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Abstract. This paper presents the integration of a near wake modaeaiditing vorticity, which is based on a prescribed wake
lifting line model proposed by Beddoes, with a BEM-basedvifake model and a 2D shed vorticity model. The resulting
coupled aerodynamics model is validated against liftindes@ computations performed using a free wake panel cdue. T
focus of the description of the aerodynamics model is on timaarical stability, the computation speed and the accuvécy
unsteady simulations. To stabilize the near wake modegstth be iterated to convergence, using a relaxation faeédhias

to be updated during the computation. Further, the effesiraplifying the exponential function approximation of thear
wake model to increase the computation speed is investigiatihis work. A modification of the dynamic inflow weighting
factors of the far wake model is presented that ensures gahatiion modeling at slow time scales. Finally, the unsgead
airfoil aerodynamics model is extended to provide the watstebound circulation for the near wake model and to improve
the modeling of the unsteady behavior of cambered airféli® model comparison with results from a free wake panel code
and a BEM model is centered around the NREL 5 MW referencerterfihe response to pitch steps at different pitching
speeds is compared. By means of prescribed vibration ctmesffect of the aerodynamic model on the predictions of the
aerodynamic work is investigated. The validation shows ¢hBEM model can be improved by adding near wake trailed
vorticity computation. For all prescribed vibration cagéth high aerodynamic damping, results similar to thosewiad by

the free wake model can be achieved in a small fraction of cdatipn time with the proposed model. In the cases with low
aerodynamic damping, the addition of trailed vorticity retidg shifts the results closer to those obtained by usiegttbe
wake code, but differences remain.

1 Introduction

This work is based on a coupled aerodynamics model, wherteaihed vorticity effects in the near wake are computed dase
on a model proposed by Beddoes (1987), and the far wake caitiguts using the well-known blade element momentum
(BEM) theory. The near wake model (NWM) is a simplified présed wake lifting line model, which efficiently computes
the induction due to the vorticity trailed during a quartéaaotor revolution. The coupled model can be seen as a hybrid
code between a traditional BEM model and the more completexaodes. Because a BEM model is based on an actuator
disc assumption, it can not model the detailed dynamic itidnagesponse at the individual blades. Therefore the NWM
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is introduced to model these unsteady induction charatiesidue to load changes by pitch, eigenmotion of the bljades
turbulent inflow and shear. The accuracy of the computat®msproved due to the added aerodynamic coupling between
airfoil sections through the trailed vorticity, alleviagj the limitations of the BEM strip theory. Especially in easwith large
radial load gradients, for example close to trailing edgesflar other aerodynamic devices or close to the blade rootipnd
the cross sectional coupling will lead to an improved prealicof the steady and dynamic induction. The addition ofribar
wake model in an aeroservoelastic code has an acceptabt eff the total computation speed. An aeroelastic sinmulati
with the wind turbine code HAWC?2, (Larsen and Hansen, 20@fsén et al., 2013; Kim et al., 2013), of the DTU 10 MW
turbine (Bak et al., 2012) in normal operation with turbulevilow takes roughly 10% (30 aerodynamic sections) to 40% (5
aerodynamic sections) longer if the near wake model is edahhn if a pure BEM model is used.

The coupled model using the modified BEM approach for the fakevhas been proposed by Madsen and Rasmussen
(2004) and extended by Andersen (2010). Further improvéhsnbeen presented by Pirrung et al. (2012), where anivterat
procedure was used to ensure convergence and avoid nuhiestedilities of the NWM. An application of the coupled nad
to estimate the critical flutter speeds of the NREL 5MW tuebfdonkman et al., 2009) also including blades with modified
stiffness, has been described by Pirrung et al. (2014), evtier coupled aerodynamics model has predicted 4-10 % higher
critical flutter speeds than the unsteady BEM model in thesewoelastic wind turbine code HAWC2.

In the present paper, the iteration procedure of the NWM bseldirrung et al. (2012) is presented in more detail, as well
as a method to compute the necessary relaxation factorgdargimulation, removing the need for additional input oryver
conservative relaxation factors that are independentatiapnd temporal discretization and increase the contipntime.
Further, the NWM is simplified to accelerate the computatiaith small loss of accuracy of the unsteady results.

The dynamic responses to pitch steps and prescribed bladations are validated by comparing them to results from
the more complex free wake code GENUVP (Moutsinas, 2006¢. fdbus in the pitch step cases is the dynamic induction
response, while the prescribed vibration cases are eealmtsed on aerodynamic work during a period of oscillatipis.
found that the coupled aerodynamic model is capable of mioduesults that agree much better with results obtaineah fr
the free wake code than the unsteady BEM model in most cag®uva dramatic increase in computation time. The more
accurate computation of aerodynamic work can have a carditleimpact on the aeroelastic response in the case where th
total damping is close to zero, such as for edgewise vibratio

This paper is structured as follows: In the next section atstescription of the NWM and a previous implementation & th
coupling to a far wake model and shed vorticity model areqaresd. In Sect. 4, modifications to far wake and shed voyticit
model are proposed to improve the interaction of these nsosligh the near wake model and to increase the accuracy of the
dynamic lift computation for cambered airfoils. This isléaled by a description of the iterative procedure to stabithe near
wake model in Sect. 5. A way of simplifying the NWM to acceleréthe computation is presented in Sect. 6. In Sect. 7 the
free wake panel code used for validation of the coupled rnedifar wake model is briefly described. The effects of the rhode
modifications and results from the code comparison are slamdrdiscussed in Sect. 8.
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2 Original Model description

The structure of the previous implementation (Madsen arariRasen, 2004; Andersen, 2010) of the model is shown in Fig.
1. From the velocity triangle, denoted B9, follows a geometric angle of attack (AOA),s and a relative velocity,. An
effective AOA a.ry is obtained through a 2D modeling of the shed vorticity éfewhich is briefly described in Sect. 2.3.
This effective AOA is used to determine the aerodynamicdsrand the thrust coefficietity. The thrust coefficient leads to
a far wake induction factai 1/, requiring a coupling factok zyy as input. Section 2.2 contains the dynamic inflow model,
using the weighting factord; andA,, which is used to determine the unsteady far wake induetiom 4, .

Using this far wake induction, and the near wake inductiomfthe previous time step, a new intermediate velocity tylian
V'T; is determined, with a new quasi steady AOA and relative lothese lead to the bound circulatibps. The difference
in I'gs between adjacent blade sections, denotefilasn the following, determines the trailed vorticity. In thext section it
is shown how the induced velocity” due to the near wake, which is added#gy, to obtain the total induced velocity;,:
at each blade section, follows from the trailed vorticese Tdtal induced velocity will then, in addition to the relegivelocity
due to blade motion and turbulence in the incoming wind, rieitege the velocity triangle after the time stéy.

2.1 Near wake model

The NWM enables a fast computation of the induction due tdrdiked vorticity behind a rotor blade. The trailed wake t&n
discretized into trailed vortex arcs from several posgion the blade, where each arc consists of a number of voemesits.
The induction at a blade section due to each vortex elemeribeaomputed using the Biot-Savart law, but this computatio
is numerically expensive as the influence of each vortex eteéran the induction at each blade section has to be detedmine
Beddoes (1987) proposed to avoid these expensive congnadty assuming that the trailed vorticity follows circuwairtex
arcs in the rotor plane and limiting the computation to a tgraotation. In this quarter rotation, the axial inductiéin from

a vortex element at a blade position is decreasing as thexvelément moves away from the blade, starting with a véluge
This decreasing induction, following from the Biot-Savas, is approximated by exponential functions:

d
% ~1.359¢P/® — 0.359¢48/®, (1)
0

aero k . A1:0.6
* FW, input A2:O4
a . (16) (9) (10) a, . (19)
VI —> VrQS —a, — C, j—» aFW—+—>uFW7dyT> VT, —> VIQS‘) Ios
At , (7) -

tot [B}

Figure 1. The previous implementation of the coupled near and far wakeel, as described by Madsen and Rasmussen (2004) and

Andersen (2010). The numbers in parenthesis refer to thatieqs in the following sections, [B] to the original modgi Beddoes (1987).
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where® is a geometric factor depending on the radius from which tiréex is trailed and the distance between the vortex
trailing point and the blade section where the inductioroisiputed. The anglé determines how much the blade has rotated
away from the vortex element. The numerically efficientlimgi wake algorithm gives the inductio” due to the trailed
vorticity at time step at a blade section as:

N,
Wi=> Wi, )
v=1

whereN,, is the number of vortex arcs trailed from the blade &ind, is the induction due to a single vortex arat the blade
section. It consists of components , andY,, corresponding to both of the exponential terms in Eq. (1):

Wio=Xi,+Yo,, 3
Xl =X e 80/ %0 4 Dy o ATy (1 — e 8%/ P, (3a)
)/si,v _ Ygi7;1ef4Aﬁv/<I>s.v + Dy.y AT (1 — e =488/ ®e). (3b)

whereAT, is the trailed vortex strength, which depends on the radff@rdnce in bound circulation between the blade sections
adjacent to the vortex trailing point. The relative moveingfithe blade in the rotor plane during the time step at théexor
trailing point is denoted a& 3, = (vr,in—piane/7)At. The in-plane velocity component perpendicular to thénliftline is
denoted a%;, ;,,—piane. EQuations (3a) and (3b) show that the induction consists adcreasing part of the induction at the
previous time step, due to the previously trailed wake mgaway from the blade, and the contributions from the newest
element, given by th®x , ,, andDy 5 , terms. These equations are less time step sensitive andutatiopally faster than the
original equations by Beddoes. They have been proposediynBiet al. (2016), as well as a correction for the helix argjl

the trailed vorticity. Pirrung et al. (2016) also descrilmsvtthe tangential induction is computed based on the sameagip.

2.2 Coupling to far wake model

The NWM, which only computes a fraction of the total rotoruistion, is complemented by a modified BEM model for the far
wake. The total induced velocity at a blade section is coegbas

Utor = Upw + W, (4)

whereupyy is the far wake component of the induced velocity &¥ids the near wake component, cf. Eq. (2).

The far wake componentzy, is computed based on the BEM model implementation in HAWG2 tises a polynomial to
relate the local thrust coefficient with the axial inductfantor at each annular element. To account for the near wakestion,
the far wake induction factarry, is computed without a tip loss correction and based on athaogdficientC that is reduced
by the coupling factok ry,. The coupling factor is automatically adjusted during thenputation to closely match the thrust
of a reference BEM model, where the induction faetary is computed including tip loss effects (Pirrung et al., 2016
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To account for the far wake dynamics, this work uses the dymarfiow model implemented in HAWC2. Two parallel first
order low pass filters are applied on the quasi steady indueleditiesu ryy,gs = arw us from the BEM model:

U%W,dyn = Alu’i + AQU’% (5)
up =i e AT pufyy os(1— e AT (6)
uy =y e BT fufpy gg(1 e AT, (7)

In a pure BEM computation and the previous far wake modelémghntation, the factor$; areA; = 0.6 andA; = 0.4. They
are used to divide the induction into a faster and slowettiggpart, corresponding to a faster time constardand the slower
time constant». Both time constants are a function of radius and mean Igadihe constantgl, andr; have been tuned to
the actuator disc simulations of step changes in uniformit@p(Sgrensen and Madsen, 2006).

2.3 Unsteady airfoil aerodynamics model

The sketch in Fig. 2 illustrates how the shed vorticity du¢htime variation of the bound circulation induces a dowstwa

ws /4 at the three quarter chord of an airfoil. This downwash witkhege the angle of attack and thus the lift, drag and moment

coefficients according to the airfoil polars, as well as tieations of the aerodynamic forces. The inviscid part efdhsteady
airfoil aerodynamics model by Hansen et al. (2004) treaskied vorticity effects as a time lag on the angle of attackraling

to Jones’ function for a flat plate. The effective angle o&elta. sy, which determines the magnitude and direction of the
unsteady aerodynamic forces, is computed as:

Ty = — 8
07 208 (8)
; —0.04558t 1 . ) , —0.0455 At

rp=ay"le % 4 5 (s + g 0.1650;(1 — e 73 ©)
i i —03%F 1 ie1 i —0.34¢

$2 = $2 € 0 + §(aQS + aQS )03351}7(1 — € o] ) (10)

i L i iy

ey = 5aQs + (21 +a3)/v;, (11)

where the superscriptdenotes the time step andhe chord length. Furthet, s is the quasi steady angle of attack resulting
from the velocity triangle at the blade section andlenotes the corresponding relative velocity.

L
v
r .l e D)
b/—I/ VAN AN NN
W34

Figure 2. Cambered airfoil in parallel inflow to the chord line. The dlveake corresponds to the time history of the bound circutati
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3 Model overview

The structure of the current implementation of the coupledrrand far wake model is shown in Fig. 3. The changes to the
previous implementation, cf. Fig. 1 are:

— The weighting factors!; of the far wake dynamic inflow are adjusted during the comjmutdo account for the induction
5 computed by the near wake model, which is explained in Sett. 4

— The trailed vorticity is no longer based on the quasi steaalynd circulationl's, but instead on a dynamic bound
circulationI',,,. The computation of the dynamic bound circulation is show8ect. 4.2.1.

— The near wake induction is computed in an iteration loop cWwié detailed in Sect. 5.

— The coupling factor is no longer needed as input, but insteatinually updated during the computation, as described
10 by Pirrung et al. (2016).

— The trailed vorticity is assumed to follow helix arcs to agobfor the downwind convection of the trailed vorticity. To
achieve this® is multiplied with a correction functiorf, depending on the blade section and vortex trailing pomt, a
well as the helix angle at which the vortex is trailed (Pigwt al., 2016).

— The computation ot ;s according to shed vorticity effects is improved for cambea@foils, which is explained in
15 Sect. 4.2.2.

aero

a  (16,25) } 9 a, . (19)
VI — ¥ —a, — ( )a'FW Upy > VI —> e : Fos
Ir Ir P
(8){} At (17)A¢ A(l(y ‘A}V Iterati‘(/); loop ) +(24)
—> . — . <
ref\l‘{ 3 LQS ¢ i,dyn ‘r (34,36) (4) dyn

p] “rw
A t u m(r7l—‘

Figure 3. Overview of one time step in the coupled near and far wake gzl in this work. Relevant equation numbers are incluigd.

refers to Pirrung et al. (2016).
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4 Modifications to far wake and shed vorticity model
4.1 Adapting the weighting of the dynamic inflow time filters

The dynamic inflow model described in Sect. 2.2, which has ibeeed for BEM computations, has to be modified if a part of
the induction is covered by the NWM. The objective is to abtisimilar slow induction response with the coupled near and
far wake model as with an unsteady BEM model.

This requires a modification of the constandts and A, in Eq. (5). The new constants; are computed based on the far
wake induction factoe 1, and a reference induction factor obtained from a BEM mod# tip loss correction, cf Sect. 2.2.
The weighting constants for the far wake model are deterdsneh that roughly 40 % of the total induction are considéved
be reacting slowly, as in the original dynamic inflow modelB&EM computation, Eq. (5):

0.4aref

Al,FW = (12)

arw
Ay pw =1— A1 rw. (13)

The factors are continuously updated during the computstié first order low pass filter with the far wake time constant
7 of the dynamic inflow model is applied oy to make sure this model does not introduce unphysical rayiddtion
variations due to instantaneous changes of the weightoigria

4.2 Extensions of the unsteady airfoil aerodynamics model
4.2.1 Unsteady circulation computation

The influence of shed vorticity on the bound circulation $up has to be be considered when determining the strengftie of t
trailed vortices of the NWM. Joukowski's relation betwearagi steady liftLos and circulation g,

L 1
9% — ~peCy, (14)
PV 2

FQS =

which has been used by Madsen and Rasmussen (2004) and é&m@2@84.0) to determine the bound vorticity, is not valid
for unsteady conditions. The error of calculating the dation based on the unsteady lift at an airfoil section dejgemn
the reduced frequendy= wc/(2v,.), wherew is the angular velocity; is the chord length, and. is the relative flow speed.
For an airfoil pitching harmonically about the three-qearthord point, the error has been estimated by Madsen anda@au
(2004) to be 10% at = 0.1 and 100 % at = 0.8, which for the NREL 5 MW reference turbine at rated wind antbrepeed
corresponds to frequencies of about 1.2 and 9.8 Hz at 60 mnadaus with a chord of 2 m. Except for the first flapwise and
edgewise bending frequencies, most relevant modal frexesfor modern blades are between these values, which ghatvs
it is important to include a modeling of the unsteady cirtiola
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In this paper, the step response of the circulation is apprabed by the three term indicial function used by Madsen@adnaa
(2004).

den/FQS =1- AF71€76F'1T — AF72€76F'2T — Ap,geibF‘BT, where (]_5)
20,

= At z . Apg=05547, Ap,=0.1828, Ars=0.2656, (16)

bri =0.3064, bro=0.0439, bps=3.227 (17)

The algorithm is implemented analogue to the computatiothi® effective angle of attack in Equations (8)-(11):

i o1 gt Ar o i—1 —br,; of
Z‘FJ:J?FJ-G 0 -+ (FQS+FQS)(1_€ 0) (18)

Ffiyn = .13%71 + .13%72 + .13%73, (19)
where the quasi steady circulation is computed from theigti@ady lift coefficient using Eq. (14).
4.2.2 Unsteady aerodynamics of cambered airfoils

Any change in bound circulatiohi, which is a function ob,.C, cf. Eq. (14) should lead to the corresponding shed voyticit
The implementation of the shed vorticity model accordingdemsen et al. (2004), cf. Equations (9-11) is based on time ter
agsvr. The camber of the airfoil is neglected in this computatibthe shed vorticity effects. We propose in this work to
replacengs in Equations (9 to 11) by, camper, With

QQS,camber = AQS — Q, (20)

whereqy is the zero lift angle of the airfoil.

The impact of this modification is shown for basic cases aitied velocity changes in Figures 4 and 5, where an airfoil
with a 2 lift gradient, a 2 m chord length, a zero lift angle-e8° and a drag coefficient a¥', = 0.005 has been simulated.
The airfoil characteristics and chord length have beenatmasbe similar to the outboard region of the NREL 5SMW refeeen
turbine and the geometric angle of attack has been choser@sta show the isolated effect of airfoil camber. In Figthk
variation of effective angle of attack due to a step changelative speed from 70 jis to 71 nys within a time step of 0.01
s is shown. Without the effect of camber , the change in redagpeed has no influence on the angle of attack, becayise
is a constant zero. The effect of camber leads to a lower afgétack due to the shed vorticity caused by the increase in
bound circulation. The camber effect is small, and the aobédtack changes only by less than 0.02 degrees immedédtely
the relative speed step. In Fig. 5 the induced drag due teeariglttack changes is compared to the viscous drag in case of a
vibration of the airfoil section parallel to the inflow. Tkeawould be no induced drag in this example if camber was erclud
from the effective angle of attack computation. The amgkgtof the vibration is 1 m, the frequency 1 Hz. The effect oficed
drag is of the same order of magnitude as the airfoil drag¢kvimdicates the importance of including the airfoil camibethe
unsteady airfoil aerodynamics model. The camber effectakided in all further computations presented in this papeept
in the left plot of Fig. 18, where it is excluded to investig@s importance on in-plane blade vibrations.
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Figure 4. Effect of including camber in the unsteady aerodynamics Figure 5. Comparison of viscous drag and induced drag during os-

model on effective angle of attack during a step in relatstogeity. cillations of a cambered airfoil parallel to the inflow at 1.Hhe
effect of camber is included as proposed in Eq. (20). The rdezm

has been subtracted.

In the unsteady circulation computation described in thevipus section, the camber is accounted for through thei quas

steady circulation’og, which is based on the lift coefficient, cf. Eq. (14).

5 Iterative near wake and shed vorticity model

5.1 Iteration scheme

The NWM can become numerically unstable depending on the si®p, operating point of the turbine, blade geometry and
radial calculation point distribution (Pirrung et al., Z2)1Fig. 7 shows the maximum time step where a stable comopntat
possible for a fine and coarse geometry definition, showngn@;iof the NREL 5 MW blade. The coarse geometry definition
is a blade geometry typically distributed for BEM computasg and the fine distribution is more suitable for computetioith
higher fidelity codes. The aerodynamic calculation poinis eortex trailing points follow a cosine distribution, vehimeans
they are placed at equi-angle increments. The time steslieen determined in a numerical experiment, where the tiepe s
has been decreased until large oscillations of the inductisappear. The results are accurate to the first signifaigrtt It
can be seen that the finer blade geometry leads to a more stabfmitation. This can be explained by the smoother blade tip
where the blade chord is approaching zero. Thus the rada@llation gradient at the very blade tip is smaller and theexo
strength of the tip vortex is distributed to several weakaitead vortices in the tip region that are less likely to canamerical
instabilities. In a coupled aeroelastic simulation, thekistable time steps for resolutions of 30 to 60 points wde&dt! to a
very slow computation especially in case of the coarserebipbmetry.
The numerical instability which occurs at larger time steps be explained as follows: The axial induction due toedil
vortices typically reduces the angle of attack at a bladé@®aovhich in attached flow leads to a reduced lift. In thegoral
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Figure 6. Coarse and fine blade geometry for the NREL 5MW ref- Figure 7. Maximum stable time step depending on number of points
erence turbine. The coarse definition is a typical geometfipiion for the coarse and fine blade geometries of the NREL 5 MW refer-
for BEM based computations. The finer geometry is smoothed fo ence turbine. The points are distributed using a full codisgibu-
use in computational fluid dynamics and free wake codes. tion (Pirrung et al., 2012). The results are obtained thhaugmer-

ical experiment.

implementation of the NWM the constant circulation traiteding a time step is only depending on the flow conditionsat t
blade at the beginning of a time step. Thus a longer time siéfead to a bigger induction and thus a further reductiotifin
in the next time step. If the time step is too large, the inductan become big enough to create a negative lift in the tirext
step, that is bigger in absolute value than the previoudipedift. This in turn leads to stronger trailed vorticesagfposite
sign, which will cause even bigger induced velocities indpgposite direction, which again leads to stronger vortices

To stabilize the NWM the balance between trailed vortexgjtie based on the sectional circulation and the inducedvelo
ities are iterated to equilibrium in each time step, whiamoges the need for small time steps to stabilize the aeraodigsa
model. The iteration is structured as follows:

1 The quasi-steady circulation is computed according to daski’s law using the velocity triangle at the airfoil sextibased
on the induction from the last iteration.

2 The unsteady circulation is computed including shed vibyteffects, cf. Sect. 4.2
3 This unsteady circulation defines the constant vortex gthexrtrailed during a time step
4 These constant vortex strengths lead to an induction atrédil@ections.

5 The new induction is combined from the inductions from stegndl 4 by applying a relaxation factdi’; = W;_1 f, +
W;(1— f,), where the subscriptindicates the iteration number. W; is sufficiently close to¥;_1, it is the desired
converged induction.

10
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The BEM model for the far wake is excluded from this iteratocedure. The AOA and relative velocity used to compute
the far wake induction are the values from the convergedtitar in the previous time step. This is accelerating thematation
and is feasible because the near wake effects are on a mtehtiiae scale than the dynamic inflow effects in the BEM model

5.2 Estimation of the necessary relaxation factor

In the following, an estimation of the relaxation factor oblade section is described. A conservative estimatioasgd on
the least stable case which is characterized by the follpwioperties:

— One single blade section with one vortex trailing from eadb.sAdjacent sections would tend to have similar circolagi
and therefore reduce the vortex strengths and the corrdsmpimduction at the blade section. The trailed vortices on
both sides of the section depend only on the bound circultiof that section.

— The lift coefficient is linearly dependent on the angle oelt C;, = 2wa. A reduced but still positive gradient due to
stall would stabilize the model.

— No prior trailed vorticity is present. It would stabilizeglmodel, because the induction would not only be determined
by the momentary circulation at the section, but also by #magling influence of the wake trailed before. If the model
converges in the very first time step, with a given inductibtha section from the previous iteration then the iteration
will also converge with prior trailed vorticity.

— The helix angle at which the vortices are trailed is assurodxzbtsmall. Thus all the induction due to trailed vorticity is
assumed to be axial induction.

With these assumptions, the downwash after a time Atepan be determined by summing up the contributions of the
newest element, cf. the right terms in Equations (3a) anjj {8bboth adjacent vortices:

2
Wi =Y (=1)'T(Dx (1 —e 2%%) 4 Dy, (1— e *8%/%v)), (21)

v=1
where the subscript denotes the vortex further inboard£ 1) and outboardi( = 2) of the section with the bound circulation
I'. The subscript denotes the iteration. Because the tangential inductioedgected A3 is only a function of the rotation
speed of the turbine and the time step. Thus the only variable in Eq. (21) that depends on the induditthe section:

Tagun 1
r=-22_ r 22

Tos 5¢CLY (22)
F Yyn

=% CTTU, (0 (23)
FQS
F Yyn oo I/Vi—

— 4 CW\/(UOO —Wi—1)?+ (Qr)2arctan (U71) , (24)
FQS Qr

wherev,, is the free wind speed and the step response function fronflByevaluated at half a time step gives,,/T'os
because we consider the first time step, thus a buildup ofitb@lation from zero.

11



10

15

Wind Energ. Sci. Discuss., doi:10.5194/wes-2016-2, 2016 WIND

Manuscript under review for journal Wind Energ. Sci. ‘ n '\ ENERGY
Published: 10 May 2016 e e \ SCIENCE
© Author(s) 20 l 6. Cc_BY 3 .0 License_ european academy of wind energy

dt=0.01s
dt=0.001s -------
dt=0.0001s ===~ 7

Wi =W ——

w; [m/s]

Figure 8. Downwash after an iteration as a function of the
downwash from the preceding iteration in case of a single sec
tion with trailed vortices.

Equation (21) is plotted for different time steps as a functfI7;_;, the induction from the previous iteration, for the blade
tip section of the NREL 5MW reference turbine at 8 m/s windespand 9.2 rpm rotor speed, corresponding to a tip speed
ratio of 7.6, in Fig. 8. The airfoil camber is neglected.

The intersections of the curves with the blue cuidg & W, _,) are the converged solutions, where a new iteration would
lead to exactly the same induction as the previous one. Tlelatons for different time steps have different conestg
inductions, because the length of the trailed vortex filaisieproportional to the time step. But not only the convdigmution
changes, also the gradient of the curves, which leads toditammfor convergence: If the distance from the converggdtgon
decreases during a time step,

(Wi — Weono| < |Wiz1 — Weonsl, (23)

the iterative process converges. As seen in Fig. 8, thegmadf the curves is almost independentdf ;. The gradients are
negative because induction reduces the angle of attackefine an approximation of condition (25) can be used:

dWi
— > -1 26
v (26)

This gradient can be derived from Equations (21) and (24) as:

i r yn oo T i— r
d?/VW = FdJ mc(By — Bs) av - Wi-1) ! 5 where (27)
il Qs " Qr <(—U°°_Q‘2/i__l) + 1)
B, = (—1)"(Dx (1 — e 2%) 4 Dy (1 — e~ *280/%)) (28)

The gradient is mainly depending on the time step and poimitie(throughB; andB5) and the rotational speed.

12
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Instead of reducing time step and point density until a satioih is stable, which can lead to time steps orders of madait
smaller than commonly used in aeroelastic codes and loviespagolution, a relaxation factgf. can be introduced, so that:

m,7’:m(1_fr)+m—lfr- (29)

The derivative of this downwash with regard to the old dowslwis:

AW, dW;
dWi—1  dWi_4

(1_fr)+fr- (30)

For the minimum relaxation factet that allows for a stable computatiodit’; ,. /dWW;_1 = —1), follows:

1+ i
fr= —1_7@;417 (31)
dW; 1

which can be determined depending on the time ategthe point distribution, and the number of points on the élad

In the initial phase of the simulation, the maximum relasatfactor for all blade sections can be quickly determined by
settingW,_1 =0 in Eq. (27) and looping through the sections. The highesessary relaxation factor for one section that
has been found is then used for the whole blade. As the siibnlebntinues, the relaxation factor can be updated wheneve
there are big changes in rotational speed, induction, atetéich. If the relaxation factor is updated every sevena tsteps,
determining the relaxation factor takes negligible comafiah time. Choosing a slightly more conservative relaaftactor
than what has been estimated will ensure stability alsoffaréint conditions than the ones the factor was based on.

6 Accelerating the NWM

In this section, an approach to accelerate the model is piedeThe number of exponential terms used to approximate th
decreasing induction with increasing distance from thel®lia Eq. (1) is reduced to one. Using only one exponentiah ter
removes th&’,, componentin the near wake algorithm, Eq. (3b) and thus kahecomputation time.

The reduced approximation function is defined as:

j—w ~1.359eP/® — (0.359¢40/® oy A*e—P/27 (32)
Wwo

The values ofA* and®* are found by solving the following equations:

W(8=o00)= / 1.359¢~%/® — 0.359¢4%/* 43 = / A*e PI® 4B (33)
0 0
/W(ﬁ =00) — W(B)d3 = /@(1.359e—ﬂ/¢ — (13’1—59@‘4‘3/‘1’)% = /@*(A*e—ﬂ/q’*)dﬁ. (34)
0 0 0

Equation (33) ensures that the quasi steady indudfigpy = co) of the reduced model is equal to the one computed by the
original model for a trailed vortex with constant strendgdguation (34) ensures a good dynamic behavior by requitieg t
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Figure 9. Comparison of induction buildup between full NWM and redlit®/ VM, depending on the length of a trailed vortex filamentwit

constant circulation.

time integral of the difference between dynamic and quasidst induction to be identical to the original model. Theusoh
to these equations is

(1359 -0.359/4)* . 1.350 -0.350/16

A* = =
1.359 — 0.359/16 1.359 — 0.359/4

(35)

A comparison of the buildup of induction in time, correspmmgto the integral of the exponential functions, is shown in
Fig. 9. The largest deviations of the reduced model from tiigirml model are below 2.5 % of the quasi steady induction
W (5 =o0).

7 Free wake code

GENUVP is a potential flow solver combining a panel represigon of the solid boundaries (blades) with a vortex paeticl
representation of the wake. In the present work, the bladesansidered as thin-lifting surfaces carrying piecewisestant
dipole distribution (equivalent to horseshoe type vortaifients). Blades shed vorticity in the wake along theititrgiedges
and their tips (vorticity emission line). In the model a highwake approach is followed. The near wake part, consisifrige
newly shed vorticity trailed within the current time stepniodelled as a vortex sheet also carrying piecewise cdrdifaoie
distribution. Within every time step, a strip of wake panisiseleased that are in contact with the emission line. Apgly
the no-penetration boundary condition at the centre of satil panel and the Kutta condition along the emission e t
unknown dipole intensities are determined. Then at the drehoh time step, the newly shed vorticity is transformed int
vortex particles and then all vortex particles are convédmwvnstream with the free flow velocity (free wake represtoi)
into their new positions. The layout of the modelling is sinawFig. 10. Details of the model can be found in Voutsina®@0
Since GENUVP is defined as a potential flow solver, the loaés werrection in order to account for viscous effects. This i
done by means of the generalized ONERA unsteady aerodyaamétdynamic stall model (Petot, 1989). The potential load

14
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- particles
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near wake
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Figure 10. Layout of the free-wake modelling of a blade: black lines
define the blade surface panels; red lines define the wakeajede

within a time step; symbols represent freely moving pagtcl

is calculated by integrating pressures (pressure diftegbetween pressure and suction side) over the liftingsesf Then,
through a consistent definition of the local flow angle ofektand relative flow velocity corrections are applied on tbeeptial
loads on the basis of the ONERA model. It is noted that the ONERdel splits the aerodynamic forces into a potential and a
separated flow component. This is done through the intraaluof two equivalent circulation parameters defined bottitie

lift and the drag force. In GENUVP and in case of attached flomditions no correction is applied on the unsteady lift éorc
computed by the free wake code. The only correction appéielde inclusion of the viscous drag contribution to the lodls
case of separated flow conditions the separated flow compohdre ONERA model is superimposed to the potential loads
provided by the free wake model (Riziotis and Voutsinas,7)99

In the case of aeroelastic coupling, the aerodynamic pdirtedeive the deformed geometry and the deformation vstoci
and feedback the loading. The deformed geometry as welleasldéformation velocities are introduced into the boundary
conditions and therefore the flow is accordingly adjusted.

The GENUVP free wake code has been thoroughly validated theepast years against measured data both on wind
turbines and helicopter rotors in the framework of numefelusunded projects. Blade loads and wake velocities corapas
against measurements have been performed on the MEXICOimdtoe context of Innwind.eu project (Madsen et al., 2015).
Moreover, detailed blade load calculations have been pagd for the NREL test rotor and results have been compared to
experimental data (NREL experiment) and CFD computati@isésapoyiannis and Voutsinas). Extensive validatiomef t
code has been also performed in the framework of the Helipimject where aerodynamic and structural loads, wake it&dsc
and elastic deflections have been compared to tunnel measnteon a BO105 helicopter model (Dieterich et al., 2005).
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8 Results

In the following section, the effectiveness of the iteratiwocedure and the estimation of the relaxation factor eneahstrated

for a horseshoe vortex. Then in Sect. 8.2 the unsteady ifmayatedicted by the coupled near and far wake model is coeapar
with results from an unsteady BEM model and the free wake dederibed in Sect. 7. Pitch steps and prescribed vibrations
of the blades of the NREL 5 MW reference turbine are invegtiga

8.1 Iteration procedure

To illustrate the efficiency of the iterative implementatianduction buildups for a simplified case are shown in Fily. The
simple test case is a wing with a span of 0.3 m and a constanihorculation, so that only two vortices with opposite vt
strength are trailed at the edges. To use the NWM and ensuadigbdlow, the wing is modeled as the only aerodynamic
section at the end of a 10 km long blade. The free stream Wglscv0 m/s. At t=1 s, the geometric AOA of the wing with
a symmetrical profile is increased from 0 to 5 degrees withd2®. The lift coefficient i2w«, the chord 1 m. The left side
of Fig. 11 shows the induction buildup for different timepgevithout iterating, the right side shows the effect of tieeation
procedure. Both the overshoot of the induction for a tim@ st£0.002 s and the oscillations for a time step of 0.02 s are
reduced by the iteration procedure.

The relaxation factors estimated as proposed in Sect. B.2anpared with the lowest stable relaxation factors obthin
by trial-and-error in Fig. 12 for the NREL 5 MW reference tumb operating at 8 and 25 fa wind speed in uniform inflow.
The comparison in Fig. 12 shows that the estimated relax&aictor is conservative, but the safety margin towardsaiist
computation is smaller in the 25 fa case.

T T 8 T T T T
. 7 .
- 6 -
= / ] - > —~ B 7]
E /. - E 4 e - i

2 2 /,(
\ b 3 7 4
b/
- 2 -
dt=0.02 s : dt=0.02 s
dt=0.002 s -=----- I L g R dt=0.002 § -=----- ~
dt=0.0002 s ===~ ? : dt=0.0002 § =—=—-—
1 1 0 1 1 1
1.06 1.08 1.1 1 1.02 1.04 1.06 1.08 1.1

t[s] t[s]

Figure 11. Buildup of the downwash for a horseshoe vortex dependindhertitne step. The NWM tends to be unstable (left) but can be

stabilized by iterating to convergence of the downwashtjig
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Figure 12. Estimated relaxation factor compared with the lowest stablaxation factor from trial-and-error depending on tbhenber of
aerodynamic sections. The time step is 0.02 seconds. Timeagst relaxation factors, Eq. (31), are conservative aedrifluence of the

refined blade geometry is captured.

8.2 Comparison of the coupled model with a BEM model and a fregvake panel code

The predicted force responses to pitch steps (Sect. 8.@dlplade vibrations (Sect. 8.2.2) are investigated in thleviang.

All computations use the refined blade model shown in Fig.h& Blade has been discretized using 40 radial aerodynamic
stations in the BEM based codes, with corresponding 41cestin the coupled model trailed from root, tip and in between
stations. For the lifting surface free wake simulationsg, btade has been discretized using 35 span wise and 11 cheed wi
grid lines. Compared to the the faster models, the resolutas mainly reduced close to the blade root.

8.2.1 Pitch steps

Pitch steps with stiff blades have been performed, wherdfREL 5 MW reference turbine is operating at a wind speed of
8 m/s and a rotation speed of 9.2 rpm. The turbine starts withdsléldat are pitched by 5 degrees to feather. The time steps
are 0.054 seconds (120 steps per revolution) for GENUVP abkliseconds for the other models. After 60 seconds simulated
time, the blades are pitched to 0 degrees at constant pitehirrd or 4 seconds. The forces are normalized to compare the
dynamics of the pitch response, such that the force beferpitbh step is 0 and the force 45 seconds after the pitchstep i
Figure 13 show the axial force response at a position at faideband close to the blade tip for the fast pitch step. The
free wake code predicts a slower force response during tble giep than the BEM model. The results of the coupled model
during the pitch step lie in between the other codes. In the fwake code results, some oscillations due to the changikg w
geometry are present after the pitch step, especially ahitidlade section. These oscillations make it difficult tdge if the
BEM model or the coupled model are predicting the overshioset to the free wake code, the results of which are in batwee
the two.
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Figure 13. Scaled axial force at different radial positions during aftér a pitch step by 5 degreesin1s.
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Figure 14. Scaled axial force at different radial positions during afteér a pitch step by 5 degreesin4 s.

The results of the slower pitch step in Fig. 14 show less lasicihs of the free wake code results. In this case, the ptedli
results from the coupled model clearly agree better witHribe wake code than the BEM results, both on the slope duhniag t

pitching motion and on the predicted overshoot.

Axial force distributions for a partial pitch comparisor8ain/s are shown in Fig. 15. In this case, only the outer half of the

blade is pitched from five to zero degrees during 1 secondhaws in the left plot of Fig. 15, the load smoothing effect of
the cross sectional coupling at the mid blade due to thettaibrticity is predicted by both the coupled aerodynamiosieh
and the free wake code to a similar degree. In the right pl&igf15, the time history of the axial force is compared aB34.

radius. The constant force predicted by the BEM model omihiispitching part of the blade is not included in this coniguar.
The overshoot is underpredicted by the coupled model byrard0%. The induction predicted by the coupled model stops



10

15

20

Wind Energ. Sci. Discuss., doi:10.5194/wes-2016-2, 2016 WIND

Manuscript under review for journal Wind Energ. Sci. ‘ n '\ ENERGY
Published: 10 May 2016 e e \ SCIENCE
© Author(s) 20 l 6. Cc_BY 3 .0 License_ european academy of wind energy

4500 T T T T T T T 35 T -t T T T
BEM, t=0s pTT -
4000 ~ coupled model, t=0s 3 0 S -
GENUVP, t=0s A

3500 1~ BEM, t=50s _ 25 7 T
— | coupled model, t=50s < !
£ 3000 GENUVP, (=50s 3, ERpn i
& 2500 » 2 oo T el
2 s 15 R i R .
£ 2000 3 il -
= R 7
o= o )
% 1500 § !;".

1000 [t 05 h ' ' }

III
500 0 p coupled ------- N
o GENUVP -~
0 L=t L 0.5
0 01 02 03 04 05 06 07 08 09 1 0 2 4 6 8 10
normalized radius [-] time [s]

Figure 15. Left plot: Force distribution before the pitch step and 5€osels after.
Right plot: Time history of the axial force comparing coupl@odel and GENUVP at 21.6 meter radius (34.3 % rotor raditisy. BEM

gives a constant force.

increasing after 1.6 seconds, corresponding to a quaxteluteon at 9.2 rpm, while the force predicted by GENUVP ¢ounés
to increase. Figure 15 thus illustrates that the coupledaincah predict a change in loading that can not be computestibas
on BEM theory, but the restriction to a quarter revolutiofirigting in this case. The difference in the overshoot pcddn at

21.6 meters radius amounts to roughly 700N
8.2.2 Prescribed vibrations

The aerodynamic response to blade vibrations is investigfar normal operation at 8 and 25/m The corresponding rotor
speeds are 9.2 rpm and 12.1 rpm and the pitch angles 0 degie28.2 degrees, respectively. The force response is cachpar

in terms of radial distributions of aerodynamic work durimrge oscillation, where a positive aerodynamic work coroesis

to a positive aerodynamic damping of the vibration. The msli@pes are chosen as the first and second structural mode
shapes of the NREL 5 MW reference turbine blade at stand aiilFig. 16. To simplify the comparison, the vibrations dav
been prescribed as collective in-plane or out-of-planeatibns. The frequencies, amplitudes and time steps ugethdo
computations are shown in Table 1, as well as the modal m#ssesre used for damping estimations. For the first modes onl
results at the larger amplitudes are shown in the followingestigating the results at the smaller amplitudes leadsd same
conclusions.

In the BEM and coupled model, the blade section velocitiestduhe vibrations are added to the relative wind speed. The
deflection of the blade and the resulting change of the septisitions have been neglected because the amplitudesalle s
compared to the blade radius.

To distinguish the effects of shed and trailed vorticitg tbllowing comparisons include a BEM computation with aatlied
shed vorticity model. The aerodynamic work during out ofnglanotion according to the first flap mode shape is shown in
Fig. 17 for 8 mys and 25 njis. The work integrated over the blade is overpredicted byBtaE! model (dashed black line) by
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Mode f.[Hz] m.mass[kg] amp.[m] dt [s]
first flap 0.66 905 0.25 0.5 0.036,0.028
first edge 1.0 1480 0.25
second flap 1.82 594
second edge 3.2 793

Table 1. Modal parameters and time steps prescribed in the work
comparison. The time steps for the first flap were chosen as 180

steps per revolution and thus depend on the rotor speed.
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Figure 16.Mode shapes used in the work computations, which are

simplified to be purely in-plane or out-of-plane deflections
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Figure 17. Aerodynamic work per oscillation of first flap motion at 8 misft) and 25 m/s (right) wind speed with an amplitude of 0.5 m.

about 10% compared to the free wake code in both cases. lithe BEM based results are compared, it shows that thedraile

vorticity (dotted blue line versus dashed black line) hagfloence of the same order of magnitude as the shed vor(sntid

purple versus dashed black line). The trailed vorticitget§, are more important close to the tip vortex, while ttiliémce of

the shed vorticity extends across the whole blade. Theteesithe coupled model are very close to the free wake codétses

but deviate slightly towards higher work. The influence & ttailed vorticity behind the other two rotor blades, whigimot

included in the NWM, on the vibration response is found tof@lscompared to the influence of the wake of the blade itself

in normal operation.

The in-plane vibrations at 8 m/s are almost parallel to tflewiand the drag forces contribute much more to the work than

in the other cases. To simplify the problem, drag has beelu@ad from the aerodynamic work computations presented in

Fig. 18. Further, the lift gradient has been assumezia$n the left plot of Fig. 18, the quasi steady angle of attackded in

the unsteady airfoil aerodynamics model, cf. Equationsq8)1). The agreement in this case is poor. In the right fhetzero
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Figure 18. Aerodynamic work per oscillation of first edge motion at 8 e/'sin amplitude of 1 m. Drag has been excluded,@pd= 27 .
In the left plot,aqs is used in the unsteady airfoil aerodynamics model in botiplenl model and BEM, cf. Equations (8) to (11). In the
right plot, the unsteady airfoil aerodynamics model uses — «vo, cf. Eq. (20), improving the agreement with the free wakeec@bults.

lift angle due to camber is included in the quasi steady aofy&tack, cf. Eq. (20). This approach leads to a much imptove
result for the BEM based codes and good agreement of theedupdel and GENUVP.

With the airfoil polars of the NREL 5 MW reference turbine thgreement between the codes is not as good in the 8 m/s
case, see the left plot of Fig. 19. However, the coupled mpamluces results much closer to the free wake code closeto th
blade tip than the BEM model. At 25 m/s, where the work is preith@ntly due to the vibration component perpendicular to
the inflow as a result of blade pitch, the coupled near and &ewnodel agrees similarly well with the free wake code as in

e 10 T T g 1400 T T T T T T T T T
= £ BEM, no shed vorticity
z ° > 1200 | BEM --
& & coupled e
=] =]
g5 o0 g GENUVP ---~-
g ko 1000
3 S 3
3 g 800 ‘ ;
g -10 5
= Z 600 £
§ _15 g : : s 4
o o 400 b et :
=] 220 - BEM, no shed vorticity =] 2
g BEM ------- g il
B S 200 Ny ]
2 -25 coupled . 3 5 Pt
= GENUVP --== i g Pl
= _30 1 1 1 1 1 1 g O | |
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
normalized radius [-] normalized radius [-]

Figure 19. Aerodynamic work per oscillation of first edge motion at 8 ifkést) and 25 m/s (right) wind speed with an amplitude of 1.0 m
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the cases with out-of-plane vibrations discussed above shird vorticity effects on the in-plane vibrations aredatfan on

the out-of-plane vibrations due to the higher frequencythedarger relative velocity variations.

Figure 20 shows results for the second modes. The BEM mosdeltsecompare similarly well with the GENUVP results

as for the first modes. Because the frequencies of the secoddsware higher the shed vorticity model is more important in

these cases. The importance of the trailed vorticity moteiger frequencies does not increase by the same amougat)$e

the higher reduced frequencies affect the buildup of theéealy bound circulation, cf. Eqg. (18). The coupled modelltss

are closer to the free wake results than the BEM results inaaés, but as opposed to the comparisons above, the coupled

model is underestimating the effects of the dynamics of ihve@drtex. Further inboard the free wake code predicts #iigh

lower aerodynamic work in the 25 m/s case than the BEM modaiiwcan’t be seen in the coupled model results. Also the
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10 agreement of the coupled model and GENUVP is worse in thevddgease than in the flapwise case at 25 m/s, which has not
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Figure 20. Aerodynamic work per oscillation of second flap (top) andesflgottom) motion at 0.25 m amplitude at § sn(left) and 25 nfs.
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been seen to that extend for the first edgewise cases, cfesSidid and 19. A reason for this might be that the second edgewi
case is computed with fewer time steps per period of osaitigb limit the computational cost.

For easier evaluation of the force response differencegdhodynamic work can be expressed in terms of a dampilgfati
a respective blade mode. Because the computations havéoaset on prescribed purely in-plane and out-of-planetstraic
mode shapes, these dampings do not correspond to any atimblade modes. For a single degree of freedom system with
the modal mass: and frequency, given in Table 1, the damping ratfoand logarithmic decrementare:
 Waero 1

8m3 A2 f2m 14 (2%)2

where A is the amplitude andV,.., the aerodynamic work per oscillation period. The estimabggrithmic decrements

3 (36)

according to Eq. (36) corresponding to the first flap motio® @i/s with an amplitude of 0.5 m, cf. Fig. 17, are 334 % for the
BEM results, 300 % for the coupled model and 292 % for the frakencode results. Flapwise modes are highly damped and
thus these changes of the damping will not significantlyrahie blade fatigue loads. On the other hand, lower aerodimam
damping of flapwise blade motion will correspond to a lowaodgnamic damping of tower fore-aft motion and might thus
lead to increased tower fatigue loads. It is expected thaddlwver aerodynamic damping is balanced to some degreaibeca
the near wake effects reduce the aerodynamic excitatiotodatenospheric turbulence.

Aerodynamic damping estimations for the first in-plane &ilams at 8 njis at 1 m amplitude are shown in Table 2. The
damping has been estimated in four cases, which differ iraitfeil polars and the modeling of the camber effect on the
unsteady airfoil aerodynamics. Comparison of the first tases of Table 2 shows that the induced drag caused by airfoll
camber in the shed vorticity modeling results in a dampingooafhly 0.7 % logarithmic decrement. According to the BEM
and coupled model results in case (3) and (4) the airfoil drageases the logarithmic decrement by about 0.3 %. Thedrai
vorticity decreases the absolute value of the damping bghiy0.14 % log. dec. Further, comparing columns (2) andtf®),
combined influence of airfoil polars with lift coefficientther thar2z and drag is close to three times larger in the free wake
code computations, which is caused by the different ungtdeaty modeling. The small differences in estimated logarit
decrement can have an impact on loads and stability conipugefor edgewise modes with a very low aeroelastic damping.

In the out-of-plane prescribed vibration cases investigathe trailed vorticity reduces the aerodynamic work therra
previous study by Pirrung et al. (2014) showed that theedailorticity effects will delay the onset of flutter towardgliner
rotor speeds. This is in agreement with findings on the infieexi shed vorticity, which leads to both a decrease of theviksp
damping and increased flutter speeds of a vibrating 2D blact®os (Hansen, 2007).

(1) Cr, = 2w, Cp =0, no camber| (2)C;, =27, Cp =0 ‘ (3)NRELCL,Cp =0 | (4) NRELCL andCp

BEM -1.13 -0.41 -0.52 -0.24
Coupled model -1.00 -0.27 -0.37 -0.1
GENUVP - -0.25 - 0.22

Table 2. Estimated logarithmic decrements [%] corresponding toair@dynamic work of first in-plane vibrations at & snbased on the
results at an amplitude of 1 m.
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9 Conclusions

In this paper, several modifications of a coupled model &tingj of a trailed vorticity model for the near wake and a BEM-
based model for the far wake have been presented and vallidResults from the coupled model are compared to free wake
panel code and a BEM model to evaluate the benefits and lioritabf the added trailed vorticity modeling.

It has been shown that the acceleration of the model by radube number of exponential functions in the trailing wake
approximation from two to one is possible with negligibléeet on the results. The approach presented here does m@geha
the steady results predicted by the NWM.

An iteration scheme to stabilize the model has been pregelttapplies a relaxation factor that is computed dynarhjcal
based on the blade discretization and the operating pothedfirbine. To evaluate the computed relaxation factosipnum
necessary relaxation factors have been determined byatrdderror and the estimated factors are found to be coaibezy
The iterative process enables stable computations wittheuneed for very small time steps and reduces oscillatibiiseo
near wake induction.

The 2D shed vorticity modeling, based on thin airfoil thedrgs been extended by including the unsteady effects on the
bound circulation. Further it has been found that it is neagsto include airfoil camber in the modeling of the influerod
varying inflow velocity on the dynamic angle of attack to abtgood results if the direction of vibration is close to dkalao
the inflow direction.

A comparison of pitch step responses of the NREL 5 MW refez@nrbine using the coupled near and far wake model, a
BEM model based on the aerodynamics model in HAWC2 and tleevitake panel code GENUVP has been presented. The
trailed vorticity modeling in the coupled model gives résudloser to the free wake code than the BEM model during the
pitching motion, and for a slow pitching rate a clear impnmeait is seen in the computation of the overshoot. Fast patiesr
resulted in oscillations due to the motion of the wake in tiee fvake code, which could not be achieved in the coupled mode
due to the prescribed wake assumption. The response toial pétith of the outer half of the blade demonstrated thesros
sectional aerodynamic coupling, which will have an influepa the load distribution in the presence of trailing edgesfla

The coupled model agreed better than the BEM model with #eevirake code in all prescribed vibration cases investigated
The main improvement due to the trailed vorticity is foundsd to the tip of the blade, even in case of the higher modes
investigated. The work response to the edgewise vibratiaaseen found to be difficult to model if the direction of aton
is close to parallel to the inflow direction. The results iisttase compare much better if no drag forces are computechdf
is included, the coupled model still compares well with tfeefwake code close to the blade tip, but there are largeatitavs
in the results of all models further inboard. In general,gimeulations agreed better for out-of-plane vibrationstimaplane
vibrations.

The implementation of the coupled near and far wake modelegmted here delivers promising results and will be further
investigated and validated against computational fluidadyics results and measurements in future work. In partichia
more accurate prediction of aerodynamic work for edgewiiseations is considered to be important for stability asakand
load predictions due to the low aeroelastic damping typi@dsociated with these vibrations.
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Nomenclature

Symbol Units Description

A [m] Amplitude of vibration

Aq, As [-] Dynamic inflow weighting factors

Ar1,Ar2, Ars [-] Coefficients in bound circulation step response

A* [-] Coefficient of accelerated near wake model

apw [-] Far wake induction factor

Qref [-] Induction factor according to BEM-polynomial

br.1,br2,brs  [-] Dimensionless time constants in bound circulation segponse
Ch [-] Drag coefficient

Cr [-] Lift coefficient

Ccr [-] Gradient of lift coefficient with respect to angle of atta

Cr [-] Thrust coefficient

c [m] Chord length

Dx v [m~1] Slowly decaying component of induced velocity due to inéhi long vortex ara with

vortex strength 1 at section
Dy s [m~1] Fast decaying component of induced velocity due to infipiteng vortex arcv with
vortex strength 1 at section

dw [m/s] Induced velocity due to infinitesimal vortex element

dwg [m/s] Induced velocity due to infinitesimal vortex elemetaring at the blade
Foero [N/m] Aerodynamic forces per unit radius

Eip [N/m] In-plane component of the aerodynamic forces per tattus
Foop [N/m] Out-of-plane component of the aerodynamic forcesysgtradius
F [-] Tip loss factor

f [Hz] frequency of vibration

fr [] Relaxation factor

k [-] reduced frequency

krw [-] Coupling factor

L [N/m] Lift force per unit radius

m [kg] Modal mass

Ny, [-] Number of vortex arcs trailed from a blade

U1, U [m/s] Components of time filtered far wake induced velocity
UFW,dyn [m/s] Time filtered far wake induced velocity

UFW,Q8 [m/s] Quasi steady far wake induced velocity

Ugot [m/s] Total induced velocity due to the combined near anavizke
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Time constant for unsteady airfoil aerodynamics model

Out-of-plane component of the blade section velocity

Aerodynamic work during one period of oscillationrpait radius

Slowly decaying component of induced velocity due dotex arcv at sections

Fast decaying component of induced velocity due téexoarcv at sections

Angle a blade rotated since a vortex has been trailed

Geometric parameter determining how fast the influerfce tailed vortex element

Geometric parameter of accelerated near wake model

Symbol Units Description
Uoo [m/s] Free wind speed
To [s]
T [s] Period of oscillation
At [s] Time step
Vip [m/s] In-plane component of the blade section velocity
Voop [m/s]
Urin—plane [m/s] In-plane component of relative velocity
Uy [m/s] Relative velocity
Waero [Nm/m]
W v [m/s] Induced velocity due to vortex arcat sections
W [m/s] Induced velocity due to all vortex arcs at section
X [m/s]
T1,T2 [m/s] Components of effective angle of attack
xri,ore,zrs  [MAs] Components of bound circulation
Yeo [mis]
agQs [rad] Geometric angle of attack
QS camber [rad] Geometric angle of attack relative to zero lift angle
g [rad] Zero lift angle
Qeff [rad] Effective angle of attack
B [rad]
Ap [rad] Angle a blade rotates in one time step
0 [-] Logarithmic decrement
Tos [m?/s] Bound circulation
Al [m?/s] Trailed vortex strength

[rad/s] Rotor speed
w [rad/s] angular velocity
® [-]

decays

* [-]
Ty, T2 [s] Dynamic inflow time constants
T [-]

Dimensionless time in bound circulation step response
Damping ratio
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