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Abstract. In the past year, smart rotor technology has been studied significantly as solution
to the ever growing turbines. Aeroservoelastic tools are used to asses and predict the behavior
of rotors using trailing edge devices like flaps. In this paper an unsteady aerodynamic model
(Beddoes-Leishman type) and an CFD model (URANS) are used to analyze the aeroservoelastic
response of a 2D three degree of freedom rigid body wind turbine airfoil with a deforming trailing
edge flap encountering deterministic gusts. Both uncontrolled and controlled simulations are
used to asses the differences between the two models for 2D aerservoelastic simulations. Results
show an increase in the difference between models for the y component if the deforming trailing
edge flap is used as control device. Observed flap deflections are significantly larger in the
URANS model in certain cases, while the same controller is used. The pitch angle and moment
shows large differences in the uncontrolled case, which become smaller, but remain significant
when the controller is applied. Both models show similar reductions in vertical displacement,
with a penalty of a significant increase in pitch angle deflections.

1. Introduction

Over the last years, smart rotor technology has attracted significant research interest in an
effort to meet the challenges imposed by ever growing turbines. As turbines are increasing in
size, traditional construction methods reach their limits and novel solutions need to be found to
efficiently address the strong increase in loads and stiffness requirements modern wind turbine
blades have. Several researchers have demonstrated numerically how efficiently adaptive trailing
edge devices can address such load alleviation problems in the blade [1, 2] as well as in the
complete turbine [3]. All of these simulations have been performed in aeroelastic software such
as HAWC2 [4] and DU-SWAT [5]. Both tools use the same aerodynamic formulations, namely
a blade element momentum approach combined with an implementation of the the adaptive
trailing edge model that has been developed by the Danish Technical University (DTU) [6]. The
basis of these models is the 2D unsteady aerodynamic model.
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The unsteady aerodynamic model is one of the available 2D models of flapping wings. These
models have a long history, dating back to the 1930s, when Theodorsen solved the flat plate
problem of a wing undergoing harmonic oscillations [7]. While this model is formulated in the
frequency domain, later researchers such as Leishman [8] or the French institute ONERA [9]
have developed time domain models. Both of these models are valid in the linear region of
the curve and aimed at airfoils without flaps. DTU has taken up the work and formulated a
unsteady aerodynamic model for thin airfoils with adaptive trailing edges [10]. As this model
was linear and therefore only valid in for potential flow, efforts have been made to incorporate a
dynamic stall model of Beddoes-Leishman type [11]. This combined model [12, 6] has also been
compared to experimental results. A series of wind tunnel tests has been performed to validate
this model [1, 13]. All of these test were done in a 2 dimensional wind tunnel test set-up and a
prescribed motion.

During the operation of flaps, certainly of discrete flap designs, vortices are shed from the
edges. These vortices might interact with each other or the tip vortex and therefore render
the assumptions underlying the blade element momentum method invalid. A way to further
quantify the accuracy of engineering models is through the use of computational fluid dynamics.
First efforts in using CFD for 2D controlled flap motion have been made by Heinz et al. [14].
These efforts will be followed up in this research paper by giving a thorough quantification
of the aeroservoelastic response of a 3 degree of freedom structural model combined with
two different aerodynamic models, namely the unsteady aerodynamic model [6] and URANS
computations. As a first step, 2D simulations are used to asses the differences between the
models in aeroservoelastic response to deterministic gusts. To asses this the DU91-W2-250
airfoil is used [15], where the last 10% is used as a deforming flap, which is connected to a
PD controller. To limit the complexity of the controller in this research, noise, delay maximum
rotational speed and maximum hinge force (known influences in the controller system) are
currently not modelled. Two deterministic gust types are considered: 1-cosine and Mexican
hat gust to have controlled inflow conditions, limiting the scope of this study, but ensuring
interpretable results. Both uncontrolled and controlled responses are given, after which the
differences between the model responses are analyzed.

2. Modeling approach of aeroservoelastic system

Two aerodynamic models are used as input to an aeroservoelastic system: 1) an unsteady
aerodynamic model and 2) a high fidelity Unsteady Reynolds Averaged Navier-Stokes (URANS)
model. Both models are coupled with a three degree of freedom rigid body structural model
(horizontal displacement, vertical displacement and pitching) including a deformable trailing
edge flap. To limit the structural response due to gusts a PD controller is used to control the
flap during gusts. Both aerodynamic models, the structural model, the controller and the flow
conditions are discussed in this section.

2.1. Unsteady Aerodynamic Model

The engineering model for unsteady sectional aerodynamics that can be found in HAWC2 [4]
and DU-SWAT [5], has been implemented based on the description by Bergami and Gaunaa
[6] and is identical to the implementation in DU-SWAT. The starting point is the steady lift
curve. This curve can be obtained either experimentally or numerically. Currently, CFD model
is used to generate the lift curves. This lift curve is in reality a lift surface, as not only the angle
of attack («), but also the flap deflection angle () is an input parameters to obtain the lift
coefficient. This lift coefficient (C}') can be separated into a linear, attached flow region over

the airfoil (C#) and a fully separated flow (C/*) as given in Equation 1.
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Clst _ Clattfst + les (1 . fst) (1)

The attached lift coefficients are simply obtained by computing the lift curve slope as a function
of o and 3, as well as the zero lift angle of attack (ag). The separation coefficient £ is obtained
by comparing the linear, attached lift coefficient C{** to the actual lift curve.

2
Cst
fSt = <2 (lztt> (2)

l

This allows computing the fully separated contribution to the lift.

C«fs _ ClSt _ Clattfst (3)
l 1— fst
So far, all values are steady aerodynamic solutions. To move to a dynamic domain, a quasi-
steady angle of attack (o) and a quasi-steady flap angle (5,s) are obtained.

y 0.5—¢ bpcte
Qgs = Qig/4 = Qs — U% + ( (}ZA) he (4)

Nlag
Qepf = ags®(0) + D 2

gy is the angle of attack at 3/4 of the chord and z is a state variable depending on the
downwash time history. & is a lag function with experimentally obtained coefficients, eg4 is
the distance from the aerodynamic center to the elastic axis, Upis the freestream velocity, y the
vertical displacement and by, the half chord. For the flap deflection angle an analogue procedure
is followed, which can be found in [6]. The potential lift (Cj ) is a sum of the circulatory and
non-circulatory terms.

bhe . Fayde bhe
CPot — oot , Phe 5 4 Tdydz The 5
. " (aepy Beff)+7TUOOé+ - UOB (5)

When including flow separation, the non-circulatory terms remain unchanged, while the
circulatory terms get expanded by:

Clvr . = Cratn (s s, Begs) FY" + CF* (aeys, Begs) (1= £) (6)

To obtain the dynamic separation coefficient %™, the both potential lift and the steady
separation coefficient are passed through a first order filter. Details on this procedure can be
found in [6]. The lift coefficient is the sum of the circulatory dynamic and the non-circulatory
terms. The drag and moment coefficients are also based on the steady data. They are the sum
of individual components that can be obtained in a straightforward manner as given [6].
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The flap for has been modelled with a chord length 10 percent. CFD simulations sweeping over
angles of attack from -20 to 20 degrees and flap angles from -7 to 7 degrees are used to obtain
the steady input data for the unsteady aerodynamic model. The same mesh, turbulence model
and Reynolds numbers are used as for the unsteady CFD (URANS) model.

To include gusts in the unsteady aerodynamic model a temporal variation in the angle of
attack and inflow velocity magnitude are used.

2.2. URANS model

To model the fluid around the airfoil and flap the incompressible Unsteady Reynolds Averaged
Navier Stokes (URANS) equations together with the k& — w SST turbulence model are used.
The equations are written in Arbitrary Lagrangian Eulerian (ALE) form and discretized using
the finite volume method as implemented in OpenFOAM [16]. The equations are solved using
the PISO algorithm [17], with second order spatial and temporal discretization. The URANS
continuity and momentum equation in integral ALE formulation are give in Equation 9 and 10,
respectively.

/ (V-w)dV =0 9)
Ve ()
0
—/ udV  + n-(u—uy)udsS
ot Jve(t) Sc(t)
- Vowvaay = [ YPay. (10)
Ve (t) Ve(t) P

Here V¢ is the control volume, S¢ the surface of the control volume, u is the velocity vector,
u,, the mesh velocity vector, v the kinematic viscosity modelled by the turbulence model, p
the pressure and p the density, which is assumed constant. The mesh velocity is determined
using the Discrete Geometric Conservation Law (DGCL) and the mesh deformation. The mesh is
deformed based on the motion of the structure using Radial Basis Functions (RBF) as presented
in [18], resulting in a robust and efficient way of deforming the fluid mesh.

Gusts are incorporated in both the URANS model and the unsteady aerodynamic model.
For the unsteady aerodynamic model gust are introduced by a change in angle of attack and
velocity. For the URANS model the mesh velocity technique is used [19]. The method is based
on using the mesh velocities to incorporate the gusts as shown in the Equations 11 and 12.

V=u—uy+uy=(u—1tun+uy)i+ (v—vm+vg)j+(w—wn+wyk (11)
T, = Ui + Oy + Wk = (U — ug) i+ (U — 1)+ (Wi — wy) k (12)

Here u, v and w are the velocity components, t,,, v, and w,, are the geometric grid velocities
caused by mesh deformations and ug4, v, and w, are imposed gust velocities. By modifying the
grid velocities the gust velocities are incorporated in the simulation. The modified grid velocities
are represented by ., U, and w,,. For global gusts, with equal velocity in whole computational
domain, this is the same as moving the mesh accordingly. However, this method also gives the
possibility to simulate traveling (local) gusts, which vary spatially across the domain.
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2.3. Structural model

Both the URANS model and the unsteady aerodynamic model are coupled to a 3 degrees of
freedom structural model without structural damping. This model is governed by the following
equations:

mis + kpxs = Fy + mléz cos (0s +04) + mlf, sin (0s+04) (13)
mijs + kyys = Fy, +mlf?sin (05 + 6,) — mif cos (65 + 0,) (14)
(Lo +mi?) b, + koby = Fy + mlissin (0, + 6,) — mlij, cos (0, + 0,) (15)

Where, m is the mass per unit depth, k is the spring stiffness in the respective degree of freedom,
F' is the aerodynamic force in the respective degree of freedom, F'6 is the counter clockwise
positive aerodynamic moment around the rotational center, [ is the distance between the centre
of gravity and the rotational centre positive in the direction from leading edge to trailing edge,
0 is pitch angle deformation, 0, the geometric installed pitch angle and I¢g is the moment of
inertia around the centre of gravity. The equations are solved in time by using an explicit four
stage Runge-Kutta time integration. In Figure 1 an illustration is depicting the aerodynamic
forces and relevant geometric variables. The model is equal to the one used in [14]. During this
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Figure 1. Illustration of structural model including a flap together with forces, inflow directions
and angle definitions.

study the parameters stated in Table 1 are used in the structural model. The values stated result
in a realistic 2D representation of an airfoil section in a wind turbine blade [14]. Next, the fluid
and structural model need to be coupled. Coupling between the structure and aerodynamics
is done in a strong way using sub iterations combined with Aitkens under relaxation [20], such
that the partitioned approach has no influence on the results.

2.4. Controller and Flap

Both models use a PD controller on the body velocity to describe the rotational velocity of the
flap. As input the vertical velocity and the acceleration of the body (i.e. wing) are used, with
the goal of minimizing the displacement in vertical direction (y). Consequently, the rotational
velocity is integrated using a second order backward differencing scheme in the URANS model
and a Runge-Kutta scheme in the unsteady aerodynamics model. The controller is described by
Equation 16. Noise and delay are not considered in this controller, which will be present in the
actual system. However, to compare the two models these influences are considered to be less
important in the current scope of the study.
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Table 1. Structural properties for three degree of freedom rigid body model

c | 1m | kx| 6316 N/m

RC from LE 0.3 m ky | 1579 N/m

CG (from LE) 0.35 m kg | 8290 N m/rad

m (per unit depth) | 40 kg/m || 6, | 5°

Ica | 2 kg m? || ‘
dp dy d*y
— =K,— +K,— 1
dt var TR (16)

The gains are tuned to: K, = —100 and K, = —20 by hand using the unsteady aerodynamic

model, which does not necessarily ensures an optimal controller.

From the integration of the rotational velocity the flap angle is obtained, which is used to
deform the flap accordingly. To prevent sharp edges on the airfoil surface a smooth deformation
is chosen described in Equations 17.

1

Lfiap

2
Yflap = y?flap - (xflap) B (17)

Here yiqp and x4, are the coordinates describing the flap shape with there origin at the flap
base. Additionally, y?lap is the original y position of the flap, § is the flap angle in radians,
and lfqp is the flap length. The flap length is chosen to be 10% of the chord. No deformation
in z direction is assumed, which is valid for small angles. The maximum allowed angle in the
controller is 7 degrees (0.12 rad), which makes this assumption reasonable for the intended
purpose. In Figure 2 the flap deformation is shown.

\ — beta -7.0° —beta 7.0° —beta 0.0° \
0.1
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o
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Figure 2. Flap deformation

2.5. Flow conditions and gusts

Typical flow conditions for a wing turbine section close to the tip are taken from [14]. A
rotational velocity of 60 m/s is chosen, while as unperturbed axial velocity a speed of 10 m/s
is used. With a chord length of 1 m and the dynamic viscosity equal to 1.4531 - 107° m?/s a

6



The Science of Making Torque from Wind 2014 (TORQUE 2014) IOP Publishing
Journal of Physics: Conference Series 524 (2014) 012060 doi:10.1088/1742-6596/524/1/012060

Reynolds number of 4.19 million is obtained. For the turbulence model a turbulence intensity
of 0.01% is used. The DU91-W2-250 airfoil is used as typical wind turbine airfoil [15], where
the last 10% of the wing are used as flap.

To trigger a clear well defined response prescribed gusts are used. Two types of gusts are
considered: a 1-cos gust and a Mexican hat gust. Equations 18 and 19 describe the 1-cos and
Mexican hat gusts, respectively.

Vg

Ag
cos (t) - 7

(1 —cos(2mfy€))if0< &< 1/fy (18)

A
VI (1) = 79 (1 — cos (27 f,€)) sin (3w f,€) if 0 < € < 1/f, (19)

Here Vj is the gust velocity in time and space, A, the gust amplitude, f, the gust frequency
and & =t — 3, where t] is the starting time of the gust. During this study only gusts in axial
direction are considered.

3. Results

With the two models discussed in previous sections the airfoil response to two gusts are simulated
and the results are compared. The computational times (CPU time) for one of these simulations
are O(10) seconds and O(50) hours for the unsteady aerodynamic model and URANS model,
respectively. Results are shown with respect to their steady state values, which are stated in
Table 2. Here C'msy is the moment coefficient around the rotational center, counterclockwise
positive. A cosine and Mexican hat gust with a frequency of 1.2 Hz and an amplitude of 1 m/s

Table 2. Steady state forces and deflections for both the URANS and UA model.

URANS | UA
2 [m] | -0.036 | -0.039
Ce -0.101 || 0.107
y[m] | 0992 | 1.026
Cy 0.691 | 0.715
0 [deg] | 1.124 | 1.191
Cmsg | 0.072 | 0.076

are chosen. In addition to the airfoil with controller also the uncontrolled cases are simulated
to determine the decrease in vertical displacement. In Figure 3 and 4 the dynamic response of
the airfoil to a cosine gust and Mexican hat gust is shown for both models with and without
controller. On a global level both models perform similar: they reduce the maximum deflection
of the airfoil significantly. However, important differences can be found in both the level of
reduction, flap deflection and the consequences of this deflection, on which the next sections
elaborate.

3.1. Uncontrolled response

First the response without controller is compared for both models. Significant differences can be
found in all displacement and force variables. The focus will be on the force and displacement
in y and the pitching moment and angle, since these are the most critical values when looking
at the controlled case. Differences are the (absolute) maximum amplitude differences of the
response normalized by the band of the URANS response, stated in percentage. In Table 3
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Figure 3. Response in time to a 1-cos gust with amplitude 1 m/s and frequency of 1.2 Hz for the
unsteady aerodynamic (UA) model and the URANS model (URANS) for both the uncontrolled
(uncon) and controlled case (con)

‘ ——URANS-uncon =——URANS-con

UA-uncon — UA—con‘

0.04 0.15 0.4 2
0.02 0.1 02 .
T € M\ g oy g
% 0 = 005 |} e =
< < [\ < -0.2 S
I\ < 0 T,
-0.02 o~ M 04 _
—0.040 y —0.050 1 -0.6 —40
time [s] time [s] time [s] time [s]
0.02 0.15 0.02
0.01 0.1 0.01

ACx
o

-0.01

-0.02
0

time [s]

ACy

o
-
N
w B B

0.05

-0.05
0

time [s]

-0.03

time [s]

Figure 4. Response in time to a Mexican hat gust with amplitude 1 m/s and frequency of 1.2
Hz for the unsteady aerodynamic (UA) model and the URANS model (URANS) for both the
uncontrolled (uncon) and controlled case (con)

the differences are given for both the gusts in controlled and uncontrolled conditions. As seen
in Table 3 both the vertical force and displacement are close to each other with differences
between 1.4% to 1.7%. Similar behavior is found in the horizontal component of the force and
displacement, with differences between 1.2% and 1.4%. Although the difference in the vertical
and horizontal paramaters are small, the difference in moment and pitch angle are relatively big.
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Both the moment and the pitching angle have differences up to -57.7%. Even though this is a
large relative difference, in absolute terms its rather minor (e.g. 0.03° in pitch angle). Besides
the large (relative) differences in the pitch angle and moment both models behave very similar
in amplitude response.

Table 3. Differences between the unsteady aerodynamic model and URANS model in the gust
responses of a smart airfoil. Difference are given in normalized maximum amplitude differences
relative to the URANS results. Normalization is done by the band of the URANS response of
the respective variable.

Cosine Mexican hat
variable | uncontrolled | controlled | uncontrolled | controlled
T 1.2% -12.7% 1.3% 10.7%
C, 1.4% -12.5% 0.0% -14.4%

Yy 1.6% -16.5% 1.7% -6.6%
Cy 1.4% -8.9% 1.4% 3.8%
0 -35.9% 0.9% -15.8% 3.3%
Cmsg -57.7% 1.1% -34.7% 5.3%
B - -14.8% - 2.1%

3.2. Controlled response

Adding a controller, and thus a moving trailing edge flap, increases complexity, which both
models handle differently. First, it is clear from both models that a significant reduction in
vertical displacement can be achieved: 83% for the URANS model and 81% for the unsteady
aerodynamic model in case of the cosine gust. Considering the Mexican hat gust a reductions
of 78% and 75% are found, respectively. The consequence of the flap actuation is an increase
in both the moment and the related pitch angle. A deflection of the flap causes an additional
force far away from the rotational centre, causing an steep increase in the moment. However,
the unsteady aerodynamic model predicts a larger change in pitch moment and angle when
compared to the URANS model, while a smaller maximum flap angle is used.

As for the uncontrolled response, the responses of the two models are compared to asses the
magnitude of the differences. For y the difference increased up to -16.5% for the Mexican hat
gust, while differences in C, are up to -8.9%. These relative differences are significantly larger
than the ones in the uncontrolled case. However, the difference for the pitch angle and moment (0
and C'msy) decreased compared to the uncontrolled case, to values up to 5.3%. Even though the
amplitude differences decreased, phase differences can be observed in both the uncontrolled and
controlled cases. Additionally, when studying the URANS results higher frequency vibrations
can be found in 6 for the cosine gust. Finally the flap angle shows a significant difference for
the cosine gust: -14.8%. Surprisingly, there is no significant difference in maximum flap angle
for the Mexican hat gust.

4. Conclusion
In this study two aerodynamic models are used to simulate the aeroservoelastic response of a
smart wind turbine airfoil: the unsteady aerodynamic model and the URANS model. The goal
of this study is to give a thorough quantification of the aeroservoelastic response of a 3 degree of
freedom structural model, while comparing the two different aerodynamic models. This is done
by assessing the controlled and uncontrolled response to typical gusts.

Comparing the structural and aerodynamic response for the uncontrolled case indicates that
the relative difference are small for the vertical components (1.4 to 1.7%), while for the pitching
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angle and moment the relative difference are significantly larger (up to -57.7%). However, it
must be noted that the absolute differences in the dynamic response for these parameters are
small. For the controlled case an increase in difference compared to the uncontrolled cases is
found in the vertical displacement and force: 3.8% to -16.5%. Also the flap angle shows similar
differences: -14.8%. The pitching angle and moment do have a significant smaller relative
difference (up to 5.3%). It can be concluded that for the investigated cases the differences
increase for the controlled direction (y) when a flap and controller are added. However, pitch
response is very similar in amplitude in the controlled cases. In phase and in post gust response
differences can still be found.

Finally, both models do predict a similar reduction in vertical displacement: 83 and 81% for
the cosine gust and 78 and 75% for the Mexican hat gust. However, due to the flap deflection
a significant increase in pitching moment and angle is observed. This has also been observed in
other studies.

Two gusts are considered in this study, which already show a wide range of differences.
From these inflow conditions it can be seen that in uncontrolled cases the observed behavior in
amplitude is similar for both models. Differences in pitch and moment response are significantly
different. Also depending on the type of gusts considered, the differences between models do
vary. Therefore a more detailed comparison will be done, using a wider range of gusts and
other inflow conditions, such as a turbulent inflow. Additionally, more attention must be given
to the flap and its controller by including maximum rotational speed, delays, signal noise and
maximum allowed (achievable) forces in the system.
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