at five locations along the blade: /R = {0.30, 0.47,0.63,0.80, 0.95} and each
location was instrumented with 23 pressure taps. The pressure distributions were used to obtain
forces at these radial locations. The original experimental data were categorized into data
sequences according to the operating conditions. In this work, data from four UAE Phase VI data
sets are used:

1. Rotating and fixed pitch conditions (H and J sequences). Axial operation, varying U.., 72

rpm, and fixed tip pitch angles of 3° (H sequence) and 6° (J sequence). Here, positive pitch
is towards a decreasing AOA. The AOA on the blade was estimated using the inverse
BEM method, see Guntur and Serensen (2014a); Lindenburg (2003).

2. Rotating and pitching conditions (N sequence). Axial operation at U. = 15 m/s and 72
rpm, while the blade pitched continuously at various values of the reduced frequency (X)),
mean pitch angle (8,/), and the pitching amplitude (8,). Here, the reduced frequency is
defined as

A

2 Ulocal

K (1.1)

where Q is the pitching frequency, Ul is the local relative wind velocity, and ¢ is the

length of the local chord. The specific N sequence cases investigated in this work are
shown in Table 1. The AOA on the blade was derived using the inverse BEM method
described in the next section.

3. Parked conditions (L sequence). The rotor was parked with the instrumented blade at the
12 o’clock position, and the blade was incremented slowly in pitch. Pressure distributions
at various radial locations were collected for various pitch angles, resulting in a C;, and Cp
versus AOA. These data are different from typically 2D wind tunnel data in that it
includes the induction caused by the trailing vortices on the blade. The AOA is taken to be
the angle between the local chord and the freestream wind direction.

Table 2. The Parameters 8q, K and the Tip Pitch for Each of the Cases Considered in Table 3 (The K

Value Corresponds to the Section r/R = 0.80 for the Cases N80220 and N80250, and r/R = 0.95
for the Case N95090

H-seq. N80220 _ N80250 __ N95090
Tip pitch 3° 2.95° 2.95° 3.13°
Ba - 10.26° 5.79° 2°
Local K - 0.025 0.05 0.025
5
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4. Parked pitching conditions (O sequence). The rotor was parked with the instrumented
blade at the 12 o’clock position, and the blade was pitched at various values of K, 8q, and
8. The AOA is taken to be the instantaneous angle between the local chord and the
freestream wind direction.

For further details on the UAE Phase VI, see Hand et al. (2001).

3.1 Determination of the AOA

The assumptions and methodology adopted to estimate the AOA have been described in the
previous work on the same subject, see Guntur et al. (2013). Some of it is repeated here, because
it is relevant to the current work.

The normal and tangential force coefficients at the five spanwise locations, 7/R = {0.3,0.47,0.63,
0.80,0.95}, are used to estimate the induction and thereby the AOA at different sections using
the inverse BEM method, see Guntur and Serensen (2014a); Lindenburg (2003). The classical
BEM theory is not capable of handling unsteady effects, which makes estimating the AOA for the
N sequence data challenging. To overcome this problem, the following assumption (Hypothesis
1) is made: Because induction at the rotor is a far-field effect determined by the wake generated
from several rotor rotations, the influence of one blade pitching cycle is negligible compared to
the aggregate influence of the wake produced by several blade pitch cycles during multiple rotor
rotations. In other words, the mean thrust on the flow field by the rotor blades pitching as 8 (¢) =
By + Bacos Q¢ over a time period of 27/QQ is approximately the same as a rotor operating in steady
state at a constant blade pitch angle 8, under similar conditions. By this hypothesis, the normal
force coefficients from the N sequence are averaged over one pitch cycle, and these mean forces
are used as the input to the inverse BEM code. Upon obtaining a static effective AOA (a.;r) by
this method, the dynamic effective AOA (a.(2)) is assumed to be simply

Agyn(t) = aerr + Po cosQt (1.2)

The reliability of the inverse BEM method for steady conditions was already validated to some
extent in Guntur and Serensen (2014a). Hypothesis 1, concerning unsteady conditions, was
validated using the H sequence (zero yaw only) experimental series of the UAE Phase VI
following the methodology documented below in connection with Tables 2 and 3. If Hypothesis 1
is valid, then the force coefficients at different radial locations in the N sequence that also have
the mean tip pitch of 3° must be the same as those from the H sequence, as shown below.

Table 2 shows the experimental configuration of the four sets of data that are used in the
comparison presented in Table 3. As shown in Table 2, the N sequence cases N80220, N80250,
and N95090 operate at mean blade tip pitch angles (8.) of 2.95°, 2.95°, and 3. 13", respectively.
The local K is computed as defined in Equation 1.1.
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Table 3. The Mean Normal Force Coefficient, Cy (Measured Perpendicular to the Airfoil Chord), for
Selected Cases of the N and H Sequences. The Values in the Parentheses are the Percentage
Difference Between the N Sequence Value and the Corresponding H Sequence Value, Defined as

C —-C
€ = N,Hseq N,Nseq *100.

CN,Hseq

H-seq.  N80220 N80250  N95090
/R Cn Cy () Cy () Cy ()

030 233 221(5.2) 221(53) 227(2.4)
047 1.16  133(-143) 126(-83) 1.16(0.2)
063 130  128¢L6)  124(4.6) 131(-0.6)
080 0.84 1.05(-253) 1.07(-27.1) 0.90(-7.6)
095 085 081(44)  083(2.7) 0.88(-3.8)

Table 4. The Mean Effective AOAs, au, for Selected Cases of the N and H Sequences, Computed
Using Hypothesis 1

r/R  H-seq. N80220 N80250 N95090
all aum[] au[] am[]
030 280 282 28.0 27.9
047 288 285 28.4 28.6
0.63 243 243 242 24.1
0.80 210 207 20.5 20.6
095 184 18.5 18.3 18.2

In Table 3, the Cy values at the five spanwise locations for three experimental cases from the N
sequence are compared to those from the H sequence. In total, 15 comparisons can be made in
this table. For each Cy value, the percentage differences between the N sequence Cy values and
the corresponding H sequence Cy value are shown in the parentheses. As shown, the percentage
difference (€) between the H sequence and the N sequence data is up to 27% in three cases,
approximately 8% in two cases, and less than 5.3% in the remaining 10 out of the 15 cases. The
higher deviations (€ = 7.6% or higher) occur at the 47% and the 80% sections.

It has been shown in Schreck (2010) and Serensen (2009) that stall cells occur in the vicinity of
the 47% section in some cases on the NREL Phase VI blade. It is a possibility that similar
structures are created near the 47% and the 80% sections in the cases examined here, and these
structures are responsible for the deviation seen in the four latter cases. Also, note that the first
two experimental cases (N80220 and N80250) have a higher pitching amplitude, 8, compared to
the third case (N95090), in which there is the best agreement between the averaged N sequence
forces and those from the H sequence. This indicates that Hypothesis 1 works best for low values
of Bq. Therefore, a second possibility could be that Hypothesis 1 starts to introduce errors at high
values of Bq. Further, a third possibility could be that the lift overshoot beyond static Cy, . that is
characteristic of classical dynamic stall is most prominent in the cases with higher € values. This
lift overshoot could be because of localized transient effects that are not accounted for in the
cycle-averaging procedure embraced in Hypothesis 1, such as stochastic perturbations caused by
a tip vortex shifting in the spanwise direction that, according to Rodriguez and Theofilis (2011),
may also generate stall cells at the outboard regions. These possible effects are interesting topics
for future research on this subject.
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Figure 2. The experimental C. — a curves obtained from the UAE Phase VI rotor under two different

operating conditions are shown for an example case. The blue curve shows data from the rotating

and pitching conditions, and the red curve shows stationary pitching conditions, both at the radial
location r/R = 0.47 and a reduced pitching frequency of K = 0.1.

Overall, in a majority of shown cases there is good agreement between the H sequence and N
sequence data. Because the aim here is to obtain a reliable estimate of the AOA, it is useful to
analyze the error in the AOA estimates caused by a given error in the Cy. Using the inverse BEM
for steady cases, the change in the estimated AOA with respect to the force coefficient, Cy, for the
N sequence cases studied here has been computed as:

da

acy 3 (1.3)

That is, for a given set of operating conditions, a change in the normal force coefficient of ACy =

0.2 results in a change in the estimated local AOA of Aa =0.5°. Even though in some cases there

is a difference between the Cy from the H sequence and N sequence data sets as shown in in Table
3, the corresponding difference in the estimated local AOA between the H sequence and N
sequence cases seems far less prominent. This is shown in Table 4, which shows the computed
AOA:s for the same cases. The differences between the estimated AOAs for the H sequence cases
and the N sequence cases are negligible. Hence, Hypothesis 1 has been deemed reasonable for
carrying out the current analysis.
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Figure 3. Case N47090: The Cy and Cr as functions of the pitch angle for the case at r/R = 0.47, K

= 0.1 and a mean AOA of ay = 8.2°; the error bars on the experimental data denote one
standard deviation
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4 Results and Discussion

It is well known that in the inboard sections the flow field on the blade is rotationally augmented,
see Herraez et al. (2014) and Schreck and Robinson (2002). Therefore, the first step in studying
dynamic stall in the inboard parts of a wind turbine is to examine how lift during dynamic stall
behaves in the inboard regions. Figure 2 shows the lift polars in stationary and rotating, steady
and pitching conditions, obtained from the experimental data at /R = 0.47 and a reduced
frequency of pitching K = 0.1. The lift curve from the steady rotating case (blue dotted line, J
sequence) shows higher lift than the steady stationary case (red dotted line, L sequence), which is
due to rotational augmentation. The hysteresis loop formed by the rotating and pitching case
(solid blue line, N sequence) shows higher lift compared to the stationary pitching case (solid red
line, O sequence), which indicates that lift in dynamic stall is proportionally augmented in
rotation. Note that the area enclosed in the hysteresis loop of the N sequence is smaller than that
of the O sequence. If the area within the C; — a hysteresis loop is an indication of the severity of
stall on the blade, this observation is consistent with the conclusion from Guntur and Serensen
(2014Db) that stall is suppressed in rotation and also that this has an effect on dynamic stall.

4.1 Comparing CFD to Experimental Data

Three cases—N47090, N47350, and N47020—were simulated by the unsteady DDES
computational fluid dynamics computations. Forces from the CFD data were extracted at the
spanwise locations where the pressure data was available from the original experiment. Figures 3,
4, and 5 show data from the cases N47090, N47350, and N47020, respectively. The normal and
tangential force coefficients (measured parallel and perpendicular to the chord, respectively)
shown here are at the /R =0.47 location, obtained from the CFD simulations and the experiment.
The details regarding the operating effective AOAs, reduced frequencies of pitching, and pitching
amplitudes of all of the N-sequence experimental cases studied in this work are tabulated in Table
1. In the figures shown in this paper, the pitch is defined positive toward a decreasing AOA.

-==-CFD
v Expt 0.35

“10 5 0 5 10 ] 5

0 5 10
Pitch [deg.] Pitch [deg.]

Figure 4. Case N47350: The Cy and Cr as functions of the pitch angle for the case at r/R = 0.47, K
= 0.1 and a mean AOA of ay = 13.5°; the error bars on the experimental data denote one
standard deviation
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Figure 5. Case N47020: The Cy and Cr as functions of the pitch angle for the case at r/R = 0.47,
K = 0.0625 and a mean AOA of ay = 2.0°; the error bars on the experimental data denote one
standard deviation

Consider the two cases N47090 and N47350, shown in Figures 3 and 4, respectively. The case
N47090 operates at a pitching amplitude of 8, = 2.37° and mean AOA of a,, =8.2°. The case
N47350 operates at a pitching amplitude of 8o = 6.33° and mean AOA of ay = 13.5°. Both cases
operate at the same pitching frequency, K = 0.1, and show good qualitative agreement between
experimental and CFD data. The case N47090 shown in Figure 3 shows a good agreement
between the CFD and the experimental data in Cy as well as Cr. The case N47350, which operates
at a higher mean AOA of a,, = 13.5°, shows that there is good qualitative agreement between the
two data sets, but during the reattachment phase of the dynamic stall process the CFD data
predicts a more severe stall than that observed in the experiments. Sgrensen and Schreck (2012)
highlights that the highly unsteady and stochastic nature of flow in this region—described, for
example, in Carr (1988); Ericsson and Reding (1988a,b); Visbal (1991)—makes it challenging to
model using even the most advanced, state-of-the-art CFD methods. It is believed that this is one
of the reasons for the observed difference between the experimental and CFD results. Further,
Figures 1.6(a) and 1.6(b) show that there is a correlation between the blade pitching frequency
and the rotation of the turbine in the cases N47090 and N47350. The blade passes the tower at
approximately the same pitch every cycle during the decreasing part of the pitching cycle
(increasing in AOA). This tower passage effect is also responsible for some of the disagreement
between the CFD and the experimental data in these two cases—for example, the dip in the Cy
value in Figure 3 observed at an approximate 0" pitch on the upper side of the Cy loop.

The third case, N47020, operates at a lower pitching frequency, K = 0.0625, and a lower mean
AOA compared to the previous two cases, ay = 2.0". In Figure 5, the comparison between the Cy
and Cr shows that the CFD data predicts a lower force than that obtained from the experiment.
One possibility for this disagreement between the CFD and the experimental data could be that
the absence of the nacelle and the tower in the CFD model gives rise to flow structures in the
inboard region that are different from the experiment, which contained a nacelle and a tower. In
addition, the turbine in this case operates at a tip pitch setting that is significantly different from
its design configuration. The mean AOA at /R = 0.47 is approximately 2°, meaning that sections
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further inboard have a mean AOA of slightly higher than 2°, and those at the outboard regions
have a smaller or negative mean AOAs. This implies that there is a positive lift in the inboard
region, a negative lift in the outboard region, and a zero lift region somewhere in the middle of the
blade. Such a lift distribution along the blade leads to the trailing of multiple vortices along the
span of the blade, in addition to the root and tip vortices. It was highlighted in Guntur and
Serensen (2014a) that a strong trailing vortex can lead to variations in the measured forces in that
region. In meshing computational domains, the tip and the root region of the blades typically
have more grid points enabling the tip and the root vortices to be well resolved. It is possible that
these midboard trailing vortices were not modeled accurately in the present CFD computation,
and that the lower lift observed in case of the CFD data is an overestimated effect of the trailing
vortices. In any case, the CFD simulation in this case was not able to model the flow accurately.

Although the DDES CFD simulations were able to generate reasonable results for two out of the
three cases studied (N47090 and N47350), apparently it has some limitations that restrict its
accuracy in modeling the case N47020.

Further investigation is needed to analyze this discrepancy in more detail, which is outside the
scope of the current study.

3 . 8 :
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(c) Case N47020

Figure 6. The blue dotted lines indicate the blade pitch reading as a function of time (normalized by
the pitching time period) from several pitching cycles, and the vertical black lines indicate the
instance at which the blade passes the tower during each pitch cycle. In (a) and (b), it is apparent
that tower passage occurs at the same instance every pitching cycle, whereas in (c) this correlation
is much weaker
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Figure 7. Case N47180: ay, =21.2°, r/R =0.30,and K = 0.036
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Figure 8. Case N47360: ay = 21.2°, /R =0.30, and K =0.143
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Figure 9. Case N47170: ay = 15.7°, /R = 0.30, and K = 0.036

4.2 Comparing the Reduced Order Dynamic Stall Model with the
Experimental Data

The first two spanwise locations, /R = 0.30 and 0.47, were investigated in the current work
using 14 N sequence test cases. The test case numbers, and the values of the parameters K, a,
and B, for these cases are shown in Table 1. In real-life wind turbines, the cyclic variation in
loading under yawed operating conditions, for example, has a frequency of 1P (rotor rotation
frequency), which results in a local dynamic stall reduced frequency of approximately K =0.1 in
the inner parts of the rotor. The test cases chosen here operate in the ranges 0f 0.036 < K < 0. 18,
2" <ay<2l,and 1.2° < B, < 6.5°, which covers many cases that can occur on real wind
turbines. The lift and moment polars for the selected cases are shown in Figures 7 to 12. All
experimental data shown is binned and averaged over approximately 40 pitching cycles. All of the
simulated data presented in this section was generated using the dynamic stall model of Hansen et
al. (2004). The results from the simulation depend on the input parameters given below. Note that
any uncertainties in these inputs will reflect in the output from the model:

1. The model uses the steady 3D (rotationally augmentated) lift, drag, and moment polars
derived from the J sequence of the Phase VI experimental data,

2. The model assumes a mean AOA as estimated by the technique described in Section 1.3.1.

Figures 7 and 8 show the lift and moment polars for the cases N47180 and N47360, respectively,
at the section /R =0.30. The case N47180 operates at a low pitching frequency of K = 0.036,
and the case N47360 operates at K = 0.143. Both of these cases operate at o), =21.2° and
approximately 8o =5.9°. Similarly, Figures 9 and 10 show a comparison between the cases
N47170 and N47350, respectively. Here, too, the two figures show slow pitching K = 0.036 and
fast pitching K =0.143 conditions, respectively, with approximately the same amplitude of fg =
6.3° but at a lower mean AOA of a3y = 15.8.
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Figure 10. Case N47350: ay; =15.8°, /R =0.30, and K = 0.143

Although good agreement is shown between the model and the experimental data in Figures 7 and
8, the two cases shown in Figures 9 and 10 show differences. This effect is slightly more
pronounced in Figure 10, in which the difference between the mean lift values of the experimental
and model data is approximately 0.17. On one hand, the mean of the unsteady experimental lift
curve (solid blue line, N sequence) lies below both the steady lift curve (dashed blue line, J
sequence) as well as the data from the model (dashed black curve, Hansen et al. 2004) in Figures
9 and 10. On the other hand, the areas enclosed within the C; hysteresis loops between the
experimental data and the model in Figure 10 are similar. It is also noteworthy that the
experimentally obtained steady-state polar curves used here are not smooth, which may introduce
some error in the model results. Given that there are uncertainties relative to post-processing of
the experimental data (for example, AOA estimation in steady as well as the unsteady cases), it is
difficult to conclude whether the differences observed in Figures 9 and 10 are because of
experimental uncertainties, or because of the physical process itself. All in all, these four cases
present a comparison among high and low pitching frequencies at high and low mean AOAs. In
general, the C; — a curves obtained from the model and the experimental data show good
qualitative agreement.

The hysteresis in Cy, is an indication of acrodynamic damping for the pitching moment: a
counterclockwise loop in the Cy,— a curve denotes positive damping, and vice versa. Figures 7
and 9, which show cases that operate at the same pitching frequency of K = 0.036 but different
mean AOAs, show a good agreement between the model Cy—a data and experimental data. This

shows that at this pitching frequency, the model and experiments agree well for varying mean
AOA:s.

Figures 8 and 10 show cases that operate at a different mean AOA and a pitching frequency of K =
0.143, which is higher compared to the previous cases in Figures 7 and 9. It is observed here that
the agreement between the model and the experimental data at K = 0.143 is not as good as it is at
K =0.036. In Figure 8, the experimental Cy, curve shows a larger area within the Cy loop
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compared to that of the model, whereas in Figure 10 the experimental Cy, curve shows a smaller
area enclosed within the Cy, curve than that of the model. This suggests that at higher frequencies
the model consistently (between the two cases shown here) predicts a more positive torsional
damping.

Figures 11 and 12 show a similar comparison at the radial location /R = 0.80 at reduced pitching
frequencies of K = 0.024 and K = 0.048, respectively. At outboard locations, rotational
augmentation effects are little to none, see Schreck and Robinson (2002), and therefore it is
expected that the agreement between the dynamic stall model (which was originally developed
for 2D flow fields) and the experimental data is good. Figures 11 and 12 show that although there
is some agreement, there are also some specific features that can be observed in the experimental
data that are not reproduced by the model. First, the model estimates separation that is less severe
than what is shown by the experimental data in both figures in lift. Further, the experimental data
in Figure 12 shows some peculiar behavior in lift during increasing AOA: the lift value peaks at o
= 13°, decreases in value thereafter, and peaks again at o = 18° before the AOA starts to decrease.
According to what is understood about dynamic stall from past literature, this behavior is unusual,
and it is not exactly understood why it happens in the case shown in Figure 12.
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Figure 11. Case N47240: ay = 11.5°,r/R = 0.80,and K = 0.024

As shown, the model seems to be limited in its capabilities to reproduce these specific features of
lift in some cases. However, considering the uncertainties of the current approach it seems that the
current model is capable of providing good qualitative estimates in both the lift and the moment in
most cases and good quantitative estimates in some cases. This implies that within the range of
conditions studied herein, it seems reasonable for rotational augmentation and dynamic stall to be
modeled separately and be superimposed in the BEM-based aeroelastic codes. However,
superposition of two strongly nonlinear phenomena across a broad parameter range entails
substantial complexity and therefore uncertainty. To successfully do this across a more general
range of conditions, it will be crucial to have a detailed understanding of the flow physics
responsible for rotational augmentation and dynamic stall, acquired through first principles
computations and detailed experiments.
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17

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



5 Conclusion

In summary, this paper presents a study investigating dynamic stall in rotationally augmented flow
fields on wind turbine blades. One of the major challenges of carrying out such a study has
previously been in the ability to effectively separate these two phenomena. The present study is
unique in that the distinct effects of the dynamic stall and the rotational augmentation phenomena
have been analyzed separately on the inboard parts of an experimental wind turbine, the data from
which inherently contains both. This study has been carried out using NREL’s UAE Phase VI
experimental data, which encompassed stationary and rotating blade conditions as well as fixed
pitch and dynamic blade conditions.

A method for estimating the instantaneous AOA on a rotating/pitching blade using experimental
data has been presented. In the experimental cases studied herein, it has been found that this
method provides reliable AOA estimates. Rotationally augmented polars of the s809 airfoil used
on NREL’s Phase VI rotor blades have been extracted from the J sequence of the same
experimental database at various radial locations, in which the turbine operates in axial, steady
flow with a constant rotational speed and pitch conditions. Using the estimated AOA values and
the experimentally obtained rotationally augmented polars as the input, a number of cases have
been modeled using the dynamic stall model by Hansen et al. (2004) and compared to the
experimental data. In some cases, certain features have been observed in the experimental data
that are neither reproduced by the current dynamic stall model nor fully understood based on the
current understanding of dynamic stall in the presence of three dimensionality and rotational
augmentation. In the other cases, good agreement was found between the model and the
experimental lift data. In analyzing the moment coefficient it was found that the model provides
reasonable results at low K values and overpredicts torsional aerodynamic damping at higher K
values.

Three out of the 14 N-sequence cases were modeled using unsteady DDES CFD simulations and
compared to the experimental data. A qualitative agreement was found between the CFD
simulations and the experimental data in two out of three cases discussed. In the third case, it was
found that the CFD estimates are not in good agreement with the experimental data. It is
speculated that there could be issues related to the turbine operating in conditions that are far
from its design conditions. Further investigations are needed to fully understand the reasons for
these disagreements.

Overall, the observations from comparing the dynamic stall model by Hansen et al. (2004) to the
experimental data suggest that in some cases dynamic stall as it occurs on rotating and
nonrotating blades may be similar. In the cases in which the model and the experimental data do
not agree well, a more detailed understanding is needed concerning the interactions between
rotational augmentation and dynamic stall, which must be gained through more high-quality
computations and experiments. In any case, observations suggest that the current dynamic stall
model when used along with a robust preprocessor for rotational augmentation in BEM-based
aeroelastic codes can provide reasonable estimates for unsteady aerodynamic loads on wind
turbines subject to constraints imposed by flow field flow physics and model physical fidelity.
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