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The report presents the ATEFlap aerodynamic model, which
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section equipped with Adaptive Trailing Edge Flap. The model
captures the unsteady response related to the effects of the vor-
ticity shed into the wake, and the dynamics of flow separation;
a thin-airfoil potential flow model is merged with a dynamic
stall model of the Beddoes-Leishmann type.

The inputs required by the model are steady data for lift,
drag, and moment coefficients as function of angle of attack
and flap deflection. Further steady data used by the Beddoes-
Leishmann dynamic stall model are computed in an external
preprocessor application, which gives the user the possibility
to verify, and eventually correct, the steady data passed to
the aerodynamic model. The ATEFlap aerodynamic model is
integrated in the aeroelastic simulation tool HAWC2, thus al-
lowing to simulate the response of a wind turbine with trailing
edge flaps on the rotor.

The algorithms used by the preprocessor, and by aerodynamic
model are presented, and modifications to previous implemen-
tations of the aerodynamic model are briefly discussed. The
performance and the validity of the model are verified by com-
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1. Introduction

The report describes the ATEFlap aerodynamic model, which returns unsteady lift,
drag, and moment coefficients for a 2D airfoil equipped with a trailing edge flap. The
ATEFlap model has been integrated in the aeroelastic simulation tool HAWC2 [1], and
reproduces steady and dynamic characteristics of the forces on an airfoil undergoing
arbitrary motion and flap deflection, both in attached and separated flow conditions.
The model can handle standard hinged flaps, as well as flaps introducing any other
deformation shape of the airfoil camber-line.

The unsteady dynamics in attached flow are based on Gaunaa’s [2] work for a thin airfoil
in potential flow, while the dynamic stall part is derived from the Beddoes-Leishmann-
type of model [3, 4] that is described in Hansen et al. [5].

The current ATEFlap implementation is developed from the model presented in An-
dersen et al. [6], and follows the same approach in coupling the potential flow solution
with the Beddoes-Leishmann dynamic stall model. The model from Andersen showed
satisfactory performances in most of the investigated cases; nevertheless, for airfoils
undergoing partial flow separation, the dynamics of the forces predicted by the model
were, in few occurrences, corrupted by discontinuities and spikes in the simulated time
series [7]. The current algorithm is modified to avoid such discontinuities, and to allow
for a better integration with the latest versions of the HAWC2 code; appendix A lists
the major changes to the algorithm compared to previous versions of the aerodynamic
model.

A particularly relevant change is the introduction of an external application to pre-
process the steady data required by the Beddoes-Leishmann dynamic stall model [3, 4].
In this type of dynamic stall model, the lift force is described as a weighted sum of
a fully attached flow component, and a fully separated one. The two lift components,
here referred to as Beddoes-Leishmann lift components, are derived from the steady lift
characteristics of the airfoil. In case of an airfoil with trailing edge flap, the operation is
not trivial, and the algorithm gives rise to singularity points, which lead to discontinu-
ities in the lift components, and, ultimately, to the spikes observed in the aerodynamic
forces computed by the previous model.

Such discontinuities have no physical meaning, and should be corrected before the data
are further processed in the aerodynamic model. It was not possible to formulate a
reliable algorithm to automate the verification and correction of the processed steady
input data; therefore, the pre-processing phase is collected in an external application,
allowing for manual corrections by the user. The external application pre-processes the
steady lift data, and returns the required baseline steady data and lift components; the
user has the possibility to check the data that will be used in the aerodynamic model,
and correct eventual discontinuities.

The following chapter describes the algorithm used by the preprocessor application to
derive the steady Beddoes-Leishmann lift components from the steady lift characteris-
tics of the airfoil and trailing edge flap. The pre-processor algorithm has been imple-
mented in an executable, Preprocessor for ATEFlap Dynamic Stall Model, ver.2.04;
practical details on the use of the executable, as input and output file formats, and a
short user-guide are given in appendix C.

The core of the ATEFlap aerodynamic model is presented in the next chapter; the



algorithm to compute lift, drag, and moment coefficients is described, and details of
the actual implementation in the HAWC2 aeroelastic code are given. The document
refers to the model implemented in HAWC2 version 10.6, release date October 2011.

The last chapter reports validation cases, where the aerodynamic forces computed by
the ATEFlap model are compared with the output from the classic dynamic stall model
from Hansen et al. [5] for an airfoil undergoing harmonic changes of angle of attack. The
model is further validated by comparison with CEFD results for a NACA 64-418 airfoil
at Reynolds number of 6 millions; the unsteady forces are compared for harmonic flap
deflections, as in the UpWind report [7], and for harmonic changes of angle of attack.

6 Risg—R-1792(EN)



2. Preprocessor for ATEFlap
dynamic stall model

2.1. Background and motivation

The ATEFlap model is based on a Beddoes-Leishmann dynamic stall formulation [3, 4,
5], where the steady lift coefficient C}* is decomposed as the weighted sum of two lift
components:

Clst — Clattfst + les(l _ fSt)_ (21)

The first lift component C{** corresponds to the lift coefficient that would be obtained
in case fully attached flow conditions were maintained at any angle of attack; a sec-
ond component le ® corresponds to the lift force that would be generated with fully
separated flow conditions; the weight factor is given by the steady separation function

fSt-

Figure 2.1 reports the steady C;* function and the corresponding Beddoes-Leishmann
lift components in the standard case of a cambered rigid airfoil; the steady lift, and the
Beddoes-Leishmann lift components are simply a function of the angle of attack.

25 T T T T T T T T

Cl st.

2F ——— CI Att |
—— Cl Sep
—— ffun

coeff

=50 -40 -30 -20 -10 0 10 20 30 40 50

Figure 2.1: Steady lift coefficient curve, as a linear combination of the steady components required
by the Beddoes-Leishmann model: fully attached and fully separated lift coefficients, weighted by
the separation function f.

The separation function f*¢ is indicatively related to the flow separation conditions
along the airfoil; its value identifies three steady regions:

o [t =1 fully attached flow, C; = C{*.



° fst =0 fu]ly separated ﬂOW, C = les

e 0 < f*' <1 transition region.

The fully-attached curve C"** corresponds to the lift on the airfoil in case the viscous

effects of flow separation were neglected, under this assumption, the fully attached lift
coefficient for a rigid airfoil is described by the linear relation:

; oC;

att ~ ~lin T

Cl ~ M () T da

where « is a parameter corresponding to the angle of attack that returns a null steady

lift.

(o — ), (2.2)

It is then assumed that steady lift values below the corresponding linear ones are

caused by partial flow separation along the airfoil. The degree of separation is expressed

through the separation function f*!, which is derived from the expression of the flat
plate lift in Kirchoff flow,

<1 + m>2 e

2 e

(2.3)

and, thereof,

2
st
fot = (2 gfli" - 1) : (2.4)

The steady lift force is expressed as a weighted sum of the fully attached (linear)
component and a fully separated one les, eq. (2.1); the remaining les component is
determined in the transition region 0 < f** < 1 from eq. (2.1):

C«fs - C«lst _ Cllinfst
s
1— fst

(2.5)

To account for the effect of a trailing edge flap [6], the steady lift coefficient C}* de-
pends not only on the angle of attack «, but also on the flap deflection 3; the steady
lift coefficient, as well as the Beddoes-Leishmann components C{*, C’lf ° and f°', are
function of both angle of attack «, and flap deflection 3, and can be represented by
surfaces, figure 2.2.

When applied to an airfoil with trailing edge flap, the equation for the separation func-
tion (2.5) gives rise to singularity points, resulting in strong discontinuities in the steady
components. Furthermore, steady lift coefficient retrieved from actual measurement or
simulations rarely follows a perfectly linear trend even in the attached flow region, giv-
ing thus additional discontinuities in the steady Beddoes-Leishmann lift components
used by the aerodynamic model.

The effects of the discontinuities in the steady input data might be amplified by the
aerodynamic model, resulting in non-physical (and rather annoying) spikes in the aero-
dynamic forces time histories. A user intervention is required to ensure that the steady
components passed to the aerodynamic model are free from discontinuities, as no suf-
ficiently reliable algorithms were found to automatically remove such discontinuities;
hence the need for an external preprocessor application.

The application has been implemented in an executable program, Preprocessor for
ATFEFlap Dynamic Stall Model, ver.2.04, which provides the user with a graphical
interface to check, and eventually correct, the steady aerodynamic component inputs
that will be passed to the dynamic stall model. The preprocessor output is a file that
contains all the baseline steady aerodynamic data required by the model, in the same
format required by the aerodynamic model in HAWC?2; appendix C gives practical
details on files format, and use of the preprocessor program.

8 Risg—R-1792(EN)
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Figure 2.2: Lift coefficient C{t in the case of an airfoil with trailing edge flap. The lift is a function
of both angle of attack o and flap deflection [, and can be represented by a surface.

2.2. Preprocessor Algorithm

2.2.1. Reconstructing steady data

The input to the preprocessor consists of two sets of data: a Clean Airfoil, and a Flap
Delta-steady input. The Clean Airfoil set contains the same input data required for a
standard aerodynamic model without flap, and provides steady lift, drag, and moment
coefficients as function of the angle of attack. The Flap Delta-steady input gives, for
different angles of attack, the steady variations in lift, drag, and moment coefficients
caused by flap deflections; please refer to appendix C.2 for details on the input files
formats.

The steady data of lift C;*, drag Cy4, and moment C,, coefficients are computed as
function of both angle of attack and flap deflection; the coefficients in the Clean Airfoil
input are summed to the respective variations in the Flap Delta-steady input. Linear
interpolation is applied to cover a range of angle of attack from -180 to +180; the
coefficients corresponding to angles of attack outside the range specified in the input
file are taken equal to the closest available values.

2.2.2. Compute linear lift parameters

As mentioned, the input data for the dynamic stall model are obtained by splitting the
steady lift coefficient C;* into a fully attached component C{**, and a fully separated
C’lf ® one, weighted by the steady separation function f*:

Clst — Clattfst + les(l _ fSt)_ (21)

The fully attached component Cj"** is computed assuming that the lift in fully attached

flow is given by a linear function of angle of attack « and flap deflection 5:

Clin = Gt —a0) + 9 (2:6)

Risg—R-1792(EN) 9



The function describes a flat plane in the (a, 3, C;') space. For a set of steady data
corresponding to a specific airfoil and flap, the fully attached lift plane is univocally
characterized by three parameters: 9C;/0a, 0C; /98, and «y.

Linear parameter 0C;/0a  The gradient C) /O« gives the steady lift variations caused
by unit change in angle of attack, for a fixed flap deflection, which is specified by the
user. In the case of a standard airfoil without flap, the gradient 0C;/d«a corresponds
to the slope of the lift curve in the linear region, figure 2.1; for a flat plate in potential
flow 0C;/0a = 2.

The gradient 0C;/0« is determined using the same algorithm as implemented in the
HAWC2 aerodynamic model for standard airfoils MHH [1]; the algorithm is described in
appendix B.3.2.

Linear parameter oy The angle «g corresponds to the angle of attack that returns a

null linear steady lift Cllfgo = 0, for null flap deflection. In the case of a standard airfoil

without flap, figure 2.1, g sets the intercept of the linear lift line with the zero lift axis.

The value of «g is computed together with the 0C;/0a gradient; the algorithm is
presented in appendix B.3.2.

Linear parameter 0C;/98 The gradient 0C;/Jf gives the variation of fully attached
lift corresponding to unit flap deflection, for a fixed angle of attack.

The angle of attack is fixed at the value agy. The gradient is then evaluated as the
variation AC}*/AB for flap deflection values of £1° from the user specified value.

All the parameters required by equation (2.6) are thus determined, and the linear lift
coefficient C!™ is computed in the whole range of angles of attack and flap deflections.

2.2.3. Compute separation function

The next step is to compute the values of the steady separation function f*'. The
expression for the flat-plate lift in Kirchoff flow eq. (2.3) leads to:

2
st

The steady separation function %' should be real and bounded 0 < f < 1, thus
singularities arise when:

e C5t/Cl™ < 0, the singularity is solved, in case of negative C}*, by forcing the
function to 0; in case of positive C;*, by forcing the function to 1.
e Cpt/Cl™ > 1, solved by forcing £t = 1.
Further adjustments to avoid discontinuities in the f' function are left to user’s cor-
rections, which are manually applied through the graphical interface. The user has also

the possibility to specify the range of angles of attack corresponding to fully separated
flow conditions; in the specified range, the separation function is forced to zero, £t = 0.

2.2.4. Compute fully attached and fully separated lift coefficients

The value of the separation function £ outlines three regions, corresponding, respec-
tively, to fully attached, fully separated, and transition flow conditions. In each of the
three regions the coefficients are computed as follows:

10 Risg—R-1792(EN)



e Fully attached region, the separation function is f** = 1. In order to keep the

steady lift coefficient equal to the input one, the C{*** is taken equal to C}*, rather

than C}".
Catt — Cst
st l l
=1 — . ; 2.7
e Fully separated region, the separation function is f5* = 0.
Cffs — Cfst
st __ l l .
=0 — : ; 2.8
f { C«latt — Cllzn ( )
e Transition region:
Clatt — C«llm
O<fi<l — { ofs _ Crt=cpngt (2.9)
N

2.2.5. Manual corrections by the user

The steady coefficients and the Beddoes-Leishmann lift components required by the
dynamic stall model have now been computed as function of both angle of attack, and
flap deflection. Due to numerical issues, the steady coefficient values might present
discontinuities, which would negatively affect the dynamic output of the aerodynamic
model. Through the graphical interface, the user has the possibility to manually smooth
out discontinuities in the steady coefficient.

Whenever the user modifies the f*! separation function, the corresponding C’lf % values
are recomputed as specified in the previous paragraph, so that the total steady lift is
kept equal to the input one C}.

If the fully separated steady values le ® are modified by the user, in order to keep the
total steady lift equal to the input one, the separation function is recomputed as

ct-af

T amor

(2.10)

The user has also the possibility to modify the values of the fully attached lift component
C't, although the action would result in a total steady lift, eq. (2.1), different from the
C;' input one.

2.2.6. Preprocessor output - ATEFlap input

The steady coefficients and Beddoes-Leishmann lift components returned by the pre-
processor and corrected by the user are saved in a file, which will be used as input by
the aerodynamic model, please refer to Appendix C.2 for details on the file format.

In order to reach the discretization required by the result file, a linear interpolation is
performed; the interpolation algorithm is the same as used inside the ATEFlap model,
and is described in appendix B.3.3.

All the operations required in the preprocessing phase are collected in a stand-alone
application, which allows the user to check, and eventually correct, all the baseline
steady data that will be used in the ATEFlap aerodynamic model; the application user’s
guide is reported in appendix C. The file returned by the preprocessor application is
ready for use by the ATEFlap model in the HAWC2 aeroelastic simulation tool.

Risg—R-1792(EN) 11






3. ATEFlap aerodynamic model

The ATEFlap aerodynamic model returns the lift, drag, and moment acting on an
airfoil undergoing arbitrary motion and trailing edge flap deflection (arbitrary in the
limits of the plane wake assumption). The input to the aerodynamic model consists of
steady lift, drag, and moment coefficients, and the Beddoes-Leishmann lift components
as function of angle of attack, and flap deflection; the steady input data are contained
in the file generated by the Preprocessor for ATEFlap Dynamic Stall Model.

The model is integrated in the HAWC2 aeroelastic simulation tool [1], details of the
implementation in the aeroelastic code are given in appendix B; appendix A.2 reports
the major changes from previous implementations of the algorithm.

The ATEFlap model captures both steady and dynamic characteristics of the aero-
dynamic forces. The dynamic effects reproduced by the model can be split into three
categories:

e Added mass effects, or non-circulatory (potential flow) contributions, describe the
forces that arise simply as a reaction of the fluid accelerated by the airfoil (or the
flap) motion. The term has no memory effects, and only depends on the instanta-
neous motion of the airfoil or flap.

e Effects from wake dynamics, or circulatory (potential flow) effects, describe the
memory effects of the vorticity shed into the wake, following a change of the airfoil
aerodynamic loading, as, for instance, due to a variation in angle of attack or flap
deflection.

e Dynamic stall effects represent the dynamics of the forces on an airfoil undergoing
flow separation (stall).

The dynamics in attached flow conditions are determined by the added mass and the
circulatory potential flow effects; the algorithm used in the model is based on Gaunna’s
[2] model for a thin airfoil in potential flow.

The flow separation part of the model follows the Beddoes-Leishmann dynamic stall
formulation given in Hansen et al.[5], where the circulatory lift is expressed as a weighted
sum of a fully attached and fully separated contribution. The weight coefficient accounts
for the dynamics of flow separation, and it is retrieved from the steady input data at
an equivalent angle of attack, and flap deflection; the equivalent angle of attack and
flap deflection values are determined from the lift coefficient returned by the potential
flow part of the model.

3.1. Lift: potential flow

The fully attached contribution to the lift force corresponds to the lift that would
be generated on the airfoil if it was to operate in fully attached flow conditions at
every angle of attack; in other words, the viscous effects on the lift force are neglected
(potential flow assumption), with the exception of the Kutta condition, enforcing flow
velocity continuity at the trailing edge.

13



Following the formulation from Von Karman and Sears [8], the lift force in potential
flow can be modeled as the sum of three components: a non-circulatory lift, a quasi-
steady circulatory contribution, and a wake memory effect. The non-circulatory lift,
or added mass term, describes the lift force that arises in a non-circulatory flow, as a
reaction from the fluid accelerated by the airfoil motion; the non-circulatory term only
depends on the instantaneous motion of the airfoil and has no memory effect.

The quasi-steady circulatory lift corresponds to the lift force that would act on the
airfoil if the current deformation (and motion) conditions were held constant for an
infinite time. The contribution is derived as a simple look-up in the steady input data:

Clqs _ latt[aqs,ﬂqs]- (3.1)
The ‘quasi-steady’ designation simply refers to the fact that changes in the flow condi-
tions caused by the eigen-movement of the airfoil are accounted for. For instance, the
quasi-steady angle of attack ays includes the terms due to the steady angle of attack
ast, the heave velocity v, and the pitch ratio ¢; the quasi-steady angle of attack is eval-
uated at the three-quarter chord point, assuming the airfoil elastic axis to be located
at €., (-1 is LE, +1 is TE, and by, is the half-chord length):

. (05 - 6ea)bhc .
Qgs = Q3/4 = Qgt — 77 Y+
0

= o (3.2)

The quasi-steady equivalent for the flap deflection includes a deflection-rate term, whose
contribution is derived from Gaunaa’s [2] work on thin-airfoil theory:
1 H, .
ﬁqs - ﬁ - FOWB’ (33)
where H, corresponds to the flap deflection shape integral given in Gaunaa [2]. H,,
which has dimension of meters, is obtained in the code by multiplying the dimensionless
input Hy with half the chord length: H, = Hbp., see appendix B.3.1.2.

Following a step-change in the airfoil circulation (as for instance a step change in
angle of attack, or flap deflection), the actual circulatory lift does not follow the step
described by the corresponding quasi-steady lift, figure 3.1; in fact, the effective lift
lags behind the quasi-steady one. Such lift deficiency is caused by the wake memory
effect, originated by the vorticity shed into the wake following the change of circulation
around the airfoil.

0.6

05 T

0.4 T

cire

Cl
e
o
T
!

0.1 N
—_Cl
qs

0F ClCirc.Pot. 'l

= = =0 [rad]

time [s]

Figure 3.1: Circulatory lift in attached flow, effect of the wake memory term: the lift based on effective
angle of attack aeypy does not follow the step in the quasi-steady lift. Computation for NACA
64-418 indicial response and steady curve, wind speed 70 m/s, unit chord length.

In Hansen et al. [5] the wake memory effects due to a change in the quasi-steady angle
of attack are described by means of an equivalent effective downwash speed weg. For

14 Risg—R-1792(EN)



the case of a rigid airfoil, the effective downwash relates to an effective equivalent angle
of attack as aeg = wesr/Up; the effective angle of attack corresponds to the angle that
returns a steady-lift value equal to the effective circulatory lift (blue line in fig. 3.1),
including the wake effects.

Following the approach of Von Karman and Sears [8], in Hansen et al. [5] the effective
downwash from an arbitrary motion is computed as a superposition of step responses.
The step response is described by an exponential indicial response function ®:

s Uot
_ ) bt _ ~ob,
@—l—gAlexp LT (3.4)

the coefficients A;, and b; define the shape of the indicial function. Jones’s [9] values
are usually adopted for the response of a flat plate; airfoils with finite thickness have a
different and slower response [10].

The exponential form of the indicial function allows for a convenient numerical inte-
gration of the Duhamel’s superposition integral; in fact, the integral value at every
time step can be evaluated as a decay factor multiplying the previous time-step value,
summed to an increment term, which only includes integration along the current time
step (and not from ¢¢). The effective downwash is then computed as [5]:

Niag Niag
Wepp = wgs | 1= Z A )+ Z Zi (3.5)
=1 =1

where wy, is the quasi-steady equivalent downwash at the three quarter chord point.
The terms z; are state variables accounting for the wake memory effect following the
step changes; they are described by first order differential equations:
1 1
Zi = ——Upb; z; + —
i bhc 0Vs <¢ + bhc
which, assuming piecewise constant values, is evaluated in a time stepping integration
as:
Upb; Upb;
Zit+At = Zit €XP (— bo ZAt) + Ajwys (1 — exp (—%At)) . (3.7

he he

UobZAl Wys , (36)

Gaunaa [2] presents an analytical model for the unsteady aerodynamic forces on an
airfoil undergoing arbitrary motion and camber line deformation, under the assumptions
of potential flow, thin-airfoil, and plane wake. He shows that modeling the effects of
the vorticity shed into the wake through an equivalent effective downwash speed is
a valid approach also for an airfoil undergoing camber line deformation. The wake
memory effects following a variation in the airfoil quasi-steady loading can be modeled
trough an effective downwash, independently from the source of the quasi-steady loading
variation; the same indicial response approach can be used for either a change in the
angle of attack, or in the heave displacement velocity, or a camber line deformation.
The same model can be thus used to describe the wake memory effects caused by flap
deflections.

In the current formulation, the equivalent effective downwash speed is split into a
contribution aeg from the angle of attack (including also heave velocity, and pitch rate),
and a contribution Beg from the flap deflection. Each of the two terms is computed from
the respective quasi-steady values:

_ 1 - (0.5+¢€ca)bhe -
Qgs = Qst — 7Y +
Q.St. { a O , (3.8)

ﬂqs - ﬂ_ U_oaCl/Bﬁﬂ

and the corresponding effective variables:

- Nag o
Eff. Qleff B OquCI)(O) + ZNlag Zé 7 (39)
Bet = Bgs ®(0) + 3 Z

Risg—R-1792(EN) 15



where ®(0) gives the indicial response value at the initial instant:
Niag

0)=1-) A (3.10)
i=1

The wake memory variables z; are computed assuming piecewise constant time inte-
gration as

28 ar = 2 €Xp __[iil:i At) + Ajags (1 — exp (__’éil:z At))

_ | (3.11)
Ziﬂ,HAt = Ziﬁ,t exp —%DTZZ‘At + AiBys (1 — exp (—UboTl:fAt))

Z

The total circulatory lift in attached flow, accounting for both quasi-steady and wake
memory effects, is determined by selecting from the steady input data the fully attached
lift coefficient C{*** that corresponds to the effective angle of attack and flap deflection:

CCirePot. _ catt[, o Boal. (3.12)

The non-circulatory contribution accounts for both torsion rate &% and flap deflection
rate; the contribution from higher order terms was found negligible:

bhc . st dedeE bhc ;
r _dydxL Zhe 2. 3.13
UO @ * ™ UO B’ ( )

the non-circulatory contribution from the flap deflection rate is again derived from

Cl=m

Gaunaa’s work [2], and expressed through the deflection shape integral Fuyaxrie.

The total lift in fully attached condition (potential flow), is then given by the sum of
the non-circulatory and the circulatory contribution:

ClPot _ ClCirc.Pot. + Clnc (3]_4)

Fully Attached lift without flap contribution To determine the flow separation dy-
namics, presented in the following sections, the fully attached (potential flow) lift is
also computed considering the case of the standard airfoil without flap, and therefore
considering only the contribution from angle of attack and torsion rate (i.e., null flap
deflection):

bhe .
CF3lo = O loem 0] + w70 (3.15)

3.1.1. Assumption of constant flow velocity over the chord

In the ATEFlap model, as in most aerodynamic models for wind turbine aeroelastic
simulations, all variations in the oncoming flow are approximated as equivalent changes
of angle of attack, and thus resolved in the time domain through a superposition of
Wagner-like indicial response functions, equations (3.9) - (3.11).

It is thus implied that flow variations normal to the airfoil occur simultaneously and
uniformly along the airfoil length. Flow variations with a perturbation front traveling
progressively along the airfoil chord are indeed common, as the airfoil goes through a
non-uniform wind field, affected, for instance, by atmospheric turbulence, wind shear,
induced velocities variation, or tower shadow effects. The aerodynamic response to
perturbations traveling along the airfoil should be described by Kiissner-type response
functions [8]; the perturbation is instead approximated to an uniform variation, and
the response is also described by Wagner-like functions. The simplification results in an
error in the phase, and an overestimation of the magnitude of the aerodynamic response
to flow variations.

Nevertheless, the error introduced by the simplification is small for perturbations with
long wavelength compared to the airfoil chord; that is to say, for perturbations that

16 Risg—R-1792(EN)



develop slowly compared to the airfoil relative velocity. Buhl et al. [11] present an
analysis in the frequency domain of the lift response to a sinusoidal vertical gust; the
correct response, returned by Sears function, is compared to the approximated response
returned by Theodorsen function, which instead assumes uniform flow variation along
the airfoil chord. They show that the response error introduced by the simplification
is small, both in magnitude and phase, for perturbations with reduced frequencies k
! below 0.3. The authors quantify the simplification error for an airfoil rotating in a
wind field with standard atmospheric turbulence; since for high frequencies the energy
content of the turbulence spectrum is low, the total simplification error in the response
magnitude is below 0.2%, and the phase shift is close to 0.01 degrees.

Induced velocity variations and terrain wind shear are also expected to result in only
marginal biases to the computed 2D airfoil aerodynamic response, as the perturbations
they introduce in the flow field have a slow development. A low pass filter is usually
applied to the induced velocity to model dynamic in-flow effects, thus cutting out all
the fast variations. Likewise, for a rotating blade, the terrain wind shear corresponds
to flow perturbations with frequencies close to the rotational one, which, for most of
the blade span (with the exception of the innermost sections), correspond to reduced
frequencies 2 below 0.2.

The tower shadow is also expected to result in only a minor bias in the response estima-
tion. In fact, for a multi-MW wind turbine with upwind configuration, the perturbation
induced by the tower shadow corresponds, in the outer sections of the blade, to reduced
frequencies in the range 0.2 ~ 0.3.

To conclude, the assumption of uniform oncoming flow variations over the airfoil chord,
which is adopted in the ATEFLap model, returns a biased response for flow perturba-
tions traveling along the airfoil chord. Nonetheless, the error introduced by the simplifi-
cation is small in the investigated cases; the assumption seems thus to hold for common
wind turbine aeroelastic applications, where the changes in the wind field are not too
abrupt.

3.2. Lift: dynamics of flow separation

The part of the model that accounts for the dynamics of flow separation and dynamic
stall follows the Beddoes-Leishmann formulation given in Hansen et al. [5]. The cir-
culatory lift is expressed as a weighted sum of a fully attached and a fully separated
contribution:

CZCirc.Dyn _ (att fdum 4 ofs (1— fivmy. (3.16)

T Yl [oesr; Pent] Uy [aetr; Best]

The dynamics of flow separation are described through the separation function f®",
which assigns the weight between the fully attached and the fully separated components.
The fully attached C#** and fully separated C!® lift terms are given by a lookup of the
steady input data, corresponding to effective angle of attack, and flap deflection.

The model mimics the dynamics of the boundary layer by accounting for the fact that
flow separation requires some time to converge to steady conditions. The typical lag in
the airfoil stall is a direct consequence of the flow separation delay: for an airfoil in the
stall region, an increase in angle of attack, which in steady conditions would correspond
to a decrease in lift, is actually causing an initial increase in lift, figure 3.2.

wbep
. Uo
2For a frequency f equal to P times the rotational frequency, the reduced frequency along the blade

sections can be roughly evaluated as k ~ Pb’”; where by, is the chord length and r is the radial
position from the rotor center.

'Reduced frequency k =

T
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Figure 3.2: Dynamic Stall model: circulatory lift for an airfoil in the stall region. The angle of attack
is increased from 16 deg (point of maz Cl)to 22 deg. The quasi-steady lift decreases as the airfoil
is in stall region; the circulatory dynamic lift, accounting for the stall delay phenomenon, first
increases, and then, as the flow separation develops along the airfoil chord, it converges down
to the steady value. Note the presence of two ‘dynamic effects’: the potential flow one, as the lift
is increased after the step, and the dynamic stall one; the two phenomenon have different time
scales, the potential flow effect being much faster than the dynamic stall one. Computation for
NACA 64-418, wind speed 70 m/s, unit chord length.

As in Hansen et al. [5], the dynamics of flow separation and stall are modeled by the
separation function f4¥"; the separation function value that accounts for trailing edge
separation dynamics is computed in three steps.

1. Lagging potential flow lift The total lift computed under potential flow assump-
tion, including circulatory and non-circulatory contributions, eq. (3.14), is lagged through
a first-order low-pass filter. The filter time constant 7p corresponds to the parameter
referred to as ‘pressure time constant’ in Hansen et al. [5]:

-1 Up 1
o= P Lops Do L cpor (3.17)
bhc TP b c TP
The ordinary differential equation is solved by numerical integration in time, assuming
piecewise constant values; the potential flow lift computed with null flap contribution,

eq. (3.15), undergoes the same first order filter:

Gt se =G eXp( )+ OFt (1= exp (2 TLAt))

Cll,aﬁgzo,t+At = Cl,ﬁ:o,t exp ( Ug 1 At) n C}TBLO (1 ~exp ( iAt)) . (3.18)

bhe TP bhe TP

2. Intermediate separation function An intermediate separation function fCties is
determined from a look-up of the steady input data f¢, in correspondence to an equiv-
alent angle of attack o* and flap deflection $*, which are computed from the lagged lift
coefficients C}*#

It is assumed that the contributions from angle of attack and flap deflection maintain
the same relative weight as in the potential flow lift; therefore, the equivalent angle of
attack a* is determined as the angle of attack that would return a potential flow lift
equal to the lagged lift with null flap contribution Cll%gzo

Similarly, the equivalent flap deflection §* is computed as the deflection that would
give a linear lift increment equal to the difference between the lagged lift terms with,
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and without the flap contribution:

Cclas

* 1,8=0
Q" = 56 790 T 0
fcz lag — f[a - ) C;alg/ g’llag . . (319)
pr = aC, /0B

Please note that the potential lift linear parameters (aqg,0C;/0a,0C;/0B) used in the
computation should match exactly the parameters used in the input data preprocessing
phase, eq. (2.6); otherwise, an offset from the steady lift value arises in the cases of
partially separated flow.

3. Dynamic separation function The intermediate separation function f¢= 1o is passed
through another first-order low-pass filter; the filter time constant 75 is referred to as
‘boundary layer time constant’ in [5]:

Up 1 Up 1

Ji-dyn _
 bhe 7B bhe B

— fn 4 = — s, (3.20)

by applying integration under piecewise constant values assumption, the equation reads
Uy Up 1

FR, = " exp (———At) + fCles (1 —exp (——O—At>> (3.21)
bhe TB bhe TB

The resulting separation function f%™ accounts for the dynamics of flow separation
and stall.

Total lift coefficient The final total circulatory contribution to the lift coefficient,
which accounts for both potential flow and flow separation dynamics, is given by the
weighted sum

G = O+ iy (1 7). 3.16)

ly[atefr;Ben]
The non-circulatory contribution is given by the first-time-derivative added mass terms,
eq. (3.13),

bn,
Cpe = ke

dstr + dedeE bhc 5

1
Uo s Uo (3 3)

Finally, the total lift coefficient is obtained as the sum of the circulatory and non-
circulatory contributions:

Cldyn _ ClCirc.Dyn + Clnr (3.22)

3.3. Drag

The drag on the airfoil is computed as the sum of a contribution from the steady
input data at the effective angle of attack and flap deflection, plus three induced drag
contributions:

Ciy=C5" + C g+ Clina + C i (3.23)

The value CST is obtained from a look-up of the steady input data, for angle of attack
and flap deflection corresponding to the effective ones:

Ci" = Caloes s Beys). (3:24)

The induced drag contributions represent the additional drag component caused by a
shift in the effective dynamic conditions of the aerodynamic forces due to the vorticity
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shed into the wake. The direction shift can be shown to be related to the difference
between the quasi-steady and the effective downwash velocity.

The contribution from the angle of attack is computed from a simplification of the
induced drag in potential flow (see appendix B.1.3 ):

Ciina = O™ - (ags — eyy) - (3.25)
The flap induced drag corresponds to the shift in downwash caused by the flap con-
tribution to the potential flow lift; it is thus evaluated as an equivalent shift in the
effective angle of attack that would return the same linear lift variation as produced by
the difference of the effective and steady flap deflection:

CCer Dyn aCl/aﬁ

e (=) o 20

Cg,ind
The flap contribution to the induced drag is scaled by the separation function f4v.
This choice is only supported by intuitive interpretation of the two extreme cases f = 1
and f = 0; in fully attached conditions f = 1, the induced drag from flap deflection
should match the value computed under potential flow assumption, while, once the flow
is fully separated f = 0, the flap induced drag has a negligible effect on the total drag.
Furthermore, the agreement with CFD results is improved by applying the f%" scaling
factor.

The induced drag contribution from the separation function f accounts for the change
in drag due to the separation delay. As in Hansen et al. [5], it is computed by scaling an
estimation of the actual non-friction drag (term in the first parenthesis) with a function
of the dynamic and intermediate separation function values:

=) ()

Clina = (C&" = Caap)) - ( 2 2

_ (Cfl’[fdyn _ Cd[ao;O]) . % {fdyn _ fCL,lag +9 (\/fcl—lag— \/W)} . (3.27)

3.4. Moment

The moment coefficient is evaluated with respect to the quarter-chord point €., = —0.5,
positive nose-up. It is computed as the sum of a quasi-steady table lookup value, plus
non-circulatory contributions from torsion rate and flap deflection rate:

Cypy = C95 4 Ot 4 Oneb (3.28)

The quasi-steady term is given by a look-up of the steady input data. The steady flap
deflection (s is used, as potential flow theory indicates that no memory terms affect
the moment evaluated at the quarter-chord point, see appendix B.1.4; furthermore, also
for non-attached flow condition, the resulting dynamics are in better agreement with
the results from CFD simulations, than the results obtained by using the B.y; term.
For the angle of attack, the a.yy value is used in the look-up, to keep consistency with
the MHH HAWC2 aerodynamic model for sections without flap:

CE = Cnlacss; Pst)- (3.29)

The non-circulatory contribution from the torsion rate is computed as

bh@ dstr .

Cret = —0.57 (3.30)

0
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The non-circulatory contribution from the flap deflection is derived from Gaunaa [2],
and here only includes terms related to the deflection rate; the term is simplified by
considering the moment with respect to the quarter-chord point, appendix B.1.4:

. . b1 1 F, e H
ne, _ _ - . Y, -y
(O 154 0.5U0 7T(GdydeE + 0.5FgyaxiE) + 0.5U0 <—7r + 5 )} . (3.31)

The terms Gayaxre, FayaxLe, Fy,oe, Hy are parameters derived from the deflection
shape integrals described in Gaunaa [2]; F, g and H, have dimensions of meters, and
are obtained by multiplying the dimensionless inputs Hj and F] ; ; with the airfoil half
chord length (refer to appendix B.3.1.2 for specifying customized integral values in the
input file ):

Hy - H; ' bhm (332)
Fyre=F, g b (3.33)

The dynamic contribution to the moment that derives from the shifting of the pressure
center position during the dynamics of the trailing edge separation, ACL”, which is
mentioned in Hansen et al. [5], is omitted in the ATEFlap implementation; the term
is also omitted in the current HAWC2 implementation of the MHH model for standard
airfoils without flap. Please note that the equation for the non-circulatory contribution
to the moment specified in eq. A8 of Andersen et al. [6] is erroneous.
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4. Model validation

The ATFEFlap model and its correct implementation in the aeroelastic code HAWC2
have been verified by comparison against other models results. First, the flap is locked
to a zero deflection position while the angle of attack is changed harmonically; the
resulting aerodynamic forces are compared with the forces predicted by the standard
dynamic stall model for an airfoil without flap, which is described in Hansen et al. [5].
The forces computed by ATEFlap model are also compared to CFD solutions for the
case of harmonic pitching motion, and harmonic flap deflections.

4.1. Comparison with standard dynamic stall
model

The results from the ATEFlap aerodynamic model are compared with the ones from the
dynamic stall model for an airfoil without flap; the model is given by the dynstall_mhh
option in the HAWC2 code [1], and corresponds to the one described by Hansen et al.
[5] (without the pressure center term ACY").

The steady input data refer to a DU 21-A17 airfoil section, which is used at 60 % blade
span on the NREL 5-MW baseline turbine [12]; the indicial response coefficients are
taken equal to Jones’s flat plate response. The Adaptive Trailing Edge Flap is locked
to a zero deflection, Beta = 0.0, and the angle of attack is changed harmonically with
different reduced frequencies k = wb/U; different mean angles are considered, so to
verify the model both in attached flow and stalled conditions.

In attached flow conditions, figure 4.1, the results of the two models are exactly over-
lapping. Also in stalled conditions, figure 4.2, the results are practically identical, as the
observed difference is very small, and most likely related to differences in pre-processing
phase. The agreement between the two model has proved excelent for all the investi-
gated angles of attack and reduced frequencies.
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Beta 0.0. k=0.05
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Figure 4.1: Model validation, comparison of the aerodynamic forces computed with the ATEFlap
aerodynamic model and the MHH model for a section with flap deflection equal to 0.0; the
results are overlapping. Attached flow region, mean angle of attack 0°; steady data for DU 21-
A17 airfoil, flat plate indicial response. For both aerodynamic models, the C) loop has counter-
clockwise direction, Cy and C, clockwise.
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Figure 4.2: Model validation, comparison of the aerodynamic forces computed with the ATEFlap
aerodynamic model and the MHH model for a section with flap deflection equal to 0.0; minor
differences in the lift coefficient due to flow separation. Mean angle of attack 10°; steady data
for DU 21-A17 airfoil, flat plate indicial response. For both aerodynamic models, the C; and Cy
loops have clockwise direction, Cy, counter-clockwise.
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4.2. Comparison with CFD solutions

The aerodynamic forces simulated by the ATEFlap model are compared with CFD
results; CFD simulations have been carried out with a Reynolds number of six millions,
and for harmonic flap deflection corresponds to the cases published in the UpWind
‘Code performance comparison’ report [7].

A NACA 64-418 airfoil is fitted with a trailing edge flap covering the last 10% of the
chord. The camberline deformation Ayeamp due to the flap deflection S is given as
Aycamb = 0 - yy1. The function yy; describes the deflection shape of the flap, i.e. the
camber-line variation for a unitary flap deflection.

The deflection shape for a unit chord length airfoil is defined as a circular arch starting
at 90 % of the chord length x;, = 0.9; the radius of the circle is set so that the line
connecting the point on the arch at the trailing edge x7r = 1.0 with the point at
xp, = 0.9 forms an angle of 1 degree with the x-axis, figure 4.3 :

yp/c=0.0 for z/c < 0.9
yfl/C \/ 2 2 2 (4]‘)
ypjc=1/R?— (z/c—0.9)" —R? forz/c>0.9
where the radius of the circular arch is given by
0.1% 4 62
R.= —+Y 4.2
: 20, (4.2)
0y =0.1tan (1 -7/180). (4.3)
Flap for Naca 64-418
0.06 : : ‘
—— B =0deg
0.05¢ —— B =+5deg ||
0.04f

0.03

yie [-]

-0.01

-0.02 4

-0.03 : 1

-0.04 i i i i
0.8 0.85 0.9 0.95 1 1.05

xic [-]

Figure 4.3: Camber-line deformation corresponding to flap deflections of £5° on the investigated
NACA 64-418 airfoil profile [7].

The aerodynamic forces are computed for the airfoil undergoing harmonic pitching
motion around the quarter-chord point, and for the case of harmonic flap deflection.
Three reduced frequencies are tested: £ = 0.02, £ = 0.1, £ = 0.5; the mean angle of
attack is varied from the fully attached region, to the stall region.

The steady input data for the model are retrieved from CFD computations on the same
airfoil, and the indicial lift response function is tuned to fit the step response of a NACA
64-418 [10]; the corresponding coefficients are given in table 4.1.

4.2.1. Harmonic pitching motion

Several cases are run for the airfoil undergoing harmonic pitching motion with respect
to a hinge point located at the quarter-chord point; the flap is locked to a null deflection.
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A; | 0.1784 | 0.07549 | 0.3933
b; | 0.8000 | 0.01815 | 0.1390

Table 4.1: Indicial lift response function coefficient for the NACA 64-418 airfoil, from curve fitting
to panel code simulation of the airfoil step response [10].

Only results concerning a reduced frequency of & = 0.1 and a pitch variation of +1°
are here reported.

The performance of the model in the attached flow region are checked by setting the
mean angle of attack at 0°, figure 4.4. The stall onset is investigated at mean angle
of attack 12°, figure 4.5, and at mean angle 16°, for the behavior deeper in the stall
region, figure 4.6.

In the attached flow case, fig. 4.4, the lift coefficient curve is practically overlapping
the CFD one, and a good agreement is also reported for the drag curve, although
the ATEFlap model slightly over predicts the dynamic effects. The pitching moment
dynamics are also captured by the model, although it seems to slightly over predict the
dynamic effects, compared to the CFD results.

At stall on-set, fig. 4.5, there is still a very good agreement concerning the lift force; drag
and moment dynamics are also captured, although the differences from CFD results
are now larger.

In deeper stall, fig. 4.6, the quality of the agreement is deteriorated also for the lift force.
Nevertheless, the model still captures the overall dynamics, the lift and drag loops have
similar openings, and all the simulated loops display the same direction of rotation.

4.2.2. Harmonic flap deflection

The airfoil is fixed to a constant angle of attack, and the flap is deflected with harmonic
variations around the undeflected position. Flap oscillation with an amplitude up to 5
degrees are considered, allowing thus to verify also non linear flap effects; the airfoil
angle of attack is changed from 0 to 16 degrees, considering thus attached and separated
flow conditions. Here, only cases corresponding to angle of attack of 0, 12, and 16
degrees, flap deflection of +5°, and reduced frequency k = 0.1 are presented.

In attached flow, figure 4.7, there is a very good agreement between the forces predicted
by the model and the CFD ones, also for the drag and the moment coefficients. The
flap deflection has nearly no dynamic effect on the moment coefficient; in fact, both the
model and the CFD curves are very close to the steady one.

At stall onset, the lift, drag forces, and moment predicted by the model are still in good
agreement with the results from the CFD simulations. The agreement is maintained
also deeper in the stall region, fig. 4.9, although the lift loop predicted by the model
depicts a major axis with a slope lower than the steady curve one, while an higher slope
is given by the CFD loop. At an higher reduced frequency, £ = 0.5, and same angle
of attack, the agreement is improved and both the results from CFD and the model
depict loops with a major axis less inclined than the steady curve, figure 4.10.
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Figure 4.4: Model validation, comparison of aerodynamic forces with CFD results for a NACA 6-
418 airfoil undergoing harmonic pitching motion. Attached flow region, mean angle of attack
0°. For both ATEFlap and CFD results, the C; and Cy, loops have counter-clockwise direction,
Cy clockwise.
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Figure 4.5: Model validation, comparison of aerodynamic forces with CFD results for a NACA 6/-
418 airfoil undergoing harmonic pitching motion. Stall on-set, mean angle of attack 12°. For both
ATEFlap and CFD results, the C; and Cy loops have clockwise direction, Cy, counter-clockwise.
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Figure 4.6: Model validation, comparison of aerodynamic forces with CFD results for a NACA 64-
418 airfoil undergoing harmonic pitching motion. Stall region, mean angle of attack 16°. For both
ATEFlap and CFD results, the C; and Cy loops have clockwise direction, Cy, counter-clockwise.
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Figure 4.7: Model validation, comparison of aerodynamic forces with CFD results for a NACA 6/-
418 airfoil undergoing harmonic flap deflection; CFD results presented in the UpWind report
[7]. Attached flow region, angle of attack 0°. For both ATEFlap and CFD results, the C| loop
has counter-clockwise direction, and Cy clockwise; for the Cy, loop the ATEFlap model reports
a counter-clockwise direction, while CFD clockwise; however, the loop opening is very small,
and the values nearly lie on the steady curve.
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Figure 4.8: Model validation, comparison of aerodynamic forces with UpWind [7] CFD results for
a NACA 64-418 airfoil undergoing harmonic flap deflection. Stall on-set, angle of attack 12°.
For both ATEFlap and CFD results, the C; and Cy, loops have counter-clockwise direction, Cy

clockwise.
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Figure 4.9: Model validation, comparison of aerodynamic forces with UpWind [7] CFD results for
a NACA 64-418 airfoil undergoing harmonic flap deflection. Stall region, angle of attack 16°.
For both ATEFlap and CFD results, the C; and Cy, loops have counter-clockwise direction, Cy
clockwise.
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Figure 4.10: Model validation, comparison of aerodynamic forces with UpWind [7] CFD results for
a NACA 64-418 airfoil undergoing harmonic flap deflection. Stall region, angle of attack 16°,
higher reduced frequency k = 0.5. For both ATEFlap and CFEFD results, the C; and Cy, loops
have counter-clockwise direction, Cy clockwise.
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5. Conclusion

The ATEFlap aerodynamic model has been presented, and the algorithms underlying
its implementation have been described. The model returns lift, drag, and moment
coefficients for a 2D airfoil section equipped with an Adaptive Trailing Edge flap.

The ATEFlap model is a refinement of the model presented by Andersen et al. [6],
and is obtained by merging Gaunaa’s [2] model for a thin airfoil undergoing camberline
deformation in potential flow, and the dynamic stall model for a rigid airfoil presented
in Hansen et al. [5]. Under the assumption of plane wake approximation, trailing edge
stall separation, and uniform upwash velocity along the chord, the model is able to
describe the dynamics of the forces related both to the vorticity shed into the wake,
and to flow separation.

The ATFEFlap model has been integrated in the aeroelastic simulation tool HAWC2,
while the preprocessing of the steady input data required by the Beddoes-Leishmann
type of dynamic stall model is performed in an external application, which gives the
user the possibility to verify, and eventually correct, the steady data.

A first validation is carried out by comparing the output of the ATEFlap model with
the results from the model described by Hansen et al. [5]. An airfoil section with fixed
undeflected flap and undergoing harmonic changes of angle of attack is considered; the
resulting forces and moment loops are practically overlapping.

Further validations are obtained by comparison with CFD simulations of an airfoil un-
dergoing harmonic pitching motion, or harmonic flap deflections. In case of harmonic
pitching, minor discrepancies are reported between the aerodynamic coefficients result-
ing from the ATEFlap model and from CFD, in particular for drag and moment in
separated flow conditions. In case of fixed angle of attack and harmonic flap deflec-
tions, the ATEFlap model shows a very good agreement with CFD results, both in
attached and separated flow conditions.

The ATEFlap aerodynamic model is thus validated, and it is considered suitable to
perform aeroelastic simulations of a wind turbine equipped with trailing edge flaps.
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A. Modifications with respect to
previous versions of the model

This chapter lists the major changes that the algorithms used in the current versions of
the preprocessor and ATEFlap model present in comparison with previous implemen-
tations of the aerodynamic model. *

A.1. Preprocessor for dynamic stall model

In the first versions of the aerodynamic model for an airfoil with flap, the computation
of the lift components required by the Beddoes-Leishmann dynamic stall model was
performed directly by the aerodynamic model during aeroelastic simulations. The user
had no possibility to check the steady input data, nor to correct discontinuities in the
Beddoes-Leishmann components. By implementing the preprocessor algorithms in an
external application, the user is given the possibility to verify and correct the steady
data before their use in the aerodynamic model.

Previous versions of the steady data preprocessor were based on algorithms that differ
from the current one, mainly in the following aspects:

A.1.1. Gradient 0C;/0«a and flap deflection

In earlier versions of the algorithm, the gradient dC;/0« used to determine the linear
lift CH" was computed separately for each flap deflection. The gradient was thus a
function of the flap angle 3; as a result, the C’l”” for f5* < 1 becomes non-linear in f3.
In fact, the 8 contributions appears not only in the term 9C;/d8 (linear contribution),
but also through the term 9C;/dal,, making it non-linear.

This non-linear mapping from the flap deflection 3 to the C{*** coefficient yields, in the

aerodynamic model, to a non-linear transformation from the flap deflection input to
the lift force output. The non-linearity is responsible for some of the discontinuities in
the lift coefficient loops observed at partially separated flow f¢ < 1, as it appears in
some of the loops in the UpWind report [7].

A.1.2. JC;/0« algorithm

In previous versions of the preprocessor, the gradient 0C;/0a was computed as the
average of any gradient above 50% of the maximum gradient. In the current version,
the same algorithm as implemented in the HAWC2 MHH model is used, leading to a
better consistency of the aerodynamic forces predicted by ATEFlap model and the MHH
model for airfoils without flap. The algorithm is presented in section B.3.2.

IThe report refers to the Preprocessor for ATEFlap dynamic stall model version 2.04, and to the
ATEFlap aerodynamic model implemented in HAWC?2 version 10.6, released in October 2011.
Please refer to the HAWC2 version log to verify whether changes to the ATEFlap model have
occurred in following versions.
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A.1.3. ¢/ and Cf* at f=1and f =0

In steady conditions, in fully attached flow f =1, the term C’lf # yields no contribution
and could thus have any arbitrary value. Nevertheless, this does not apply in dynamic
conditions where different lagging constants between separation function and angle of
attack might lead to use a C’lf ® that would instead correspond to f*! = 1 in steady
conditions.

In previous versions, in steady fully attached conditions f*! = 1, the value of C’lf s
was simply set equal to Cj*, giving thus a strong discontinuity in the le * values. The
discontinuity could also result in spikes in the aerodynamic force loops obtained with
the previous versions, as observed in [7].

In the current version, to avoid discontinuities in the steady input data, C’lf ® is set
to 0.5C;*, as prescribed by classic Beddoes-Leishmann models. Similar considerations
hold for C#** in fully separated condition f5! = 0, here C#! is set equal to C}™™ also for
fst = 0.

A.1.4. C, flap steady contribution

The steady data produced by the preprocessor account for the steady effects of flap
deflections on the drag coefficient. In former implementations the steady drag coefficient
was held constant for any flap deflection angle, and the drag contribution from the flap
was formulated in terms of an equivalent change of angle of attack, see following section.

A.2. Aerodynamic model for an airfoil section
with flap

The algorithms of the ATEFlap model called inside the aeroelastic simulation tool
presents some differences from previous implementations of the aerodynamic model.
The modifications were aimed to a better consistency with the standard model for
airfoils without flap, and to an improved agreement with steady results and dynamic
CFD simulations. The modifications mainly concerned the following aspects:

A.2.1. Quasi-Steady flap deflection

In previous versions of the model, the term /3 was considered separately, as an equivalent
angle of attack ag,

ogs = st — 7+ (0.5 — €)bcy
aB = %%Hy N (Al)

Bst

the equivalent angle of attack a; was then summed to the a4 contribution.

In the ideal case of fully potential flow and linear behavior of the lift coefficient, this
approach should return equivalent results to the algorithm described earlier. On the
other hand, the results might differ in the case of more realistic input steady data. It is
thus decided to move the 3 contribution directly to the Bqs term, which also maintain
similarity with the approach used for the quasi-steady angle of attack contribution, eq.
(3.8).

40 Risg—R—1792(EN)



A.2.2. Intermediate separation function fCr.s

In previous version of the code, the intermediate separation function fCr1es was com-
puted as

FOmms — pot 4 ( FOrias _ fcz’f;;t) 7 (A2)

where the separation function terms were obtained from a look-up of the steady input
data, in correspondence of the angle of attack and flap deflection reported in table A.1.

Out: o B:

fSt Qgs Bs
Colag

fCrtas ac7oa | VY
Cin'u CPot

frere | setea | O

Table A.1l: Previous versions. Inputs for steady look-up of the separation function values.

The formulation ensured that the separation function would converge to its steady
value in steady state conditions, as the terms fCr-tes and fcﬁuot cancel out in steady
conditions, independently from the values of the gradient 0C)/0c. In the current for-
mulation, eq. (3.19) , the steady state value is reached only if the gradients 0C; /0« and
0C; /0 have the same values that were used in preprocessing the steady input data.

In case of rather small variations of the flap deflection angle 5 and constant angle of
attack «, the two formulations return similar results. On the other hand, whenever
variations of the angle of attack around the stall point are considered (and thus larger
variations in the separation function), the current formulation give results in better
agreement with CFD computations, figure A.1. Furthermore, the current formulation
also accounts for the effects of the flap deflection g in the separation mechanism.

A.2.3. Flap steady drag contribution

In the current version, the steady effects of flap deflection on the drag force are ac-
counted for in the steady input data, where the drag coefficient is a function of both
angle of attack and flap deflection. In former implementations of the model, the drag
coefficient was only function of the angle of attack; the steady effects of the flap on the
drag were then described through an equivalent change in angle of attack:

_ 00,98
Aacdﬁap = W .

The current implementation allows a more accurate tracking of the steady drag force,
especially in the non-linear region of the steady coefficients.

(A.3)

A.2.4. Induced drag contribution from separation function

In the current formulation the contribution of the separation function f to the induced
drag is computed with respect to the f%™ and f¢=12s_ In the Beddoes-Leishmann model
described in Hansen et al. [5], the fCZ s term is substituted by an f¢// one, based on
a look-up of the steady curves with the effective angle of attack acyy.

Several dynamic simulations have returned no appreciable difference in the two cases;
while in steady conditions, as f¢/f can be slightly different from f¢, the fe/f for-
mulation can result in a small non-zero contribution to the induced drag, and thus a
small offset from steady data. Although no theoretical justification is given, it is chosen
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Figure A.1: Loop of C; for harmonic variations of Angle of attack (Aoa); comparison of previous
and current algorithm to compute the separation function f.

to keep the fCr.12s formulation, thus saving also an extra term and the f¢f/ look-up
operation.

A.2.5. Flap acceleration term in non-circulatory contributions

In previous versions, the non-circulatory moment contribution included a flap deflection
acceleration term B ; the term is neglected in the actual formulation. It has been verified
that the flap acceleration term 5 has an effect that is indicatively below the 5% of the
total contribution for reduced frequencies up to k = 1.5; similar considerations hold for
the contribution of the acceleration term .
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B. Details of ATEFlap
implementation in HAWC?2 code

The ATEFlap aerodynamic model for an airfoil section with trailing edge flap is inte-
grated in the aeroelastic simulation tool HAWC2. The following sections report some
modifications and ‘interpretations’ to the aerodynamic model, which emerged during
the implementation of the model in the multi-body aeroelastic code HAWC2.

B.1. Airfoil section reference system

B.1.1. Angle of Attack

In the working frame of the multibody code HAWC2 is rather hard to determine the
steady geometric angle of attack of the profile section ag;. The aerodynamic model is
thus using the alpha section angle, which accounts for the structural deformation
and corresponds to the quasi-steady angle evaluated at the three quarter chord point

Qgs = Ol3/4.

B.1.2. Flow speed

The flow speed value Uy for the aerodynamic model is taken equal to the section vrel,
which accounts for the free wind speed, the induced velocities, and the eigen motion of
the blade, evaluated at the three-quarter chord point.

B.1.3. Direction of forces

In the aeroelastic code HAWC2, the direction of the aerodynamic forces returned by
the model is referred to the direction of the relative velocity on the section, evaluated
at the three-quarter-chord point. The lift acts with a direction perpendicular to the
relative velocity, and the drag parallel to it. The direction of the drag returned by the
model has thus an angle of s from the airfoil chord, which varies depending on the
torsion velocity & of the section.

While the dependency on the reference direction has a negligible impact on the magni-
tude of the lift force, the relative influence on the drag magnitude can be significant. A
thorough analysis is given in the appendix of Baek et el. [13], developing from the po-
tential flow theory presented in Gaunaa [2]. The key points are repeated in the following
paragraph, in relation to the HAWC2 implementation of the ATEFlap model.

The magnitude of the drag force depends on which location e along the airfoil chord is
the reference direction taken,

. C CCirc.Pot ) T (bt 2
cs. = CCIFC'Dyn 95 T (¢ Cire.Pot (y 5 T c B1
dind (80;/8@ 9C /0 ) t 05+ -5 7 ) » BD

where the location along the chord is given by the dimensionless coordinate e, which is
e = —1 at the leading edge and € = +1 at the trailing edge.
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The second order term, depending on &2, is usually neglected, as its contribution is

found insignificant for reduced frequencies up to k = 0.5. Furthermore, by referring the

drag to the flow direction evaluated at the quarter-chord point ¢ = —0.5, the expression
simplifies to:
. Cl CCirc.Pot
Cl/-4 _ CClrc.Dyn NE - 1 ) B.2
d,ind ! 30[/804 80[/804 ( )

The equation for C’;(ﬁld corresponds to the expression that is actually used in the
HAWC?2 implementation of the ATEFlap model, eq. (3.25), in-spite the drag is referred
to the relative flow vector at the three-quarter-chord point. The approximation, which
is also adopted in the MHH model, is anyway expected to have negligible effects on full
wind-turbine aeroelastic simulations.

B.1.4. Pitching moment at the quarter-chord point

The aerodynamic moment, eq. (3.28), is evaluated at the quarter-chord point. It can be
shown from thin-airfoil potential flow theory [2] that the dynamics of the thin-airfoil
quarter-chord moment are exclusively given by non-circulatory forces, which have no
memory term, as the circulatory forces effectively act in the quarter-chord point [8].
In potential flow theory the moment coefficient is only function of the flap deflection
(giving a camber-line deformation), and the non-circulatory terms:

chot = (8,0, 8,6, 8) - (B.3)

In the current formulation, eq. (3.28), the acceleration terms & and ﬂ are omitted, as
their contribution is found negligible for the reduced frequencies of interest in wind
turbine applications. Furthermore, a look-up term, eq. (3.29), is included to account
for viscous effects accounted by the steady input data:

Cyy = €95 4 i 4 Oned (3.28)

The steady look-up term CZ¥ in v and f returns the largest contribution to the moment,
while any term giving memory effects from the vorticity shed into the wake cancels out.

In fact, the moment at the quarter chord point ¢ = —0.5 reads,
M1/4 = Mew — Lbpe (ﬁea + 05) ) (B4)
where M, , is the aerodynamic moment evaluated around the elastic axis (the rotation

axis for the section pitching motions), as given in Gaunaa [2].

The moment and lift components containing the memory effects are given in terms of
the equivalent three-quarter effective downwash weg; they read [2]:

M = 2mpbis Up (0.5 + €cq) - wesr, (B.5)
LY = 27 pbpUp + Wesr (B.6)

By substituting eq. (B.5) and (B.6) in eq. (B.4), the effective downwash terms cancel
out, and return

M i”/if =0. (B.7)
The moment has no dependency on the memory effects of the vorticity shed into the
wake, and it is thus appropriate to use quasi-steady values in the steady curve look-up.
In eq. (3.29), the steady flap deflection [, is used, while, to maintain consistency with
the MHH model for airfoils without flap, the effective value of angle of attack aes is used.

Furthermore, by referring the pitching moment to the quarter-chord point, also the
non-circulatory part simplifies, and has no dependency on the location of the section
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elastic axis €qq. In fact, by expanding the non-circulatory terms in ¢ and 3 from eq.
(B.4) yields to

My, = =7 .pUo(0.5 — €ca)v — b} .pUo (€ca + 0.5)cx

Mld/zx = —7bj pUocy —
. M& b
@ 1/4 he .
Cong =g = —0571——d; B.8
AT 20U, T (B.8)
; U : U :
Mf/z; = b%cp?o€eadedeEﬁ - chp?OdedeE(%a +0.5)8
3 3 Ug .
My, = —0~5bth?dedeEﬁ —
M )
1/4 he .
Coss = gy, ~ 07T o 9

and thus also the dependency on the elastic axis location €., cancels out.

B.2. Terms for non-circulatory contributions

B.2.1. Flap deflection rate /3

The term f is computed internally in the ATEFlap model, and is evaluated simply
as the difference between the actual and the previous time step flap deflection value,
divided by the time step.

B.2.2. Section torsion rate &

The torsion rate ¢*'" only includes structural contributions, and no effects from changes
in the angle of attack due to wind speed changes. The torsion rate is computed as
the projection of the global rotation of the section s1.omega on the local aerodynamic
plane; only the rotation component around the local span-wise axis z is considered. The
term accounts for structural deformations of the blade or other parts of the structure,
but also, in case of a coned rotor, it includes a constant contribution from the rigid-
str __

body rotation 2 of the whole rotor, which is projected in local coordinates as &z,
Q sin Yeone-

B.3. Operational aspects in HAWC2

B.3.1. Defining a rotor with flaps in the input file

The ATEFlap model is run in HAWC2 by selecting the dynstall_method number 3,
in the aero command block, in the HAWC2 .htc input file; please refer to an updated
manual release [1] for details on the commands syntax.

B.3.1.1. Required input data

The location of the flaps on the rotor is defined in the same .htc input file, in the
dynstall_ateflap sub-command block. For each flap section the command flap is
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issued, followed by the spanwise positions of the flap section starting and ending points,
and the file name for the corresponding .ds steady input file (which is returned by the
pre-processor).

The locations along the blade are referred to the ‘stretched’ blade, i.e. along the curved
line defined by the c2_def half-chord coordinates. The criteria for an aerodynamic
computation point located at 7, to be included in a flap section is rgpary < 7pt < Tend;
consequently, a computation point falling on the edge of two consecutive flap sections
will be assigned to the outermost flap.

Overlapping flap sections are resolved by assigning the overlapped portion of the blade
span to the flap sections involved in the overlap that was defined last in the .htc input.

A maximum number of 99 flap per blades can be defined, and a maximum of 500
computation points can address the same flap section, the limits are hard-coded.

The ATEFlap method applies the algorithm described in the previous chapter to com-
pute the aerodynamic forces on the aerodynamic computation points that fall within a
flap section. The computational points inside the same flap section all refer to the same
steady input data; it is thus advised to split a long flap-section in shorter sections if
the steady input data are changed considerably along the flap section (e.g. because of
thickness changes).

For blade locations where no-flap is defined, the model uses the same computation
subroutines as the standard MHH model. In this case the steady input data are retrieved
from the standard HAWC2 .ae and .pc input files. For sections without flap, the lift
components for the dynamic stall model are computed internally, as well as the linear
lifts parameters 9C; /0« and «p, which are estimated following the algorithm described
in section B.3.2.

B.3.1.2. Optional input data

In the same dynstall_ateflap sub-command block in the .htc input file, the user can
specify additional input commands, a complete list is reported in the HAWC2 manual

[1].

The additional input allow to customize the indicial response function, see section 3.1,
by specifying a set of three pairs of exponential series parameters A; and b; (ais and bis
commands). If the commands are omitted, the default values are used, which describe
the indicial response of a Risg B1-18 profile, with thickness ratio of 18. An empirical
method to estimate indicial function parameters for finite-thickness airfoils is described
in Bergami et al. [10].

In the same sub-command block the user can also specify the values of the deflection
shape integrals, sec. 3.1, which depend on the camber-line deformation shape induced
by unitary flap deflection, refer to Gaunaa [2] for details.

The deflection shape integrals used in the ATEFlap model implementation are (the
corresponding command for the .htc file is given in parenthesis):
o dedeE (fdydxle), and GdydeE (gdydxle)

e H; (hystar), and I} ;  (fylestar), which correspond to the integrals H, and
F, pE in Gaunaa [2], made dimensionless by normalization by the half-chord length:

Hy = Hy/bhe, F 15 = FyLE/bhe-
The default values correspond to a 10% chord-length trailing edge flap with circular
arc deformation shape, as used in the UpWind comparison report [7], and described in
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section 4.2. Please refer to Gaunaa [2] for the equations to compute deflection shape
integrals with different flap deflection shapes.

B.3.2. Estimating linear parameters 0C;/0«a and «

The linear parameters 9C;/0a and «q are estimated from the steady input data giving
the lift coefficient C;* as function of the angle of attack a. The same algorithm is
applied both in the preprocessor application (for sections with flap), and in HAWC2
in the initialization phase (for sections without flap). The algorithm has the following
steps:

1. A first guess on the angle of attack returning zero lift «f is made, simply by
interpolating the C}* curve given as input.

2. An iterative procedure is carried out to find the angle of attack o, giving the
upper limit to the ‘linear-lift’ region. The iterations are carried out for all the
points on the steady lift curve with positive lift Cj* > 0; for each point &k on the
curve are stored:

e The angle of attack ayj corresponding to the point.

e The gradient AC;/Aaq|, of the line connecting the zero lift point of to the
«ay, point.

e The relative error errj resulting from approximating the Cj* curve to a
straight line ClAppx
points equally spaced between ag and ay, as:

between af and ay. The error is evaluated for NV, = 50

Nyt st Appx
err o Cl,aj - l,l)éj 1
k — E CApr N t’
j=1 Loy P

where the approximated linear lift value is
CAppx _

A
doos _ DO (e
" Aa |,

At the end of the iterations, the angle a is given by the highest value between
the oy, point that returns the maximum AC;/Aq|,, and all the oy, points for
which the approximation error erry < 0.01:

a4 = max (a(max AC/Aa) VOl & €Ty < 0.01) .

3. A similar iterative procedure is carried out to find the angle of attack a_, which
gives the lower limit to the ‘linear-lift’ region. The iterations are now carried out
for the points on the steady lift curve with negative lift C5* < 0.

4. The angles of attack oy and a_ are set, giving thus the bounds of the linear lift
region. The linear parameters 0C; /0« and «q are then given by the slope and the
intercept of the straight line connecting the ay and «_ points:

st st
aCl . Cl,a_ - Cl,a+

Do a —ay
and
N C’ifL Cag — C’ifl+ S
T Gl -G,
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B.3.3. Linear interpolation algorithm

A linear interpolation algorithm is used inside the HAWC2 routines to obtain the steady
values corresponding to specific angle of attack or flap deflection values. The same linear
interpolation algorithm is used in the pre-processor to export the steady data to the
.ds input file.

Given yy and yp, corresponding respectively to xg, and z1, the interpolation returns
the y,im corresponding to x,im, where:

2o < Taim < 1, and Yo < Yaim < Y1- (B.10)
An interpolation factor is defined as

Fing = —om — 70 (B.11)
1 — o

and the sought value is given by the weighted sum
Yaim = Kinty1 + (1 — Kint) Yo- (B.12)

The algorithm corresponds to the classic linear interpolation

Y1 — Yo
im — 9 B].3
T (i — 0) (B.13)

Yaim = Yo +

with the advantage that the interpolation factor ki, is not depending on the interpo-
lated quantities y; a more efficient computation is thus obtained, as the same factor
Kint is used in the interpolation of different quantities (e.g. Cj, Cq, and C,,).
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C. User’s guide to Preprocessor for

C.

ATEFlap

1. Quick-start guide

This section lists the essential steps for using the application Preprocessor for ATEFlap
dynamic stall model, v. 2.04.

1.
2.

C

Load the Clean Airfoil input file. File -> Import Airfoil C1, Cd, Cm

Load the Flap Delta-Steady input file. File -> Import Flap dCl| dCd| dCm. If
succeeded, the input fields will become active, a line is added in the status tab.
The chart area is now active, zoom by holding the left mouse button, pan with the
right button.

Insert a guess on the angles of attack where the fully separated region (deep stall)
ends, and starts again. They should be inserted in the Fully separated region
limits field, the lower value in the left field. Please note that the computation
of the gradient 0C;/0«a will be performed only inside the range between the two
specified values.

Specify the flap deflection angle to be used for the OC;/d« gradient computation,
in the dC1/dAoa at beta field; if present in the input file, 0 is the default and
(recommended) value.

. Once the input parameter have been specified, click on the Compute! button. Dif-

ferent curves will appear in the chart area, the flap deflection angles specified in
the input file can be selected from the upper right field. In the Status tab, log
lines are written as the computations proceed.

Scan through the different flap deflection angles to check steady input data, and
Beddoes-Leishmann components. Eventually correct severe discontinuities in the
curves (for instance in the f separation function curve), by clicking on the points
and dragging them. Click on Save Changes button before changing the flap de-
flection value in order to store the modified curves. Repeat for all the given flap
deflections.

When ready, export the result to the .ds flap steady aerodynamic input file,
File -> Export to dynamic stall model. Verify that the option Save Slopes
in .ds output is ticked. The generated file is ready to be used in the ATEFlap
aerodynamic model in HAWC2.

2. 1/0 files formats

The input to the model consists of two ASCII files. The Clean Airfoil input gives lift,
drag, and moment coefficients for an airfoil without any flap, as function of the angle of
attack.The second input file is the Flap Delta-steady input, giving variations in steady
lift, drag and moment caused by the flap deflection at different angle of attack.
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The output of the pre-procesor is saved in a .ds file, which is the flap steady aerody-
namic input file required by the ATEFlap model in the aeroelastic tool HAWC2.

C.2.1. Input: Clean Airfoil

The file contains the steady lift, drag, and moment coefficients for a standard airfoil,
without flap. The steady lift, drag, and moment coefficients are given as a function of
the angle of attack.

Format requirements:

e The input file has 4 columns: 1.Angle of attack [deg]; 2.Cl; 3.Cd; 4.Cm. It has no
header, nor comments, columns separated by space or tab.

e The angle of attack is sorted in increasing order, from negative to positive. Values
from -180 to + 180 are recommended, otherwise first and last value will be repeated.

e A resolution of one degree is recommended. Arbitrary resolution is possible, al-
though resolution higher than 1 degree is pointless as values are then exported
with 1 degree resolution.

C.2.2. Input: Flap Delta-steady

It gives the steady variation (Delta) induced in the lift, drag, moment coefficients by
the flap deflections, at different angles of attack.

Format requirements:

e The input file has 5 columuns, organized as in table C.1. The file has no header, nor
comments in the text; columns separated by space or tab.

e The angle of attack (Aoa) are given in degrees. The Aoa columns represents the
inner-loop, values change from one row to the next. Values in increasing order
(mandatory).

The angles of attack can start and end at arbitrary values, although is recom-
mended to have first and last values equal to -180, +180, otherwise, first and last
values will be assumed to keep constant up to -180, +180.

e The flap deflection [ column give the outer-loop, the flap deflection value changes
only after all the Aoa values are given. Values organized in decreasing order
(mandatory).

The flap deflection value can start and end at arbitrary values, and the flap effects
(Delta Cl, Cd, Cm) of minimum and maximum given flap deflections are assumed
constant up to, respectively, -49, and +50.

o It is strongly recommended the presence in the input file of a block with flap
deflection equal to 0.0, which corresponds, typically, to lift, drag, and moment
variations also equal to 0.0. The 0.0 flap deflection value, will then be available as
computation point for the linear slopes, see following sections.

e It is recommended that, in the range of interest of flap deflection and angle of
attack, a resolution of 1.0 (degree) is kept.

Note that the unit of the flap deflection specified in the input file can be arbitrary, as
long as coherence is kept throughout the modeling and simulation (especially with the
control algorithm). For instance, in case of a microtab actuator, requiring a +90,-90
degrees range, each unit of the flap deflection input can represent 2-degrees microtab
rotation; similarly, to catch highly non linear behavior a single input unit can be set to
represent 0.5 degrees flap deflection.
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1. 2. 3. 4. 5.
Aoa|deg] Flap 8 | ACS' | ACy | AC,,
Incr. -+  Decr. +,-

Table C.1: Flap Delta-steady input. Coefficient variations for flap deflection (outer loop) at different
angles of attack (inner loop).

C.2.3. Output: .ds ATEFlap steady aerodynamic input file

The output file generated by the application contains the preprocessed data (steady
data and Beddoes-Leishmann components) that will be used as input by the ATEFlap
aerodynamic model in HAWC2.

Each different combination of airfoil (e.g. different thickness) or flap requires a different
file. The data are saved in an ASCII file organized as follows:

e Row 1. Free for comments.
e Row 2. Free for comments.

e Row 3. Angle of attack (in radians) corresponding to a null steady lift when the
flap deflection is zero: ag.

e Row 4. Free for comments.

e Row 5. Gradient of the steady lift function with respect to angle of attack varia-
tions: 0C;/0a. The gradient is evaluated at the flap deflection value specified by
the user in the dC1/dAoa at beta field. The gradient is measured in 1/rad.

e Row 6. Free for comments.

e Row 7. Gradient of the steady lift function with respect to flap deflection variations:
0C; /0. The gradient is evaluated at angle of attack «yp, for variations of +1 unit
of flap deflection from the value specified by the user in the dC1/dAoa at beta
field.

e Row 8. Free for comments.
e Row 9. N Total number of the following row-data entries.

e Row 10...9+ N. Data entries. Steady input data and Beddoes-Leishmann compo-
nents as function of both angle of attack and flap deflection. The column order
is given in table C.2. The format is as follow: Aoa is in degrees, varies from -180
to +180 with steps of 1 degree. The flap deflection goes from -49 to +50, with 1
unit steps. The flap deflection gives the ‘inner-loop’(the value change at each row),
the Aoa gives the ‘outer-loop’ (it changes value after going through all the flap
deflections, i.e. every 100 rows). Values of angle of attack or flap that are outside
the range that was given in the input are a repetition of the minimum or maximum
value in the input.

If the option Save slopes in .ds output is un-ticked, then row 1-7 are skipped; for
the input file to be read directly by the ATEFlap model in HAWC2, rows 1-7 are a
requirement and therefore the option Save slopes in .ds output should be ticked.

1. 2, 3. 4. 5 |6 ] T 8.
Aoa [deg] Flap g | C;t et ¢l | €y | AC,, | f sep.fun.

Table C.2: Columns order in the pre-processor outpul: .ds flap steady aerodynamic input file for
the ATEFlap model in HAWC2. Steady data and Beddoes-Leishmann components are given as
function of both angles of attack (outer loop), and flap deflection (inner loop).
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