=
—]
—

i

Aeroelastic Optimization of MW Wind
Turbines

AOA=]5 degrees ADA=24 degrees

Edited by Morten Hartvig Hansen and Frederik Zahle
Risg-R-1803(EN)
December 2011

Risg DTU
National Laboratory for Sustainable Energy




Author: Edited by Morten Hartvig Hansen and Frederik Zahle Risg—R—1803(EN)
Title: Aeroelastic Optimization of MW Wind Turbines December 2011
Department: Aeroelastic Design — DTU Wind Energy, Risg Campus

Abstract: This report contains the results from the Energy De-
velopment and Demonstration Project “Aeroelastic Optimiza-
tion of MW wind turbine” (AeroOpt). The project has had the
following five Work Packages:

1. Geometric non-linear, anisotropic beam element for HAWQ@
2. Closed-loop eigenvalue analysis of controlled wind tuiibes
3. Resonant wave excitation of lateral tower bending modes
4. Development of next generation aerodynamic design tools
5. Advanced design and verification of airfoils

The purposes of these Work Packages are briefly described i
the Preface and a summary of the results are given in Section 2
Thereafter, the results from each Work Package are descrilat

in eight subsequent chapters.

-

ISBN 978-87-550-3962-9

Contract no.:
EUDP-64009-0002

Group’s own reg. no.:
1110073-00

Sponsorship:
Danish Energy Authorities

Cover:
Wool tufts flow visualization of slatted
airfoil in the LM wind tunnel.

Pages: 143

Information Service Department
Ris National Laboratory for
Sustainable Energy

Technical University of Denmark
P.O.Box 49

DK-4000 Roskilde

Denmark

Telephone +45 4677 4005
bibl@risoe.dtu.dk

Fax +45 4677 4013
www.risoe.dtu.dk

Risg—R-1803(EN)



Contents

1 Preface 5
2 Summary 8

3 Anisotropic beam element 9
3.1 Methods 9
3.2 Results 10
3.3 Conclusion 18

4 Detailed and reduced models of dynamic
mooring system 20

4.1 Introduction 20
4.2 Detailed model 20
4.3 Reduced model 27
4.4 Conclusion 33

5 Closed-loop aero-servo-elastic analysis 35
5.1 Linear aero-servo-elastic model35
5.2 Collective and cyclic pitch controllers 38

5.3 Conclusion 53

6 Lateral tower vibrations on offshore turbines 55
6.1 Introduction 55
6.2 Aerodynamic Damping of Lateral Rotor Oscillation$5
6.3 Lateral Tower Load Mitigation by Generator Torque Cohtr 62
6.4 Lateral Tower Load Mitigation by Passive Yaw Slip71

7 Development of next generation aerodynamic design tools 74
7.1 Viscous-Inviscid Interactive (VII) Boundary Layer God 74
7.2 Vortex models for optimum inverse design of wind turbitesdes 83

7.3 Summary 91

8 Flatback Airfoil Analysis 93
8.1 Introduction 93

Risg—R-1803(EN)



10

8.2 Numerical study 93
8.3 Grid generation 94

8.4 \Vrification of the predictive capability of EllipSys2or flatback airfoils
94

8.5 3D airfoil computations 103
8.6 Parametric Study, 2D 105
8.7 Conclusion 106

8.8 Acknowledgements 106

Design of a Thick, Flatback, Multi-Element High-Lift Airf oil 109
9.1 Introduction 109

9.2 2D Optimization of Slatted airfoils 110

9.3 Results 113

9.4 Discussion 117

9.5 Conclusions 119

Wind Tunnel Testing of a Thick, Flatback, Multi-Element High-Lift Airfoil 122
10.1 Introduction 122

10.2 Wind Tunnel Setup 122

10.3 Test Matrix 123

10.4 Flatback Airfoil Results 124

10.5 Flatback Airfoil with Slat Results 128

10.6 Summary and Conclusions141

Risg—R-1803(EN)



1 Preface

This report contains the results of the EUDP funded projget6elastic Optimization of MW
Wind Turbines” (AeroOpt) that has been running from April080to October 2011 in part-
nership between the Aeroelastic Design Programme in thel Bfirergy Division of Risg DTU
and the Fluid Mechanics Section of the Department of Med#&ingineering (MEK) at DTU.
The project also included four industrial partners Siem#&fired Power A/S, Vestas Wind Sys-
tems A/S, DONG Energy A/S, and LM Wind Power A/S, which havatdbuted with inputs
on the applicability of the research and with relevant qoastand suggestions to the work at
two Aeroelastic Workshops both with over 30 external pgénts and two Steering Commit-
tee meetings by the key academic and industrial persons.

The main goal of this project was to ensure the continuousldpment and improvement of
the aeroelastic design complex and hereby contribute toeatdiptimization to the industrial
developmentin general. At Risg DTU and DTU MEK the aeroaatsign complex has been
developed and demonstrated in cooperation with the ingirsttifferent areas such as; Com-
putational Fluid Dynamics (CFD), aeroelasticity, aeroayrics, structural dynamics, stability,
airfoil and rotor optimization, design optimization andntmls. These research areas have
been developed partly through a series of EFP-funded psofedled "Aeroelastic Research
Programme” started in 1997, and have contributed to aidrtastry analyze and develop
their turbines. Continued development with focus on imm@atation of the tools is needed to
achieve an effective exploitation of the complete aerdielagsign complex and to extend the
high competence level in both Danish research institutdsCamish wind turbine industry in

a dynamic interaction. The highest prioritized researeéasiand associated tool development
have been condensed into five Work Packages of this project:

1 Geometric non-linear, anisotropic beam element for HAWC2
The purpose of this work has been to develop two new types erhehts; an
anisotropic one that can handle the anisotropic materigdgrties of composite struc-
tures important for accurate modeling of blades, and a neafione that can be used
for modeling of mooring lines and other cables and chainsawuit bending stiffness.
The results of these works are described in details in Sex8and 4.

2 Closed-loop eigenvalue analysis of controlled wind turlies
The purpose of this work has been to develop and demonstratpassibilities of
closed-loop aero-servo-elastic eigenvalue analysigi#idesign and tuning of wind
turbine controllers, and for an extended stability analgdiwind turbines under op-
eration. The results of this work are described in detailSéntion 5.

3 Resonant wave excitation of lateral tower bending modes
The purpose of this work has been to estimate and developockefior prediction
of the total aero-hydro-elastic modal damping of the ldtemaver bending mode,
which in simulations is known to be excited in resonance wigtve loads. Accurate
predictions of the total lateral tower mode are importamtafocurate predictions of
the resonant response that may determine the design lohdse3ults of this work
are described in details in Section 6.

4  Development of next generation aerodynamic design tools
The purpose of this work has been to develop improved subetaddat can be di-
rectly implemented into existing BEM based design codesadtustry based on the
results of the recent large scale experiment DANAERO, anahaptetely new aero-
dynamic model for performance and load predictions basetawupling of a vortex
line method for rotor blade aerodynamics with 2-D and quaBi dscous-inviscid
interaction models. The results of this work are describetktails in Section 7.

Risg—R-1803(EN) 5



5 Advanced design and verification of airfoils

The purpose of this work has been twofold: 1) Design and eatibin of airfoils
with thicknesses from 30 % to 50 % of the chord length for useheninner part
of wind turbine rotors with a focus on high aerodynamic effingly, high roughness
insensitivity and high maximum lift and 2) Design and vestion of an airfoil with
thicknesses around 15 % of the chord length, with the objedi high aerodynamic
efficiency, high roughness insensitivity, insensitiviyttansition point positions due
to inflow turbulence and low noise emission. The results e$ghworks are described
in details in Sections 8, 9 and 10.

Besides the full description of the results in the subsetgertions, many results of the project
have been published in journals and proceedings:

e Hansen, M. H. (2011), "Aeroelastic properties of backwarest blades”, IrProceedings
of the 49th AIAA Aerospace Sciences Meeting Including thve Nerizons Forum and
Aerospace Expositiod - 7 January 2011, Orlando, Florida.

e Hansen, M.O.L., Madsen, H.Aa., 2011, "Review paper on wimbihe aerodynamics”,
Journal of Fluids Engineeringsol.133(11), pp. 114001.

e Kallesge, B. S. and Hansen, A. M. (2011), "Dynamic mooring Inodeling in hydro-aero-
elastic wind turbine simulations”, IRroceedings of the 21st International Offshore and
Polar Engineering Conferen¢c®&laui, Hawaii, p. 375-382, 2011.

e Kim, T., Branner, K., and Hansen, A. M. (2011), "Developingigotropic Beam Element
for Design Composite Wind Turbine Blades”, Rroceedings of the 18th International
Conference on Composite Materidkeju, Korea, 21-26 August, 2011.

e Kim, T., Branner, K., and Hansen, A. M. (2011), "Anisotrofieam Element for Modeling
of the Wind Turbine Blades,” IProceedings of the European Wind Energy Association
Conference 201,Brussels, Belgium, 14-17 March, 2011.

e Kim, T., Buhl, T., and Bak, C. (2010), "Development of Windrbine Blade Optimization
Tool for Enhancing the Performance,”Rioceedings of the The Science of making Torque
from Wind 2010Crete, Greece, 28-30 June, 2010.

e Kim, T., Bak, C., and Buhl, T. (2011), "Optimization of the kd Turbine Rotor to Enhance
the Performance,” IlProceedings of the 52nd AIAA/ASME/ASCE/AHS/ASC Structura
Dynamics and Materials Conferendgenver, Colorado, 4-7 April, 2011.

e Madsen, H. Aa., Bak, C., Paulsen, U. S., Gaunaa, M., Sgrem&eN., Fuglsang, P.,
Romblad, J., Olsen, N. A., Enevoldsen, P., Laursen, J. ambdeL. (2010), "The DAN-
AERO MW Experiments”. IrProceedings of the 48th AIAA Aerospace Sciences Meeting
Including the New Horizons Forum and Aerospace Expositlon7 January 2010, Or-
lando, Florida.

e Sgrensen, J.N. (2011), "Aerodynamic aspects of wind engsgyersion”, Annual Review
of Fluid Mechanics, vol. 43, pp. 427-448.

e Sgrensen, J.N. (2011), "Instability of helical tip vorsteJournal of Fluid Mechanics, vol.
682, pp. 1-4.

e Yang, H., Shen, W.Z., Sgrensen, J.N. and Zhu, W.J. (201jré&Etion of airfoil data using
PIV and pressure measurements”, Wind Energy, vol. 14, 4spp. 539-556.

e Zhu, W.J., Shen, W.Z. and Sgrensen, J.N. (2011), "High+ondenerical simulations of
flow-induced noise”. Int. Journal for Numerical Methods iluifls, vol. 66, issue 1, pp.
17-37.

e Zahle, F., Gaunaa, M., Sgrensen, N. N., and Bak, C. (2013sitin and Wind Tunnel
Testing of a Thick, Multi-Element High-Lift Airfoil”, Subritted for the Annual European
Wind Energy Association Conference 2012
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The presentations from the two Aeroelastic Workshops haes Ipublished in the following
reports (available from www.vindenergi.dtu.dk):

e Hansen, M. H. (Editor), "Presentations from the Aeroetadtorkshop - latest results from
AeroOpt”, Risg-R-1769(ENJebruary 2011, Roskilde.

e Hansen, M. H. (Editor), "Presentations from the Aeroeaaforkshop 2 - latest results from
AeroOpt”, Risg-R-1796(ENYctober 2011, Roskilde.
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2 Summary

Here is a short summary of the results from each milestone:

1 Geometric non-linear, anisotropic beam element for HAWC2
A new beam element has been developed to model the anisostptctures pro-
duced by layered materials based on a cross-sectionalestiffmatrix provided by a
pre-processor e.g. BECAS, or VABS. The element is validafigtd known test cases
for both static and dynamic responses. Another nonlineaelesnent has been im-
plemented to model mooring structures. The bottom congabtindled by a set of
springs and dampers in each node with varying propertiesrant on its distance
to the bottom. Individual line systems are connected by @iseseries of constraints.

2 Closed-loop eigenvalue analysis of controlled wind turlpies

A linear aero-servo-elastic state-space model of a winkireroperating at a given
operating point defined by constant wind speed, rotor speégixch angle has been
developed for open- and closed-loop aero-servo-elaggenealue and frequency-
domain analysis. The applications of this tool called HAW&SR are: closed-loop
stability analysis, controller tuning based on poles piaeet and frequency response
design, and derivation of linear first-principle reducedasrmodels for model-based
controllers. Examples of the two former applications axegiin this report.

3 Resonant wave excitation of lateral tower bending modes
The aerodynamic damping of lateral tower vibrations hawnl@stimated by 3D CFD
and unsteady BEM models. A good comparison between the twaelmevith very
different complexity supports the continuous use of urdstd8EM for aerodynamic
modeling of wind turbine dynamics. Generator torque cdrites furthermore been
used to add active damping to the lateral tower vibratiodacing the tower fatigue
load by 40 % with the cost of only 10 % increase in drivetratigize load. Yaw slip
can also be used to damp out excessive lateral tower vibsatidhe distance from
the yaw axis to the center of gravity of the nacelle-rotancture is sufficiently large.

4 Development of next generation aerodynamic design tools

A viscous-inviscid model for predicting the aerodynamib#eéor of airfoils subject
to steady and unsteady motions has been developed. Theithpést is modeled us-
ing a panel method whereas the viscous part is modeled usinmtegral form of
the laminar and turbulent boundary layer equations, innd quasi-3D approach
to include rotational effects. A design and optimizatioedased on a lifting line
method coupled with a Lagrange multiplier approach has peesented. The circu-
lation distribution which minimizes the induced loss isfiaiand the blade geometry
is consequently derived using 2-D airfoil data.

5 Advanced design and verification of airfoils
The validation of the predictive capability of EllipSys26rflatback airfoils indicated
that the drag can be captured for these airfoils. In all 22sahe steady state results
are closer to the measured lift than the unsteady resulf3.cah be used to compare
the quality of different flatback designs. The investigatad using slats to improve
the performance of this airfoils concluded that lift cogéfits of above 3.0 can be
achieved for a 40 % flatback airfoil fitted with a 30 % chord liegdedge slat with a
stall angle of approximately 24 deg. The multi-elementdlidesign was validated in
an extensive wind tunnel campaign and comparisons betheerxperimental results
and computations showed good agreement.
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3 Anisotropic beam element

Author: Taeseong Kim

This chapter deals with the development of anisotropic bel@ment. It is shown that a typical
wind turbine blade has very small couplings, but that thesele introduced by adding angled
unidirectional layers [1]. However, aeroelastic codesigwind energy field, such as HAWC2,
use the classical beam model. Therefore such codes canneétéo investigate the coupling
effects of anisotropic materials.

The main aims of the present chapter are to develop a new bleamerg for the anisotropic
structures, to implement the beam element into HAWC?2, aridvestigate a structural cou-
pling effect.

3.1 Methods

Finite Element Analysis (FEA) is considered to compute a heam element. Fig. 3.1 shows
a sketch of the coordinate system of the considered beaneatem

Ya

node #1/ Z | hode #6 z
/ /
/ /
/ L/

Figure 3.1. A sketch of the coordinate system

In order to compute element stiffness and mass matrix, Hstielenergy and the kinetic energy
of the beam are considered. Eq. 3.1 and Eq. 3.2 show the fimaldfthe elastic and the kinetic
energy of the beam element. More detailed expressions @ffhations are addressed in [2].

UZE/OESEdz (3.1)
1rgt] /et
= Sd™N, /OBSBd Nod

1.
72de

1t

T:E/0 r'Efdz (3.2)
o I '

= >d™N, /ON ENdZ Ned

1.4 .
= Ed Md
whereU is the elastic energy, is the generalized strains, supersciipis transposeSis the
cross-sectional stiffness matrikjs nodal degrees of freedoi,is the polynomial matrixB is
the strain-displacement matriK, is the element stiffness matrix,s the velocity of the body,
E is the cross-sectional mass matrix, aids the element mass matrix.
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3.2 Results
Three different cases are investigated to validate the reambelement model. The effect of

using an anisotropic material is studied as well. Fig. 3@wsha sketch of the considered cases.

[0°r Ay

s -

1 -
254mm|| T 7 z
vlL-~ /

- = 254 mm
190.5 mm
(a)
[30°1+ pY
/ |
317smm| .~ — ] z
12.7 mm
h X 190.5 mm "

PN
[45°]
/ % [0
/ /

[45°/0°]as
/ / r X
=7 =z
/i -7 -
4 /, ,/,/ //// /” /’/ -
560 mm
(€)

Figure 3.2. A sketch of considered cases. (a) Casel}t[@ayup with arbitrary isotropic
material, (b) Case 2: [30]1 layup with Graphite/Epoxy, (c) Case 3: [48°]3s layup with
Graphite/Epoxy

Table. 3.1 shows the detailed structural properties anskesectional stiffness matrix for the
first example. For Case 2 and Case 3, only sectional stiffirdesmation is displayed in
Table. 3.2. More detailed information about the materiapgrties and geometries is addressed
in [3] and [4]. Case 1 is used for validating whether the nearbenodel is correctly imple-
mented into HAWC2 or not. The other two cases are used fordhgarisons between new
HAWC?2 computation with anisotropic material and the othasting results obtained from [3]

and [4].
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Table 3.1. Structural properties of Case 1 [5]

Material Arbitrary material
E11, Ex2, E33 100Pa
G12,G13,Go3 41.667Pa
V12,V13,V23 0.2

P 1kg/m®
Width 0.1m
Height 0.1m
Length 7.5m

Sectional stiffness of Case 1
Si1, S 3.4899x 10~ Y(N)

Ss3 1(N)
Sus, S5 8.3384x 10-4(Nn?)
Ses 5.9084x 10~4(Nn?)

Table 3.2. Sectional stiffness of Cases 2 and 3

Stiffness of Case 2 [3] Stiffness of Case 3 [4]

Siu 4.4702400< 10P(N) Si1 4.1673312< 10°(N)
Si3 5.6667520x 10°(N) Si3 —2.070544x 10°(N)
S»  3.8404032x< 104(N) S 3.0237504x 10%(N)
Ss3 1.5861568x 10°(N) Ss3 3.6099968x< 10°(N)
Siz  0.1313736< 104Nn?) | Sus  5.314632x 10 Y(Nn?)
Sug  —9.225995x< 10-4(NmP) | Sy 9.894628x 10 2(Nn¥)
S5 1.1656606x 104(Nn?) | Sss  2.634072x 10%(Nn¥)
Ses  0.1454637x 104 (Nn?) | Sgs 3.584220x 10 L(Nn?)

3.2.1 Eigenvalue analysis

Eigenvalue analysis is performed for the three differesesaTable. 3.3 shows the natural fre-
quency comparisons of Case 1 between the new beam element being implemented in
HAWC?2 and after implementation, respectively. They are pletely identical because they
are using same shape functions and same number of elemintsthis result, it may be con-
cluded that the new beam element is successfully implerdente HAWC?2.

Table. 3.4 shows the natural frequency comparisons betéeeather existing results and a
HAWC?2 computation. The HAWC?2 result shows good agreemetti y@] and [4], respec-
tively.

Small discrepancies in Cases 2 and 3 of Table. 3.4 might ae@ito converting the units from
English to Sl units and using different shape functions.

Itis clear to see that flapwise bending-torsidfg), and axial-edgewise deflection§; ), are
coupled on the structure of Cases 2 and 3 from Table. 3.2. diygliog effects on the structure
can be captured through the mode shape analyses. Fig. 38 #he first 6 mode shapes of
Case 2. From the mode 1, 3, 4, and 6 it is shown that the flapecefabdes |y, and®y) are
coupled with the torsion related modg ). Fig. 3.4 shows the first 6 mode shapes of Case 3.
It is observed by mode 1, 2, 3, 5, and 6 that the flap related madealso coupled with the
torsion related mode.

From the above results of natural frequencies and mode shhpa&ew beam model can cap-
ture the physical behaviors of structural coupled charesties.

An additional eigenvalue analysis is performed with Casasd3 in order to investigate physi-

Risg—R-1803(EN) 11



Table 3.3. Natural frequency comparison of Case 1

Mode

New beam element only [Hz]

HAWC?2 [Hz]

1

o Uk, WN

2.87262x 103
2.87262x 103
1.80466x 102
1.80466x 102
5.09409x 102
5.09409x 102

2.87262x 103
2.87262x 1073
1.80466x 102
1.80466x 102
5.09409x 102
5.09409x 102

Table 3.4. Natural frequency comparison of Cases 2 and 3

Case 2 Case 3
Mode HAWC?2 [Hz] Ref.[3][Hz] Mode HAWC?2 [Hz] Ref.[4][Hz]

1 (flap-torsion) 55 526 1 (flap-torsion) 466 4.66

2 (edge) 209 2098 2 (flap-torsion) 2918 2960
3 (flap-torsion) 324 3263 3 (flap-torsion) 8157 8489
4 (flap-torsion) 8938 8998 4 (edge) 1099 N/A

5 (edge) 12842 12849 5 (flap-torsion) 11385 11343
6 (flap-torsion) 166® 16613 6 (flap-torsion) 15%2 N/A

cal differences between isotropic and anisotropic stnestby using the old version (i.e. before
implementing the new beam model) and the new version (ier. mfiplementing the new beam
model) of HAWC2. In order to produce an isotropic structuase; the off-diagonal terms from
the anisotropic structural property are removed, whichsdoa offer equivalent conditions.
However, these comparisons may be helpful for understagrttim physical importance of the
off-diagonal terms.

Table. 3.5 shows the natural frequency differences betwheiisotropic and the anisotropic

Mode 1

Mode 2

Mode 3

Length(m)

0.1

Mode 4

0.2

0.1 0.2 0

Length(m)

Mode 5

0.1 0.2
Length(m)

Mode 6

Length(m)

0.1

0.2

0.1 0.2
Length(m)

0.1 0.2
Length(m)

Figure 3.3. First 6 mode shapes of Case 2 with anisotropipertoes
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Mode 1 Mode 2 Mode 3

o 0.2 0.4 06 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Length(m) Length(m) Length(m)

Mode 5 Mode 6

0.5

-0.5 \
AN
N
~
-1 —= -1
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Length(m) Length(m) Length(m)

Figure 3.4. First 6 mode shapes of Case 3 with anisotropipprties

model of Cases 2 and 3. It is obvious that the obtained nafteqLiencies from isotropic
model are overpredicted as compared with anisotropic’s lbieebecause the isotropic model
does not have the abilities to capture the coupling effects.

Table 3.5. Natural frequency comparison of Cases 2 and 3

HAWC?2 simulation of Case 2

Mode Anisotropic [Hz]| Mode Isotropic [HZz]
1(FT) 525 1(F) 705

2 (BE) 2097 2 (BE) 2100

3 (FT) 3261 3(F) 4361

4 (FT) 8993 4 (F) 11966
5(E) 12842 5(E) 12965

6 (FT) 16609 6 (F) 16750

HAWC2 simulation of Case 3

Mode Anisotropic [Hz]| Mode Isotropic [HZz]
1(FT) 466 1(F) A78

2 (FT) 2918 2(F 2997

3 (FT) 8157 3(F) 8381

4 (E) 10599 4 (E) 10601

5 (FT) 11335 5(T) 11334

6 (FT) 15952 6 (F) 16395

In Table. 3.5, FT is flap-torsion mode, E is edge mode, F is fladenand T is torsion mode.

Fig. 3.5 and Fig. 3.6 show the mode shapes of Cases 2 and 3 wifotopic structure, re-
spectively. As expected no coupled modes are observed.

Risg—R-1803(EN) 13



Mode 1 Mode 3
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Figure 3.5. First 6 mode shapes of Case 2 with isotropic prige

Mode 1 Mode 2 Mode 3
0.5

-0.5

-1

0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Length(m) Length(m) Length(m)
Mode 4 Mode 5 Mode 6

0.2 0.4 0.6 0 0.2 0.4 0.6
Length(m) Length(m) Length(m)

Figure 3.6. First 6 mode shapes of Case 3 with isotropic prigse

3.2.2 Static analysis

A static analysis is performed with Cases 2 and 3. A cantilEvgraphite-epoxy beam is con-
sidered. Fig. 3.7 shows a sketch of the cantilevered bealrsteitic load and torsional moment.
For the Case 2, 4.4bstatic load is applied. For the Case 3, 0.lb3static torsional moment
is applied.

The static deflections and rotations of Case 2 are presantéd.i3.8. In the figure, the dashed
line and solid line represent anisotropic and isotropialtssrespectively. As we have already

14 Risg—R-1803(EN)



Figure 3.7. A sketch of the cantilevered graphite-epoxynbea

shown, flapwise bending-torsion and axial-edgewise déflectre coupled on the structure.
Therefore, when the static load is applied to the flapwiseation not only additional flap-
wise deflection but also additional flapwise bending whigwoaksults in torsion is produced.
From the results, the expected characteristics are oliberitle the new beam element while
the isotropic model cannot capture the effects.

Fig. 3.9 shows a comparison of the static deflections andioosof Case 3. This case has
the same couplings as Case 2. Therefore, when the torsipplied to the structure, not only

additional torsion but also additional flapwise bendingakthalso results in flapwise deflection
should be captured. From the results the new beam elementeaphe expected physical be-
havior correctly while the isotropic model does not.

As we have investigated above there are differences betigernpic and anisotropic results
from natural frequencies, mode shapes, static deflectéonsstatic rotations. They are impor-
tant parameters when designing wind turbines. In that seéhseanisotropic behavior should
be included in the relevant aeroelastic numerical tooléflthkades have structural couplings.

Edgewise deflection Flapwise deflection Axial deflection
1 0 1
Isotropic Isotropic Isotropic
= = = Anisotropic = = = Anisotropic = = = Anisotropic
0.5 N 0.5
—-0.005 \
E E * £
=, () fr———— = \ =3 (1] —
= ] \ =
-0.01 Y
-0.5 \ -0.5
\
A
-1 -0.015 -1
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
Length(m) Length(m) Length(m)
Flapwise bending Edgewise bending Torsion
0.12 1 0.08
.- Isotropic
7 . . -
04 = = = Anisotropic .7
Isotropic 0.5 0.06 ¢
0. = = = Anisotropic 4
E) ’ E) E) ’
£ 006 . g o & 0.04 ,
m)( I q>> mN ’
0.041r ¢ ’
U -0.5 0.02 ¢ Isotropic
0.02} ¢ !/ | = = = Anisotropic
) ’
0 -1 0
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
Length(m) Length(m) Length(m)

Figure 3.8. Differences of the displacements and rotatioetsveen anisotropic and isotropic
properties for Case 2
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Figure 3.9. Differences of the displacements and rotatiogisveen anisotropic and isotropic
properties for Case 3

3.2.3 A parametric study for a blade bending-torsion coupling effect

In this section a blade bending-torsion coupling effeckameined in order to investigate a load
reduction potential by considering the structural cougsiri-or this study, the NREL 5MW Ref-
erence Wind Turbine (RWT) is considered [6]. To produce tly 6 cross sectional stiffness
matrix the same values used for the old version of HAWC?2 apdiegh Eq. 3.3 shows how the
new cross sectional values for the new beam element areneltaiith the existing sectional
data.

Su=kGA S2=kGA S=EA Su=Ek, Ss=El, Ses=GJ (3.3)

whereky andky represent shear factor for x and y directi@andE represent shear and elastic
modulus A represents cross sectional argaly, andJ represent area moment of inertia with
respect to x- and y- axis, and torsional stiffness constaspectively.

Table. 3.6 shows the natural frequency comparison of 5SMW RWfhg the old version (i.e.
before implementing the new beam model) and the new versienafter implementing the
new beam model) of HAWC2. All frequencies obtained show gagiement.

Structural couplings are arbitrarily assigned based orBE[7]. This equation shows that di-
agonal stiffness terms are kept its own values while cogifiects (off-diagonal terms) are
assigned. In this study only a blade flapwise bending-tarstapling is considered.

S1 0 0 0 0 O]
0 S O 0 0 0
|0 0 % O 0 0
S= 0 0 0 Su 0 S (3.4)
0 0 0 0 S5 O
|0 0 0 S 0 S
where 3 illustrates the coupling term represented as
ST =0vEIlxxGJ, -l<ax<l1 (3.5)
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Table 3.6. 5MW RWT Natural frequency comparison

Whole turbine natural frequency Blade natural frequency
Mode  Old version New version| Mode Old version New version
1 29949F — 01 29948% —01 1 6.4291F - 01 64212601
2 30176 —-01 30174FE-01 2 9.7073EF—-01 97032E&-01
3 5.8852FE - 01 58836 —01 3 17478E+00 17432E+00
4 6.1044%F - 01 60975 —01 4 2.8160&£+00 28141F+00
5 6.3684E —-01 63607%E —01 5 35260E+00 352027FE+00
6 6.6713E - 01 66640F —01 6 47457E+00 47412F+00
7 9.6696 — 01 966564 — 01 7 54197F+00 54162%€+ 00
8 9.7858E—-01 97809F -01 8 6.62254&+00 66138E+00
9 15816 +00 15789E+00 9 7.4193%F+00 7.4225FE+00
10 16909E+00 16869€E+00| 10 82412F+00 82129E+00

The amount of couplings is assigned ty A bending-torsion coupling that is 1m flapwise
bending deflection (toward tower) resulting in approxinha@3deg twist (toward feather) at
the blade tip is considered: = —0.05. Fig. 3.10 shows the static deflections and rotations of
considered example.

Edgewise deflection Flapwise deflection Axial deflection
1 15 1
0.5 0.5
—_ - 1 —
£ £ £
= 0 =, =, 0
- = -}
-05 ............... _05
- 0 ~1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Length(m) Length(m) Length(m)
Flapwise bending Edgewise bending Torsion
0 1 0
0.5 -0.1
o -1 o o
o s 0 5 02
"'x v>- VN
o -2 T @
-0.5 -0.3
-3 -1 -04
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Length(m) Length(m) Length(m)

Figure 3.10. The static deflections and rotations of the ¢edipeam when = —0.05

A single wind speed case, 7 m/s, is considered with 22% tartod intensity. Fig. 3.11 shows
the blade equivalent fatigue loads and maximum blade tigdedin. The blade flapwise, edge-
wise, and torsional equivalent fatigue loads, and the bhiaabe@mum tip deflection are reduced
up to approximately 2.5%, 0.5%, 10%, and 8%, respectivellyaut losing mechanical power
production (Fig. 3.12).
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Figure 3.12. Mechanical power when= —0.05

3.3 Conclusion

In this chapter a new beam element, which is able to consideahisotropic behaviors, is
developed and implemented into HAWC2. Validations for teardn model are performed with
3 different cases. The eigenvalue and the static analysegesformed. From the results the
anisotropic characteristics show different behaviors garad to the isotropic ones. A para-
metric study to investigate a structural coupling has begfopmed with the 5SMW RWT. Only
a blade flapwise bending-torsion coupling is consideredeithe structural coupling which
produces 0.3deg twist at the blade tip toward feather for dlapwise tip deflection towards
the tower is considered the blade flapwise, edgewise, agidtal root equivalent fatigue loads
are reduced up to 2.5%, 0.5%, and 10% respectively. Alsdeltia clearance is improved ap-
proximately 8% without power reduction. This results showadential to improve turbine
performance by considering a small amount of structurapling on the structure. This ad-
ditional effect may be used for developing new types of bdaglech as blades with less pitch
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4 Detailed and reduced models of dynamic
mooring system

Author: Anders M. Hansen and Bjarne S. Kallesge

4.1 Introduction

The first part of this chapter deals with the effect of differkevels of details in mooring line

model on wind turbine loads in hydro-aero-elastic simoladi of floating wind turbines. In

wind turbine load simulations, it is common to use a quadistapproach in mooring line

models. In this work, a dynamic mooring line model is develband coupled to a state of
the art hydro-aero-elastic wind turbine simulation codee Effect of the dynamic mooring
line modeling on the wind turbine loads are analyzed and eoetpto results from a quasi-
static modeling approach. It is found that the dynamic nmaphline model doesn’t affect the
blade extreme or fatigue loads, nor does it affect the towteeme loads, but the tower bottom
bending equivalent load is reduced by 5-20 % in some loadscase the equivalent lifetime
load is reduced by 5-10 %. The reductions indicate that tlmaahycs off the mooring system
is significant and should be included in the simulation mad#he floating wind turbine to get

the right design loads.

The second part of this chapter describes a method that casdueto derive an equivalent
model as a set of first order ODEs which captures the dynarhiv®oring systems.

4.2 Detailed model

The offshore wind turbine development has focused on boftesd concepts, but since the
shallow water sites are limited and many countries only lo@ep waters, an increasing interest
has been towards floating wind turbine concepts. For inst&tatoil has launched the worlds
first full scale floating turbine HYWIND off the coastline ofdiway [1]. Floating turbines
are complex and relatively flexible structures, where aliceimponents depend on each other.
For instance, the turbine loads depend on the motion of tladrilp platform, and the platform
motion depends on the aerodynamic loading and control ofuttiene. The mooring system
is an integrated component for the overall dynamic respofidee full wind turbine structure.
Compared to other offshore installations, such as oil tigs,low profit from wind turbines
combined with a low risk (small human and environmentaldbefloating turbines will be
designed in a low cost framework and with smaller safetydiastall leading to more flexible
and dynamic structures.

In floating wind turbine simulations, it is common to used gjt&tatic mooring line models [2].
This work will look into the validity of a quasi-static moaig line model approach and analyze
if more complex mooring line models will affect the wind timb loads.

The comprehensive state of the art hydro-aero-elastic simealation code for wind turbines
HAWC?2 [3] is extended with a dynamic mooring line model. HAR/S an aeroelastic code for
computing loads for onshore, bottom mounted and floatinghoife wind turbines. The code
is based on a multi-body formulation, where each body is @alirbeam. The wave loading
on the offshore turbine is computed by Morison formula. Thbdechas been used for load
computations of several floating turbines, e.g. the HYWINitbine, but the mooring forces
has been based on quasi-static lookup tables.

The developed dynamic mooring line model is based on a cédteesmt with hydrodynamic
drag, added mass, and buoyancy forces and a nonlinear spiffngss modelling the bottom
contact. The quasi-static response of the mooring modalidated against the code MIMOSA
from MARINTEK showing good agreement.
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The dynamic mooring line model in HAWC2 enables a fully catphnalysis of the influence
of different mooring line models on wind turbine loads. Tletup is used to analyse the effect
of mooring models on a floating turbine of the spar buoy type\WHND type). Itis found that
the dynamic mooring line modeling doesn't affect the blaxtesame or fatigue loads, nor does
it affect the tower extreme loads, but the tower bottom begeaiquivalent load is reduced by
5-20 % in some load cases and the equivalent lifetime loaedisaed by 5-10 %.

4.2.1 Wind Turbine Modeling

The hydro-aero-elastic simulations are based on the HAW&i2 cThe HAWC?2 code is in-
tended for calculating wind turbine response in time donéin

The structural part of the code is based on a multi-body féatian as described in [5] using
the floating frame of reference method. In this formulatibw wind turbine main structures
are subdivided into a number of bodies where each body issenddy of Timoshenko beam
elements. The bodies representing the mechanical patte afitbine are connected by joints
also referred to as constraints. The constraints are fatedibs algebraic equations that impose
limitations on the bodies’ motion. The structural model éngral, but in its simplest form a
turbine is modeled using one body for the tower, one for theele and one for each blade.
The capability of modeling floating turbines is inherenthie general multi-body formulation,
which does not need to have the modeled structure attachd gobal frame.

The aerodynamic part of the code is based on the blade elemmnentum theory, but ex-

tended from the classic approach to handle dynamic inflowadyc stall, skew inflow, shear
effects on the induction and effects from large deflectidine dynamic stall model is a modi-
fied Beddoes-Leishmann model that includes the effectsanf gbrticity from the trailing edge

(Theodorsen theory), as well as the effects of stall sejparktg caused by an instationary trail-
ing edge separation point [6].

The stochastic wind is generated outside the HAWC2 code.tiitellence generator is the
Mann model [7], which is a full 3D correlated turbulence floeldi. Tower shadow effects are
also a part of the wind module, as it changes the wind conwditiocally near the tower.

The hydrodynamic loads are based on the, within offshoten@ogy well-known, Morisons
equation. The wave kinematics are not calculated withirHA&/C2 code but provided exter-
nally through a defined DLL (Dynamic Link Library) interfacghere the present open source
DLL includes regular and irregular Airy waves.

Buoyancy loads are based on axial dynamic pressures idsesteoncentrated forces on end
nodes and distributed forces over conical sections. A pelipalar force contribution is dis-
tributed on angled elements and a restoring moment ishiliséd on conical sections.

The wind turbine controllers are implemented in externalLBland coupled to the code by a
defined DLL interface.

The HAWC2 code is a state of the art hydro-aero-elastic cadénas been used for simulating
loads on a variety of wind turbines and wind turbine concefite code has participated in the
code-to-code comparison project OC3 [8] with very good ltesu

The wind turbine used in this work is a conventional MW sizevimpa variable speed pitch
regulated turbine. The turbine is controlled by Risg’s basdID controller [4]. The controller
is modified as discussed in Larsen et al. [4] to handle therértieontroller instability of pitch
regulated floating turbines.
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X

Figure 4.1. One section of the flexible mooring line with amif properties divided into N
equal sized elements.

4.2.2 Mooring Line Modeling

Quasi-Static Modeling Approach

The quasi-static mooring line model in HAWC2 is based on goeyputed results from the

MIMOSA code by MARINTEK. The quasi-static mooring line $tiéss characteristics are
tabulated as positions of the float versus restoring fon@@a the mooring system. HAWC2

uses these data for looking up the force from the mooringegysihat should be applied in each
time step depending on the turbine position.

Dynamic Modeling Approach
The flexible mooring line is model by a general cable elememhfilation, similar to e.g. [9].

Figure 4.1 shows one section of the flexible line divided Mtequal sized elements. The length
of one loaded element is given by

Lh= \/(M—l*xn)2+ (Yn-1—Yn)?+ (zn-1— )2 (4.1)
and the Green strain measure can then be found by
La—Lao
§G=—5— 4.2
©T T2z, (4.2)

whereLg is the length of the unloaded element. Having this straihéalement the longitudi-
nal force in the element can be found by

f = EAeg (4.3)

whereE is Young’s modulus and is the cross section area. The element stiffness matrix can
then be formulated as

1 0 0 -1 0 O
0 1 0O 0 -1 0O
0O 0 1 0 0 -1
0O -1 0 O 1 0
| 0 0 -1 0 O 1 ]
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which is nonlinear since = Ke(Xn_1,Xn) Wherex, = [Xn, Yx, z,| " . Inserting this element stiff-
ness matrix in the equations of motion

Xn+|iL—Xn
Ke|: Xn :| _ |: —fd :| 7 5= Yn+|iL_Yn (45)
Xn+1 fo Zni1-2n
Ln

so itis seen that it gives the line force projected onto(#)g, z)-directions.
The equations of motion for one line segment becomes
MX(t) + K (x)x(t) — Fgravity — I:buoyancyf Fdrag(xa x)=f (4.6)

where the mass matridl is constant in time and given by integrating the distributeakss

of each element. The stiffness matixx) is a collection of the element stiffness matrices
(4.5) and depends on the deflection and orientation of threexie The gravity forcé& gravity
and buoyancy forc&pyoyancyare both computed initially and applied in the downwards and
upwards directions, respectively. A perpendicular andngitodinal linear viscous drag force
(Fdrag(X, X)) is applied to the element. The drag forces are based on dedficients multiplied

by the perpendicular and longitudinal speed of the elemespectively, and projected onto the
(x,y,z)-directions. The drag force depends both on the elementigland orientation. There
are no wave loading on the elements, but since the mooringnisected to the main structure
at 54 m depth on the particular turbine model, the wave |lgagimssumed not to be important.

The bottom contact is modeled by a vertical non-liner stifmapplied to each node
P { 0 if 2> 7
z K((z—20)%+(z—2)) ifz<z

wheref; is the vertical reaction force from the sea bottans, the vertical position of the node,
Zp is the sea bottom, arid is a sea bottom stiffness.

4.7)

This element formulation only holds for cables with unifoproperties, so each section of
different cable type (chain, synthetic rope etc.) is modekea separate body and connected by
ball joint constraint in HAWC2’s multi-body formulation.

Point masses are implemented with both linear and quadsiatious damping terms to model
clump masses and drag buoys.

As an example of using the model, a mooring system consisfiag anchor, a chain section
and a fiber rope section will be modeled by one body with théncheperties and one body
with the fiber rope properties. The chain body will be coneddty a ball joint constrain to the
anchor and the fibre rope body in its first and last node, ré¢ispdc and the fiber rope body
will be connected to the main structure by a ball joint camistat its last node. The anchor is
assumed to be fixed in space.

4.2.3 The mooring system

The mooring system consists of three catenary lines withreceatrated mass on each of
the lines for additional stiffness. The mooring system milsir to the one used in the OC3
project[8]. The mooring system has two delta lines splitiach catenary line into two connec-
tion points on the float. In the quasi-static modeling framewthese delta lines are neglected
and the main line is extended and connected directly to tifln the dynamic modeling
frame work, the delta line configuration is straight forwerdnclude, and two model versions
are constructed; one where the main line is extended andectethto the tower resembling
the quasi-static model (M1) and one where the delta linesaheded in the model resembling
the true mooring system (M2). The quasi-static mooringdiharacteristic from the MIMOSA

1A ball joint constraint fixes two nodes relative to each otihdranslations but they a free in relative rotations.
2This simplified model is the modeling approach used in the P@fect among other studies of floating turbine.
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Figure 4.2. Results for the mooring system at very slow lasicihs (T, = 400s) compared to
quasi-static results from MIMOSA. The restoring force aigpthcement are normalized by the
rated aerodynamic thrust and rotor diameter of the partisulrbine.

program has only been available for the simplified modelhsadelta line configuration (M2)
cannot be compared directly to quasi-static results.

The line segment modeling the two delta lines in the M1 moslejiven the mass and drag
properties as the sum of mass and drag coefficients from theléa lines in the M2 model.
The mooring line properties are taken from a mooring systeatest turbine, and is therefore
confidential.

4.2.4 Mooring Line Response

In this section, the dynamic mooring system model is vatidedgainst quasi-static results,
showing good results. Furthermore, the effect of includimg dynamic model is shown and
discussed. All results in this section are based on measth@horizontal mooring force for

prescribed harmonic oscillating motion of the mooringstae connection point.

Figure (4.2) shows force response to slow motion of the twoadyic mooring line models
compared to the quasi-static results from MIMOSA. The mstpforce and displacement is
normalized by the rated aerodynamic thrust and rotor dianadtthe particular turbine. All
models are seen to agree very well. Furthermore, it is sesntdhbalance the rated aerody-
namic thrust from the turbine the float will be pushed arouridrbtor diameters down wind.
Figure (4.3) shows the restoring force for a higher osa@iltafrequency. The drag forces in the
dynamic models (M1 and M2) are seen to open the loop and intedome hysteresis in the
oscillations.

The yaw stiffness are different for the two model versiond (@hd M2) where the delta lines
of the M2 model increase the quasi-static yaw stiffnessidenably (Figure (4.4)). Notice that
the curve for M2 at high angles are parallel to the M1 single inodel because the delta lines
collapse into one line at these high angles.
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force [-]
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Figure 4.3. Results for the mooring system a&150s oscillations compared to quasi-static re-
sults from MIMOSA. The loops follows an anticlockwise diget The mooring restoring force
is normalized by the rated aerodynamic thrust for the paitic turbine and the displacement
by the rotor diameter.

Ws | [m/s] 5 7 9 11 13
Ti [ 0.2244 | 0.1860 | 0.1647 | 0.1511 | 0.1417
Hs [m] 1.94 2.26 2.65 3.11 3.61
Tp [s] 3.82 3.98 4.20 4.49 4.85
time [h] 22460 | 26068 | 25102 | 23340 | 18958

Ws | [m/s] | 15 17 19 21 23
Ti [1 | 0.1348] 0.1295 | 0.1254 | 0.1220 | 0.1192
Hs | [m] | 414 | 470 | 525 | 579 | 6.31
To | I8 526 | 573 | 624 | 677 | 7.30

time | [n] | 14123 | 9708 | 6182 | 3657 | 2014

Table 4.1. Wind speed, turbulence intensity, significanedaght, wave period and the number
of hours at the wind speed in the life time for the load caseslus the hydro-aero-elastic
simulations.

4.2.5 Hydro-aero-elastic response

This section deals with the effect of the different mooringdal complexity on the turbine
loads. The full mooring system is applied to a floating windbine in hydro-aero-elastic sim-
ulations at different operational conditions. Table 4.avg# the load cases used in this work.
The wave fields are irregular and based on Jonswap spectriimntheisignificant wave height
and period given in table 4.1. The wind and wave directiorsaasumed to coincide. Each load
case is simulated six times with different realizations ofdvand wave fields. Each simulation
is 1200 seconds of which the first 300 seconds is discardemrove initial transients leaving
15 minuets for analysis. The same six wind and wave fieldsdohavind speed are used for
each model, such that results can be compared directly.

To analyze the extreme loads the maximum value for the five@msr{Flapwise and edgewise
blade root bending, and longitudinal and lateral towerdrotbending and yaw moments)

3Flapwise and edgewise blade motion is out of and in rotor miation, respectively. Tower longitudinal and lateral
motion is in the wind direction and perpendicular to the wiliibction, respectively.
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Figure 4.4. Results for the full mooring system at=T200s yaw oscillating with 20 deg
amplitude compared to quasi-static results from MIMOSA.

are extracted from each simulation. All results from eachdgpeed are normalized with re-
spect to the corresponding results from the quasi-stataeindhe mean value for the different
wind and wave realizations, for each wind speed and each Imadecomputed alongside
the standard deviation between the different realizatibigaire 4.5 and 4.6 shows these rela-
tive extreme loads and standard deviations for blade raudibg moments and tower bottom
bending moments, respectively. For the blade loads, lodgial tower and yaw loads, the
variations between models are seen to be less than theiwarimtween the different wind
and wave realizations with the same model, so the mooringehtks not affect these loads.
The lateral tower bending loads decrease for the M2 modelgjeyc mooring line with delta
lines), but the lateral bending moment is two to four timesken than the longitudinal, so
the decrease in extreme lateral tower bending does not &lffe@ver all tower load, since it
is the longitudinal load that is design given. The reasontferdecrease in the extreme lateral
tower loads for the M2 model, is that the delta lines incredBe yaw stiffness, and therefore
the down wind component contributing to the lateral towerd®is less, resulting in reduced
lateral tower bending loads.

The effect of the mooring line modeling on the turbine fadgoads is measured by computing
the equivalent load for the same sensors as used in the extoachanalysis above. The equiv-
alent load are computed for each time series and the meanaartthsd deviations for each load
cases and model are computed and normalized with respdet guisi-static results. Figure
4.7 and 4.8 shows these relative equivalent loads and sthddaiations for blade root bend-
ing moments and tower bottom bending moments, respectiviie blade fatigue loads are
not affected by the mooring line modeling. The longituditeaVer bottom equivalent bending
moment is seen to be reduced by around 10 % for the low winddspeed the lateral tower

bottom equivalent bending moment is reduced by around 20rdatiermediate wind speeds.

To evaluate what these changes in equivalent loads accouit the turbines lifetime, the
lifetime equivalent loads are computed based on the nunflmgyeyating hours given in Table
4.1. Table 4.2 shows the lifetime equivalent loads normadlizy the value of the loads for the
guasi-static model. It is seen that the longitudinal aneri&dttower load are reduced by around
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Figure 4.5. Blade extreme loads; top and bottom plots shavemme flapwise and edgewise
blade root bending moments, respectively. For each winddpad each model six simulations
with different realization of wind and wave filed are conauttAll results are normalized by
the quasi-static results at the given wind speed. The figuoevs the mean value of the six
different simulations with each model and the standardatevi between the simulations.

model blade tower
flap | edge | long. | late. | yaw
Q-S 1 1 1 1 1

M1 097 | 1.0 | 0.95 | 0.89 | 0.99
M2 097 | 1.0 | 094 | 0.83| 0.99

Table 4.2. Lifetime equivalent load relative to the qudatis results.

5 % and 10 %, respectively, while all other loads stays alroosstant.

4.3 Reduced model

The number of DOFs for an entire mooring system is large coetpt the rest of the wind
turbine model. It is therefore desirable to reduce the nurab®OFs and only retain a mini-
mum number of DOFs necessary to describe the dynamic respdiiise mooring system of
interest, i.e. in the frequency range of interest. Such aqatore has been developed and tested
and the procedure is described next.

In brief, the procedure uses the simulated response fromaiions of the full mooring system
in HAWC?2 to identify a reduced set of 1st order ODEs which dzantbe imported by other
software models, e.g. HAWCStab2, HAWC? itself, or othetse $teps in the procedure are as
follows:

e Simulate the response of the system to obtain a set of sinadtss inputs and outputs.

In the present example, the movement of the interface ngalegcribed and the reaction
force in the same node is captured from the simulation.
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Figure 4.6. Tower extreme loads; from the top the plots shawgitudinal, lateral and yaw
tower bottom extreme bending moments, respectively. Fdr @énd speed and each model
six simulations with different realization of wind and wdiled are conducted. All results are
normalized by the quasi-static results at the given windedp&he figure shows the mean
value of the six different simulations with each model ardstandard deviation between the
simulations.

e A linear state-space model is identified based on the siediiafput/output by using an
identification routine in MATLAB @4sidor pen)

e The identified state-space model (which is in discrete tiorenft) is transformed into a
continuous time state-space model.

e A modal reduction of the full continuous time state-spaceletgs made. Here the fre-
qguency limit where the resulting model is valid is chosen.

e Finally, a state variable transformation is made whichl§irsttroduces the output state
variables as direct state variables in the ODEs, and segomaltes the final ODEs work
conjugate to the input/output definition.

Through the rest of this section an example is shown whichathestnates each step in the pro-
cedure. The chosen example focuses on a realistic mooratgmyfor a floating wind turbine,
and the aim is to derive a simplified dynamic model descriltirggrelation between force and
displacement of the interface point between mooring systedifloating foundation.

The first step of the procedure is to obtain a time series efiietated force and displacement.
The full mooring system is modelled in HAWC?2 and the inteefgmint is forced to move
in such a way that the frequency spectrum of the displacehmearg sufficient contents in the
frequency range of interest. In the present case the dispiewt signal is derived by filtering
random noise through a second order low pass filter. Thetmeguime series of interrelated
force and displacement at the interface is shown in Figu®.(Alote that in this (qualitative)
example the force and displacement have been normalisdebyntaximum values.

The transfer function between displacement and force castimated directly from the time
series in Figure (4.9), see Figure (4.10) titled "Raw dat&e upper plotin Figure (4.10) shows
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Figure 4.7. Blade fatigue loads; top and bottom plot showMlise and edgewise blade root
equivalent bending moments, respectively. For each wiaddpnd each model six simulations
with different realization of wind and wave filed are conauttAll results are normalized by

the quasi-static results at the given wind speed. The figuoevs the mean value of the six
different simulations with each model and the standardaten between the simulations.

the amplitude of the transfer function and the lower plovghthe phase. The remaining graphs
other then the "Raw data” graph are results from the indi@idteps in the reduction procedure
and they will be referenced below. The frequency scale has hermalised by the sampling
frequency that was used in the simulation, however, it isteasjzed that the shown frequency
range covers the frequencies which we are normally inteddstfor load calculations.

Itis seen from the shape of the transfer function that thermgeystem behaves dynamically
in the frequency range coinciding with that of the wind tueniand thus indicates that it is
important not to treat the mooring system as quasi-staticad simulations of floating wind

turbines. The transfer function corresponding to a quiaiesmooring system model would
appear in Figure (4.10) (top plot) as a horizontal line draggthe y-axis in the same location
as the dynamic transfer function, and the phase (bottomwtmild be zero at all frequencies.

The next step of the method is to identify a linear state-sgstem which is able to describe
the response. This is done by use of the MATLAB toolbox mesiteisidor pem The result of
this step is a system like the one in Eq. (4.8) with a certastesy order. The transfer function
associated with the identified state-space system is shewreasecond graph titled "Discrete
model” in Figure (4.10). For the present example, the chaseatel order was 60 which is quite
high compared to the order which MATLAB chose by default.sltider was chosen based of
the correlation between the transfer function of the rawimplations and the identified model.

Xn+1 = ApXn+Bpun (4.8)
Yn = CpXn

In the next step, the identified discrete state-space isfmamed into a continuous state-space
model like the one in Eq. (4.9) by use of the built-in MATLAB thed d2c. The transfer
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Figure 4.8. Tower fatigue loads; from the top the plots shongitudinal, lateral and yaw
tower bottom equivalent bending moments, respectivetye&oh wind speed and each model
six simulations with different realization of wind and wdiled are conducted. All results are
normalized by the quasi-static results at the given windedp&he figure shows the mean
value of the six different simulations with each model ardstandard deviation between the
simulations.

function for the associated continuous state-space msdahown as the third graph titled
"Continuous model” in Figure (4.10). The correlation wittetpreceding transfer functions is
good for low frequency, but it starts to deviate with inciegsrequency. This has to do with
the way the the force input is assumed to vary between tinges $te thed2c method, and it
emphasizes the need for small time steps in the samplingnef sieries dependent on which
frequency range the reduced model has to be valid withiredtrss that sampling frequency
(one divided by simulation time step) should be at leastrb@sithe upper frequency of interest
for the reduction model, meaning that if the reduction madteduld be valid up to say 5 Hz
then the sampling frequency should be at least 50 Hz (tinpecdt®.02s)?

X = AXx+Bu (4.9)
y = Cx

The system order of the continuous time model is the sameeasritinal discrete model, and
this order is reduced further in the next step by a modal réalucT he state vectoris expanded

by a limited number of eigenvectors Af- exactly those eigenvectors that have eigenvalues in
the frequency range of interest. The complex eigenmodes used in the expansion is chosen
(and ordered) by the permutation matrix, The ordering of the picked eigenmodes is such
that the resulting expansion matri@s = GP is divided into two complex conjugates column
blocks. The state vectarthen becomes

x=GPq=Gg=[V¥ ¥ |q (4.10)

4Alternatively, reduction of the discrete model by keepimdycthe eigenvectors corresponding to low frequency
can be done before the conversion into a continuous time mode
5|f real eigenvalues exist the corresponding eigenvectombesincluded directly as extra columnsTinin Eq. (4.12)
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Figure 4.9. Displacement (top) and force (bottom) of mapsystem simulated by HAWC?2
used as input/output relation for system id.
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Figure 4.10. Transfer function between displacement amceféor the various steps in the
reduction procedure. Upper plot is amplitude and lower pdgphase.
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where() means the complex conjugate(0f Sincex is a real vector an is a complex matrix,
thenq is also complex. This is undesirable because the final rebssteof equations will then
also be complex. To avoid this, a transformatiorgahto a new set of state variables, is
made.

I jl (Is)
q= { | —}I }QS = ls0s (4.11)
wherej = v/—1 andl is the identity matrix. By inserting (4.11) into (4.10) thadi transfor-
mation and reduction matriX;, is found,

_ | il . _ (M
x=[Vs Vs | { : Jl }qs [ Vs+Vs i(¥s—Vs) ]as = Tas (4.12)

Note thatT is composed of the real and imaginary partypénd is therefore a real matrix.
The pseudo inverse af becomeT ! = Is"PTG1, and by inserting (4.12) into (4.9) and
pre-multiplication byT —* the reduced set of EOMs become

. As, B
4s = TflATqS—i-T*lBu( SES)ASqS—i-BSu (4.13)

(Cs)

y = CTgs Cs0s (4.14)

The reduced system mati has the form
A_ [ ReX) —Im(As)
S Im(As)  Re\s)

whereR€) andim() means the real and the imaginary part of the argument, risgglgcand
As is the diagonal matrix containing the eigenvalues corredpuy to the eigenvectoss.

(4.15)

Generally, any similarity transformation of the state abtées are allowed - such transforma-
tions do not alter the system behavior related to the inptplet and this property is exploited
in the final step. The final step in the procedure introducestitput state variableg, as di-
rect state variables in the ODEs, and makes the final ODEs eanjigate to the input/output
definition by two successive state variable transformati@oth the input matrixBs, and the
output matrixCs enter into these transformations.

The first transformation is defined via the transformationrind 1 (this is the transformation
which makes the final ODEs work conjugate to the input/oudigdinition)

1
SHEEER

whereB! is the upper quadratic matrix & andB? is the remaining lower part.

The second transformation is defined via the transformattiatnix T, (this is the transforma-
tion which makey the (upper) part of the final state variables)

-1 “1n2

T,= [ (CS%S) *(CSBIS) Cs ] (4.17)
and thus

e [ (CBBS) CI§ } (4.18)

whereC3 the right sub matrix o€s = [C? C3] andC{ is quadratic.

By substitution ofgs @ T1Toqs into (4.13) and (4.14) and post-multiplication By, we
arrive at the final set of ODEs

Togr = T1 AsT1Toq¢+T1 !Bsu (4.19)
CsTszqf (4.20)

y
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Doing the matrix multiplications which defines the new inmatrix and the new output matrix

I

, and

o]
similarly for the new output matrixCsT1To= [ | 0 |. Itis seen from the structure of this
new output matrix that the output state is now actually doethdirectly as the upper part of
the variables which means that we can discard all of Eq. 4260, the final ODEs can be
written as

reveals the idea of the two transformation, namely thatripetimatrix, T, 'Bs = [

. u
Dfo—AfoZ{ 0 } (4.21)
where
Dy = T, (4.22)
Ar = T AT, (4.23)

y
o = { | } (4.29)

remembering the location gfinsideq;. The transfer function of the final model is shown in
Figure (4.10) titled "Continuous, Reduced model”. The fimaldel has 26 DOFs which is a bit
more than expected considering how the transfer functiokdoStill it is indeed an acceptable
size to include elsewhere (e.g. in HAWCStab2) considetiegriformation about the dynamic
behaviour the model provides.

Finally, a time simulation of the model ODEs using the oraiforce input in Figure (4.9)
was made. The transfer function between input/output waimated by the built-in function
tfestimate and the result is shown in Figure (4.10) titled "SimulatBeéduced model”. The
correlation with the other results are good at low frequesidror higher frequencies the peaks
in the spectrum are seen to shift towards lower frequencig iBhdue to the frequency shift
which is inherent in the Newmark time integration methodc8ithe Newmark time integration
scheme is also used inside HAWC?2, it means that the sameefnegshift is already present
in the time series on which all the results above are basad fatt once more emphasizes the
significance of choosing a sufficiently low time step in thagiations dependent on the upper
frequency of interest.

4.4 Conclusion

The development of floating wind turbines is a challengelierdonventional design tools. In

wind turbine load simulations mooring systems are nornralbgleled as quasi-static nonlinear
springs with the same stiffness characteristic as the mgaystem. In this work a dynamic

mooring line model is developed and implemented in a congnsiie state of the art aeroe-
lastic wind turbine simulation tool. The new simulation lti®@used to analyze the effect of

different mooring line model complexities on wind turbinads.

It is found that both extreme and fatigue loads on the bladesiaaffected by the different
mooring line models. The lateral tower extreme load is reduay the most comprehensive
mooring models (M2), but the extreme lateral tower load isandesign driving tower load.
The fatigue of both the lateral and longitudinal tower modesreduced, and these reductions
can lead to tower cost reductions.

The results in this work indicate that the mooring systemarasffect on the tower loads, but
for the wind turbine loads it seems to be conservative tohssgtiasi-static modeling approach.

Finally, a general method which can be used to extract a egjlicear model of the mooring
system or other systems was described. The method conw@nsitated response of the full
mooring system into a set of first order ODESs which can be usetttude the dynamics of the
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mooring system in other applications, e.g. for modal arnglyEhe result of using the method
shows the significance of using sufficiently small time siapbe simulated input/output which
is used as basis for the method.
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5 Closed-loop aero-servo-elastic analysis

Author: Morten Hartvig Hansen

New possibilities of closed-loop aero-servo-elastic rigdue and frequency-domain analyses
of wind turbines based on the recent code HAWCStab?2 areibescin this section. Open-
loop aeroelastic eigenvalue analyses based on linearlastioenodels of wind turbines have
led to new knowledge about the aeroelastic stability botind@af wind turbines [1]. Additions
of linear models of actuators and controllers to the lineapalastic models enable the new
possibilities: closed-loop aero-servo-elastic stap#ihalysis, controller tuning based on pole
placement and frequency response design, and derivatloreaf first-principle reduced order
models for model-based controllers. This section contiiasan overall description of the
linear aero-servo-elastic model of HAWCStab2, and themgtes of closed-loop aero-servo-
elastic analyses of a combined collective and cyclic pitafitioller, showing some of the new
possibilities.

5.1 Linear aero-servo-elastic model

The structure of a three-bladed wind turbine is describadlAdVCStab2 by articulated Timo-
shenko beam elements in a co-rotational finite element ftation [2]. The turbine is divided
into three main substructures: a ground fixed structuregtamd nacelle-tower connection),
an axis-symmetric structure rotating at a constant meaadsfdrivetrain and main shaft),
and a three-bladed isotropic rotor structure (hub and rolimales). The aerodynamic forces
are modeled by the Blade Element Momentum (BEM) method @slpith a modified four-
state Beddoes-Leishman model of 2D unsteady aerodynameesh aerodynamic calculation
point along the blades. There is currently no model of dyranflow effects implemented in
HAWCStab2; the plan is to implement the dynamic inflow modeiAWC2.

The nonlinear equations of motion are derived from Lagraeguations with the generalized
forces due to the non-conservative aerodynamic forceseatefrom the principle of virtual
work [3]. Analytical linearization and transformation intnulti-blade coordinates using the
Coleman transformation (see e.g. [1] or [4]) render theofeihg linear time-invariant aeroe-
lastic equations of motion:

Za+ AgZy + CsZs + KsZs = ByaVv (5.1b)

wherezs andz, contain the structural displacement states and aerodyrsdates, respectively,
noting that the states on the rotor are given in multi-blagerdinates. The matrices of the
structural equation (5.1a) are the mass maitixhe structural damping matri24 given by a
spectral damping model [5], the gyroscopic ma@ixthe aerodynamic damping matf@g, the
elastic and centrifugal stiffness matkx the aerodynamic stiffness maty, and a coupling
matrixA containing the forces on the structure due to variations@éerodynamic states. The
right hand side of the structural equation contains thetinpatrix By from variations in pitch
and generator bearing torqugsand the input matriB,s from variations in wind fields. The
matrices of the aerodynamic equation (5.1b) are the systatmix? 4, the feedback matricess
andK s from the structural velocities and deflections, and a simiiad input matrixBy, on the
right hand side. Using the Coleman transformation, the \igid vectorv consists of variations
of the mean wind and two linear wind shesrs {vim W i}, Wherev, andv, are the variations
of linear vertical and horizontal shears, respectivelmifir, the variations of the pitch bearing
torques in the vectoy are described by a torqu_, describing simultaneous pitch actuation
on all three blades and by two cyclic torquis,, andgg,,, describing 1P azimuthal actuation
of the blades. In HAWCStab2, the azimuth angle is zero fobthde pointing down, thus the
cosine and sine cyclic pitch actuation correspond to titt yaw excitation (for rigid blades as
discussed later), respectively.
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The linear aero-servo-elastic equations (5.1) can be detrapy operational point given by the
mean wind speed, pitch angle, and rotor speed. The lingiarizia performed assuming small
vibrations about the steady state obtained by solving thdimear equations of equilibrium

between the internal elastic and centrifugal forces (idiclg nonlinear geometric stiffness)
and the external aerodynamic forces. This steady nonliheféection state of the rotor blades
is stationary because the incoming wind is assumed to bemmidnd perpendicular to the
rotor (neglecting e.g. wind shear, tower shadow, turbuideaod static and elastic rotor tilt),
and the gravity is neglected.

Closed-loop aero-servo-elastic equations

To close the loop, the aeroelastic equations of motion @&ré)first rewritten into first order
state-space form as

X = AX +Bu+ Bw (5.2a)
y =Cx+Du+Dw (5.2b)

where the state vectoris= {z; zs 'zs}T, the input vector is1 = ¢, and the system matrik can
be derived as

Ad Ks CS
A= 0 0 | (5.3)
| -M~1Ar MY (K+Ka) —-MY{C+G+Cy)

and the input matriceB andB, can be derived as

0 Bva
B= 0 and B, = 0 (5.4)
| M1B, M~1Bys

Note that further inputs from the controller may be appentetthe input vectou, whereby
the input matrixB is extended accordingly. The output vecyoin Equation (5.2) depend on
the signals needed for the controller. These signals aneetEfiy the output matri€ from the
system states, the feed-through maBitrom control inputs, and the feed-through matbix
from wind inputs. Examples of the setup of these matricegi@en in the following section.

The controller equations can be written on first order form as
Xc == AcXc + ch (553.)

where the state vectog and the system matri&. describe the controller system driven by
the output of the aeroelastic systgnthrough the controller input matriB.. The output of
the controlleru (the controller input to the aeroelastic system) is definethlk output matrix
C. from controller states and the feed-through mabixfrom the aeroelastic system output.
Examples of the setup of these matrices are also given fquitble controllers considered in
the following section.

The closed-loop aero-servo-elastic equations are olutdigefirst inserting Equation (5.5b)
into Equation (5.2b) and solving for the outputThe resulting outpuy is then inserted into
Equation (5.5b) for the controller input whereby these vectors are given by the aeroelastic
and controller state variables and the wind input. Insaiitito the system Equations (5.2a) and
(5.5a) yields the closed-loop aero-servo-elastic eqnatio

Xase= AasXaset Byasd/ (5.6a)
Yase= Cas&Xaset Dyase/ (5.6b)

where the aero-servo-elastic state and output vectorsgse- {X xc}T andyase= {y u}',
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respectively. The aero-servo-elastic system and inputiceatare

A [ A+BD(l —DD¢)"'C BC¢+BD¢(l —DD¢)DC¢ (5.72)
#¢7 |  Be(l-DDg)"C Ac+Bc(l —DD¢)"1DC, '

_ [ By+BD¢(I —DD¢) 1Dy

Byase= _ Be(l — DD.)~ 1D, (5.7b)

and the output and feed-through matrices are

[ (1-DD¢)"1C (I —DD¢)~IDC¢

Case= | Dc(l —DD¢)"1C  C¢+Dc(l —DD¢)1DCe (5:82)
[ (1—DD¢) Dy

Dyase= | De(l - DDe) D, (5.8b)

Note that the isolation of the output vectpusing Equations (5.2b) and (5.5b) involves the
inversion of the matrix subtraction— DD, which may cause the problem of an algebraic
loop, e.g. by a proportional feedback of an accelerationadigsuch problem can be solved by
inserting a filter on the acceleration signal before the liaell, whereby it is moved from the
feed-through matrid0. to the controller output matri&..

Pitch servo model

The pitch actuator can either be modelled by a physical mafdel example a hydraulic pitch
system yielding a torque to a free bearing at the blade rongdd6], or by a generic PID
controller giving such pitch bearing torque based on arrdretween the actual pitch angle of
the free bearing and the pitch demand angle.

A much simpler model is often used in load simulations wité thulti-body code HAWC?2,
where a constraint is set up to prescribe the angle of therfaehetween hub and blade. This
prescribed angle is then set to be the second order low-fii@ssdivalue of the pitch demand
angle for the particular blade:

Ok + 2860050k + WEOK = WO ref (5.9)

where(") = d/dt denotes time-derivation, and the parameteysnd&g are the frequency and
damping ratio of the low-pass filter between the actual altegitch angl®©y and the absolute
demand/reference pitdy e for blade numbek.

To implement this second order pitch servo model in the HAWBS3 model (5.1a) for the
multi-blade coordinates of the pitch bearing rotatiofg,( 605, andBsjy), the mean steady
state pitch angle of the operational poi@j must be subtracted from the absolute vaRe-+£

Ok — ©p) in Equation (5.9), and the resulting equationsKet 1,2, 3 must then be Coleman
transformed yielding three governing equations for thetpitariations described in multi-blade

coordinates
écol [ 28 O 0 ecol
Qcos + 0 2%g 2Q QCOS
esin L 0 —-2Q ZEG esin
i (.0% 0 0 ecol e0.,ref
+ 0 0%sz 280Q Bcos ¢ = ¢ Ocosrer (5.10)
| 0 2850 0?2 Bsin

Note that the filter frequencies of the cyclic componentsekese as the rotor spe@dncreases,
which reflects the fact that a stationary input on a cyclictpdemand will correspond to a 1P
harmonic input to the actuator on the blade. The implemimtaif Equation (5.10) in the
closed-loop equations (5.6) follows from their replacet@éithe three equations in (5.1a) that
govern the pitch bearing rotations of the blades, wherebyirtbut vectoru contains pitch
reference/demand signals instead of torque values.

esin,ref

Risg—R-1803(EN) 37



5.2 Collective and cyclic pitch controllers

To show the new possibilities of closed-loop analysis, alzioed collective and cyclic pitch
controller is tuned for above rated wind speed operatiod tha aero-servo-elastic frequency
response of the NREL 5MW reference turbirf® = 12.1 rpm = 0.2 Hz) is analysed using
HAWCStab2. First, the equations of the two Proportionaédmal (P1) pitch controllers are
written in the form described above. Then, the collectivelpcontroller is tuned using the
pole placement method suggested by @ye [7], and the pladerhére speed regulator mode
is checked with full state eigenvalue analysis in HAWCStali#n, the cyclic pitch controller
is tuned using the open-loop frequency response functieRE¢) from cyclic pitch inputs to
rotor moment outputs, and the Ziegler-Nichols method basefll state eigenvalue analysis.
The calculation of closed-loop FRFs using HAWCStab?2 shagdaeductions of the low fre-
guency rotor moment loads due to the cyclic pitch contrpiidrich finally are confirmed by
HAWC2 time domain simulations showing 25 — 30 % reductionsqnivalent fatigue loads of
the flapwise blade root blade moments. In all computatiodssimulations, the frequency of
the second order pitch servo model described above is s€0tbiz to remove its effect, how-
ever, the model is needed to use pitch demand angles as ligpagtoelastic system equations
instead of pitch torques.

Controller equations

Figure 5.1 shows a schematics of the two combined colleatidecyclic Pl pitch controllers
that are operative above rated wind speed, which are simaildre controllers suggested by
Larsen [8]. The right side of the schematics shows the ddlkepitch controller that regulates
the rotor speed to maintain the rated speed ©f. The rotor speed is measured at the
generator end of the drivetrain (there is no gearbox modélidted and the rotational inertia
on the HSS are related to the LSS by multiplication with thessgd of the gear ratio). It's fed
through a second order low-pass filter with frequeagyo and damping ratidp o, and the
rated spee), is subtracted from the filtered rotor spe@dtbefore it enters the Pl controller with
the gainkp andk,. The output of the PI controller is multiplied by a gain schkuay factorng

to give the collective pitch demand andlg,. The power is controlled by the generator torque
either as ideal constant power cont@ = —P; /Q, or constant torque contr@lg = —P /Q;.

The left side of Figure 5.1 shows the schematics of the cyifah controller that give cyclic
pitch inputs based on the azimuthal rotor position and tipsvilse blade root moments assumed
to be measurable by strain gauges, or similar sensors. Thwisablade root momenis;, m,
andmy are first inverse Coleman transformed using the azimuttgleap of blade 1 (blades
are here numbered in the direction of the rotation, oppdbitetower passage order). The
resulting tilt and yaw rotor momentsy;; andmya.y, are fed through two individual second
order filters both with the same frequen@y, . and damping ratidpc. The filtered rotor
momentsmy; andmy,, are fed to two individual PI controllers with the same gaifsand

k7. The controller outputs are the two cyclic pitch demand esi@i: and8yay, that would be
required to cancel out the combination of rotor tilt and yaaments if the blade were rigid.
However, the flapping motion of the blades due to their flapviiexibility will change the
phase between the cyclic pitch angle variation and thetiaguilt and yaw rotor moments [9].
To correct for this phase lag, the two cyclic pitch demandes 8 and6yaw, are azimuthally
rotated by dead angledenotedyy (see the later Figure 5.6) to give these signals the correct
lead that compensates the lag:

Bcos | _ [ cosbo singo ] f B
{ Bsin } { —sinyp cosYo ] { eyaw} (5.11)

The two new cyclic pitch demand anglésss and 6sj, correspond to the two cyclic multi-
blade components of the pitch demand angle for each adiich by using the Coleman
transformation can be computed as

Bk = Bcol + BcosCOSPk + BsinSinW (5.12)
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Figure 5.1. Schematics of the two combined collective awticci?| pitch controllers opera-
tive above rated. The gain-scheduling faater = 1/(1+ 6m/Kk) reduces the collective pitch
feedback for increasing wind speed measured by a mean pitgle @,.

whereyy is the azimuth angle to blade Note that here the subscript “ref” has been omitted
from these pitch demand angles.

From the above description of the aero-servo-elastic Bygtee output vector of the aeroelastic
system can be defined as

y = {0 My Myan}’ (5.13)

wherew = Q — Q, is the speed error, which corresponds to the velocity statiame of the
generator bearing degree of freedom in the HAWCStab2 maddhel.rotor momentsn;; and
Myaw (Which have zero mean due to the assumption of uniform inflod zero gravity) are
obtained from the inverse Coleman transformation of thedtitapwise blade root moments.
However, due to the multi-blade description of the rotoodefation in the HAWCStab2 model,
these moments can be computed directly from the cosine aedcsimponents of the cyclic
deformation of the first element at the blade root. Noting tha state vector is divided into
aerodynamic states, structural deflection states anditeltates X = {za zs zs} "), the output
matrix can be written on the form

0 0 0..0 1 0...0
c=|0]|0.... 0 Kiap O.ooovoveeennn. 0 0 (5.14)
010 i . 0 Kiagp 0...0 0

wherekKiap iS @ 1x 6 matrix that is extracted from the elastic stiffness mati@scribing the
flapwise moment due to the deflection of the second blade nedg &om its steady state
deflection. Note that this matrix is the same for both theatiltl yaw moments; the difference
is the placement of the matrix in the output mattixto obtain the tilt moment it is multiplied
on the cosine component of the blade root element defleai@hthe yaw moment is obtained
from the sine component, noting that the azimuth angle issomed from the blade down
position. The output vector (5.13) is given by the states, there are no feed-through terms
thusD =D, =0.

The combined collective and cyclic pitch controllers hasgtate vector
— _ . T
Xec = {(.0 W @ Mir M Mt Myaw Myaw Myaw} (5.15)

wherew andw are the filtered rotor speed variation and its time derieg@ndpis the integral
of the filtered rotor speed variatigp= . Similar, for mg, M, andMy; and formyaw, rﬁ,aw,
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andMyaw, which are the filtered rotor moment, its time derivatived &a time integral, respec-
tively, for each the tilt and yaw moments. The® controller system matriA. can be setup
as

Aco 0 0
AC == O Ac7cyc O (5.16)
0 0 Ac,cyc
whereA¢ o andAccyc are 3x 3 system matrices for the three pairs of a second order filigr a
an integrator which are given as

0 1 0 0 1 0
Aco = _(quyg 2pawpa 0| andAceyc= _(")Izp,c 2pcpc O (5.17)
1 0 0 1 0 0
The 9x 3 input matrixB. to the controller system states can be written as
0 g 0 O, 0
Bl=|0..... 0 0«0 0. 0 (5.18)
(T 0 0 of,, O
The output vector from the controller (the input to the ataskic system) is
u= {QQ Bcolref Ocosref esin,ref}T (5.19)

whereqyq is the generator torque variation about the steady stateeV)Q;, Bcol rer iS the
collective pitch demand, arfi}osrer andBsiner are the two cyclic pitch demand angles from the
cyclic pitch controller. The pitch demand angles are olgdiftom the controller states by the
4 x 9 output matrix

0 0 O 0 0 0 0 0 0
ke 0 Kk 0 0 0 0 0 0
0 0 0 Kkgcospp O Kkfcosp Kisinwg O Kkfsingyo
0 0 O —kgsingg O —kfsingo kicosyp O kfcosyo
that contains the gains of the Pl controllers and the leateafmbe power controller is modeled
as either ideal constant power control wigh = —P;/Q, or constant torque control witQg =

—P/Q;. Linearization about the steady state vafde= Q + w yieldsqg = % w, whereby
the 4x 3 feed-through matrix becomes

Ce= (5.20)

Dc:

(5.21)

0Q

0Q
2 OO 0] where 2 _{ 0 constanst torque

2, constant power
r

Note that ideal constant power control leads to negativepitagrthrough the terrBDC in the
upper left part of the closed-loop aero-servo-elastiossygnatrix (5.7a).

Tuning of collective pitch controller

The PI gains of the collective pitch controller are tunechggiole placement of the rigid body
drivetrain mode as suggested by @ye [7]. The frequency sfdbéed regulator mode must be
sufficiently below the tower frequency to avoid excitatidrtee longitudinal tower mode, and
sufficiently high to avoid large rotor speed excursions.

Assuming rigid turbine and neglecting the pitch actuataraiyics, leaving the drivetrain rota-
tion variation as the only free degree of freedagy &nd assuming quasi-steady aerodynamics
(za = 0), the closed-loop aero-servo-elastic system equatios$ ¢an be written on second
order form as

(1 +Blg) o+ (52 — 33— ke ) o k=0 (5.22)

wherel; andlg are the rotational inertia of the rotor and generator, rethpay, ng is the
gear ratio,0Q/0Q is the gradient of the aerodynamic rotor torqQewith respect to rotor
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speed variation (aerodynamic damping of the drivetrainyl @Q/00 is the gradient of the
aerodynamic rotor torque with respect to the collectivelpingle (aerodynamic gain). @ye
has suggested that the Pl gains are set to obtain particatiarah frequencyy, and damping
ratio {q of the speed regulator mode described by the differentigdreialue problem (5.22),
whereby the Pl gains can be derived as

2 I+ ng2ly) — 9% 4 9 w3 (Ir+ndl
ke — Cauq (Ir gan> Q "9 gnq k= Q(riang) (5.23)

Based on experiments with the old 2 MW turbine sited in Tjarghdye has suggested that
the natural frequency and damping ratio should be 0.1 Hz &hd 0.7, respectively. Note that
the aerodynamic dampird§)/0Q and gairdQ/06 must be evaluated for operation at the steady
state values of pitch angle and rotor speed for each winddsidémse aerodynamic gains will
therefore change with wind speed and it is beneficial to gaiedule of Pl gains accordingly.

Figure 5.2 shows the aerodynamic g&i@/06 for the NREL turbine assuming constant in-
duced velocities (frozen wake) as function of steady stallective pitch angle. The gains are
computed using HAWCStab2 for different wind speeds (redles), but they are plotted as
function of the pitch angle, because the mean pitch anglesdblades denoteil, will be used
as the gain scheduling parameter. A linear fit (green linejvsithat the aerodynamic gain can
be approximated by the expression

0Q _ 0Q <1+9_m> (5.24)
0 Kk

0 08
where g%‘ ~ —334 kNm/deg is the aerodynamic gain at zero pitch afgle- 0, andKk ~
5.5 deg is the pitch angle at which the gain is doubled.

Figure 5.3 shows the aerodynamic drivetrain dampiQgoQ assuming frozen wake, which
shows a clear quadratic dependency on the steady stateapii¢dr The aerodynamic damping
increases as the blades pitch due to the resulting incrélagpedse blade motion in the drive-
train rotation mode. Note that close to zero pitch aroundaked wind speed, the aerodynamic
damping is small and @ye suggest that it's completely négieia the pole placement; the ef-
fect of this assumption is shown later. Insertion of (5.2 @Q/0Q = 0 into Equation (5.23)

'02 T T T T O T T T T
Q.
-04 ] ©
9Q 1+ m = o5 ° i
5 06 ©o\9]g Kk g s S
s \ E S
£ © zZ  -1r R
g -0.8 Q E =3 R
= =3 Q
c R £
‘3 o 9
> 1 Q E £ -15 @ E
o o] g Q
1S o o
g a2t - E ®Q
z Q g 2+ -
8 Q > &
2 g
< -l4} Q R 5 Q
8 <
o) 25 Q4
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g
-1.8 1 1 1 1 -3 1 1 1 1
0 5 10 15 20 0 5 10 15 20
Pitch angle [deg] Pitch angle [deg]

Figure 5.2. Gradient of aerodynamic torque Figure 5.3. Gradient of aerodynamic torque
due to change of pitch angléQ/d8 as- due to change of rotor speedlQ/0Q as-
suming constant induced velocities (frozen suming constant induced velocities. Circles:
wake). Circles: HAWCStab2 computations HAWCStab2 computations and curve: Sec-
and line: Linear fit. ond order polynomial fit.
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yields the PI gains

220w (Iy +ng2ly) — % o2 (I +n2l
ke = Nk (r_@" )" g mww (5.25)
9 |o |y

wherenk = 1/(1+ 6m/Kk) is the gain scheduling factor that depend on the mean pitglean
of the three blades. For the NREL turbine, the total rotor@meetrain inertia id, + nglg ~ 39-

108 kgn? and the constant torque control has been sele‘i%ad: 0. With these parameters and
the desired natural frequency, = 0.1 Hz and damping ratidg = 0.7 of the speed regulator
mode, the Pl gains are set to

ke =nk -2.2rad/(rad/s) andk =ng-0.91rad/rad (5.26)

The natural frequencyp o and damping ratid,p o of the low-pass filter on the rotor speed
are also part of the tuning. The purpose of the filter is to cedilne response of the free-
free drivetrain mode, otherwise the collective pitch colr will excite this mode due to the

counter phase between the rotor speed measured at the tgesata of the drivetrain and the

aerodynamic actuation torque from the rotor. The free-firdeetrain frequency of the NREL

turbine is approximately 1.7 Hz and the filter frequency iiahset to 0.7 Hz. The damping

ratio of the filter is set to 0.8.

To check if the Pl gains (5.26) and the low-pass filter paransagive the desired closed-loop
behavior of the NREL turbine, the aero-servo-elastic eighres and mode shapes have been
computed with HAWCStab2 for the above rated wind speedaurEi§.4 shows closed-loop
aero-servo-elastic frequencies of the first 13 turbine rm@defunction of wind speed (green
curves), where BW and FW in the mode names refers to backwatdaward whirling.
The red curve is the frequency of the drivetrain speed régulaode when the turbine is
made stiff, which corresponds to the tuning system in Equaf.22), except that the second
order filter on the rotor speed variation and the unsteadydy@amic model are active. Hence,
the red curve should theoretically be around the tuned &eqy of the speed regulator mode

woy/1— Zé ~ 0.07 Hz, however, it is seen to lie above this value with the Etwalue being

25 T T T T T T

T T
Closed collective pitch loop
Speed regulator mode - Stiff turbine —e—

2nd sym. flap

2+ 2nd FW flap E
1st DT tors./sym. edge

2nd BW flap

15| —

1st FW edge

1st FW flap

Modal frequency [Hz]

1st sym. flap

1st BW egde
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05 B
1st long. twr

1st lat. twr

Speed regulator modes
— & o - S e o ———¢——0—©

0 DT rotationy L L A
10 12 14 16 18 20 22 24 26
Wind speed [m/s]

Figure 5.4. Aero-servo-elastic frequencies of the first 'bine modes of the 5 MW NREL
reference turbine with the collective pitch loop closede Téd curve is the frequency of the
drivetrain speed regulator mode when the turbine is madg sti
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0.11 Hz around 16 m/s. This increase is mainly caused by aliogupf the speed regulator
mode to the the second order filter at 0.7 Hz. At lower and highiad speeds, the speed
regulator frequency of the the stiff turbine is further isased because the actual aerodynamic
gains are larger than those values used in the gain schgd®lia4), which can be seen in
Figure 5.2, where the actual gains (red points) are nunibrilzager than the gains of the
linear fit (green line) used in the gain scheduling for low aigh pitch angles.

When the turbine is flexible the frequency of the speed régulmode is seen to increase
further and almost linearly with the wind speed. This insee@ mainly caused by the flexibility
of the blades that deflect as the aerodynamic loading chahge® the blade pitching which
is part of the speed regulator mode shape. The rotor andiidiivere no longer performing a
rigid body rotation with corresponding high inertia, henle frequency increases due to the
lower effective inertia involved in the mode. The linearriegse with the wind speed is caused
by the pitching of the blades whereby more of the dominatiapviise blade motion couples
with the speed regulator mode.

The closed-loop frequencies of the remaining modes in Ei§ut are similar to the open-loop
aeroelastic frequencies, except that the frequency of ttefifee-free drivetrain torsion mode
decreases with wind speed instead of remaining almostaoingdthis wind speed dependency
can also be explained by the increased coupling with the fapllade motion due to the pitch
action in this mode. Note that there is a rigid drivetrairatimn mode with zero frequency
(and zero damping) expressing that aerodynamic forces amergtor torque are independent
of azimuthal rotor position.

Figure 5.5 shows the corresponding closed-loop aero-saastic damping ratios of the first
12 turbine modes (the drivetrain rotation mode with zero piagnis not shown) as function of
wind speed (green curves). The red curve is the dampingaohtite drivetrain speed regulator
mode when the turbine is made stiff, which should corresgoritle tuning value of 0.7. The
increasing damping with wind speed is mainly due to the iasireg aerodynamic damping of
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Figure 5.5. Aero-servo-elastic damping ratios of the firdttarbine modes (rigid body drive-
train rotation mode is removed) of the 5 MW NREL referencbitg with the collective pitch

loop closed. The red curve is the damping of the drivetramespregulator mode when the
turbine is made stiff.
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the drivetrain (cf. Figure 5.3) which is not included in thergscheduling.

The closed-loop damping of the speed regulator mode is dicaiig decreased by the flexi-
bility of the turbine. Similar to risk of controller induceadbrations of the free-free drivetrain
torsion mode, the flexibility of the blades will cause a phdifference between the rotor speed
measured at the generator and the aerodynamic rotor tobgai@ed by the pitch action, which
is not included in the tuning model. Furthermore, the lamgjital motion of the flexible tower
due to the pitch action will cause a phase difference betweepitch action and the obtained
aerodynamic torque that is also not included in the tuningl@ehoThese effects of the tur-
bine flexibility are amplified by the second order rotor spéker; if the filter frequency is
decreased from 0.7 Hz to 0.5 Hz, the closed-loop dampingeoéfieed regulator mode even
becomes negative at operation at 12 m/s (results not shave)ye the aerodynamic damping
of the drivetrain is lowest (cf. Figure 5.3). For this windeggl, the closed-loop damping of
the first free-free drivetrain torsion mode. This contnoilfeluced instability, due to insufficient
filtering of the response of this mode, can be avoided by lmgehe filter frequency; however,
noting that a too low frequency will cause negative clossapldamping of the speed regula-
tor mode. The highest minimum damping of the two modes at Risndbtained by a filter
frequency of 0.55 Hz.

The closed-loop damping ratios of the remaining modes infei$.5 are similar to the open-
loop aeroelastic damping ratios, except that the dampittgedfirst longitudinal tower bending
mode is slightly higher due to the collective pitch contall

Tuning of cyclic pitch controller

The lead angle, gains, and low-pass filter of the cyclic piohtroller are now tuned for op-
eration at 17 m/s. A gain scheduling similar to the schedutifithe collective pitch controller
gains will probably improve the cyclic pitch controller fj@mance; however, it has not been
investigated in the current implementation. The tuningasfgrmed by first selecting a lead
angle, and then determining the PI gains by the Ziegler-dlg&cmethod for three different
frequencies of the low-pass filter.

The lead angle must compensate the azimuthal lag of themaiorent obtained from a cyclic
pitch action, which is mainly caused by the flapwise motiothefblades that couples through
the angle of attack to the aerodynamic forces. Figure Su6tithtes a typical lag angle to the
azimuthal position of maximum combined tilt and yaw rotormemnt due to a 1P cyclic cosine
pitch signal. It can be estimated from the open-loop freqgueasponse functions (FRFs) from
cosine pitch demand sign@{os to rotor tilt and yaw momenisy; andmy,y. These FRFs are
plotted for the NREL turbine in the top of Figure 5.7. The baitplot shows the lag angle
computed from the magnitudes of the moments as afptgg,|/|mir|). A stationary input
(zero frequency) on the cosine pitch signal, correspontireg1P input, yields a lag angle of
approximately 30 deg, and it remains between 10—40 deg uplto Zhe main objectives of the
cyclic pitch controller are the reductions of the 1P compusef the blade root moments, cor-
responding to the stationary components of the rotor mosnant the lead angle is therefore
set top = 30 deg.

The purpose of the identical low-pass filters on the tilt and/ yotor moments is to limit the
pitch action to an appropriate frequency band. For pitcioadieyond the frequency of the
first torsional blade mode, the blade torsion will be in cenghase with the pitch torque.
Although, the pitch actuator dynamics is expected to addesorachanical low-pass filtering
of the pitch demand signal, there is a theoretical risk oftegthe torsional whirling modes
[1] by the cyclic pitch controller without these low-passdik. The main purpose of the cyclic
pitch controller is to reduce the 1P blade and shaft bendiadd, however, there has been a
discussion of the use of cyclic pitch to reduce loads at hidgizemonics than 1P by letting
the cyclic controller operate in a wider frequency band. Meestigate the effect of the filter
frequency, the PI gains are now tuned by the Zielger-Nichathod forwyp c = 0.4 Hz (2P),
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to cyclic cosine pitch for the NREL turbine at 17 m/s. Bottom plot: The lag angle computed
NREL turbine at 17 m/s. from the magnitudes of the momentsaastar(|myaw| /M)

Wp,c = 0.8 Hz (4P), andop ¢ = 5.0 Hz (25P). The damping ratios of all filter are selig. =
0.9.

To determine the ultimate proportional gain, the integeihgds set to zero and then the aero-
servo-elastic eigenvalues of the NREL turbine with bothdbkiective and cyclic pitch loops
closed are computed for increasing proportional gainsur€i.8 shows these closed-loop
eigenvalues in a pole plot limited from -7%to 3 s on the real (damping) axis and from
0 Hz to 5 Hz on the frequency axis.

The larger red circles present the open-cyclic-pitch-kigpnvalues, where the tuned collective
pitch loop is closed but the PI1 gains of the cyclic pitch colir are zeroed. Eigenvalues related
to structural turbine modes have been identified and nam#tkiplot from animations. Note
that the named eigenvalues up to the second symmetric flae wardespond to the modal
frequencies and damping ratios seen in Figures 5.4 and he atind speed of 17 m/s. The
many unidentified eigenvalues on the real axis and the lifk2aHz (1P) are modes with
dominating aerodynamic components not related to a stralanode.

As the proportional gain is increased with steps of 0.2 dégfMthe eigenvalues of modes
that involve asymmetric rotor motion are affected and matieee left (higher damping) or
right (less damping), only small changes in the frequenzi¢sese modes are observed. The
ultimate gaink, is the proportional gain when the lowest damped mode crassethe right
half plane and becomes negatively damped. Figure 5.9 shaasra on the closed-loop aero-
servo-elastic eigenvaluesin Figure 5.8, where it is seatrttie second backward whirling edge-
wise mode is first to become negatively damped at a propeadtgain ofkS = 1.4 deg/MNm.
The next crossings occur the first and second forward whidiapwise modes at around
ki = 2.0 deg/MNm. A crossing of these two flapwise whirling modes Wwé significantly
more dominating in the turbine response than a crossingaafngebackward whirling mode
due to their direct coupling between the flapwise vibratitimtghe rotor moments, which can
be seen in Figure 5.10 showing the FRF of the rotor momentkifer 2.0 deg/MNm (and

¢ = 0.0) due to a harmonic variation in vertical wind shear, whemZrequency corresponds
to a stationary shear. The ultimate gain is therefore sk t6 1.9 deg/MNm and the ultimate
periodT, = 1/1.3~ 0.77 s is obtained from the frequency of the second forwardlimgiflap
mode as it crosses into the right half-plane. Using the 2ieljichols method, the PI gains of
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Figure 5.10. Frequency response function of the rotor tittment due to harmonic variation
in vertical wind shear for the NREL turbine at 17 m/s with tlyelc pitch controller gains
ki = 2.0 deg/MNm and k= 0.0.

the cyclic controller with low-pass filters at 25P are therefset to

1.2
ki = 0.4k, = 0.76 deg/MNm and kf = Tk,% ~ 1.2 deg/s/MNm (5.27)
u
The PI gains are tuned similarly when the filter frequencyHsaRd 4P, except that the critical
modes determining the ultimate gains and ultimate perioglslifferent.

Figures 5.11 and 5.12 show the closed-loop eigenvalueh&dP low-pass filtering of the
rotor moments, where the first backward whirling edgewisdenis the first to become negative
damped at the proportional gain of 1.2 deg/MNm, which is weithe ultimate gain. The modal
frequency is approximately 0.88 Hz giving an ultimate péiad 1.1 s, whereby the Pl gains of
the cyclic controller with 4P filters are set to

1.2k

u

ki = 0.4k, = 0.48 deg/MNm and ki = ~ 0.51 deg/s/MNm (5.28)

Note in Figure 5.12 that the eigenvalues related to thedilidenoted “filter poles”, cross into
the right half plane at slightly higher proportional gaifitis controller induced instability is

caused by the shift in the phase between measured rotor ntearaehthe feedback to the cyclic
pitch action due to the filters.

Figures 5.13 and 5.14 show the closed-loop eigenvaluekdédP low-pass filtering of the rotor
moments, where the eigenvalues related to the filters arfirshéo cross into right half plane
at the proportional gain of 2.6 deg/MNm, which is used as ttienate gain. The frequency
is approximately 0.6 Hz giving an ultimate period of 1.7 sendby the Pl gains of the cyclic
controller with 2P filters are set to

ki = 0.4k, = 1.04 deg/MNm and kf = %kg ~ 0.75 deg/s/MNm (5.29)
u

Comparing the gains for the three different filter frequencit is seen that the gains do not
increase with the decreasing filter frequency, as one mag évesepted due to feedback reduc-
tion effect of a lower filter frequency. The gains for the 4Efi(5.28) are lower than the gains
for the 2P filter (5.29), which can be explained by the proxynaf the 4P (0.8 Hz) and the
0.88 Hz frequency of the first backward whirling mode thathis tritical mode determining
the ultimate gain for this filter.

The effects of the cyclic pitch controllers with differertdr frequencies on the rotor moments
are illustrated in Figure 5.15, showing Bode plots of thermsmnd closed-loop FRFs of the
rotor tilt moment due to a harmonic variation in verticaldar wind shear computed with
HAWCStab2, where a stationary wind shear corresponds feeguency. A similar plot can
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Figure 5.11. Pole plot of closed-loop aero-servo-elastgeavalues for the NREL turbine at
17 m/s with zero integral and different proportional cydéedback gains and with 4P (0.8 Hz)
low-pass filtering on rotor moments. The pole plot is limitean -7 s to 3 s7* on the real
(damping) axis and from 0 Hz to 5 Hz on the frequency axis.
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Figure 5.12. Zoom on the closed-loop aero-servo-elastiemialues in Figure 5.11 ranging

from -0.3 s to 0.3 s on the real (damping) axis and from 0 Hz to 2 Hz on the frequency
axis.

48 Risg—R-1803(EN)



4th FW Hap™® ' ' 0.0deg/MNm O
4th sym. flap @O 0.2 deg/MNm
4th BW flap 0.4 deg/MNm o
s © 2nd FW edge | 0.6 deganm o
6 0.8 deg/MNm
— 2nd BW edge 1.0 deg/MNm o
N
% : 1.2deg/MNm o
[ ;
g 3 3rdFWlap g g2nd sym.edge 4 1.4deg/MNm o
§3 Oznd lat. twr 1.6 deg/MNm X
E 2nd long. twr/3rd BW flap 1.8 deg/MNm
2 :
5 2.0 deg/MN
g 2nd sym. flap : egiMNm
2 2L @ ongFwilap | 4 22degMNm  x
£ 1st DT tors./sym. edge
g 4p2ndBWiap & 2.4 deg/MNm
- } 2.6 deg/MNm
N 1st FW flap ® 1st FW edge 2.8 deg/MNm  x
1L 20 i
D15t sym. flap @1st BW egde 3.0deg/MNm  x
soe0e 20Oy st BW flap . Final poles A
Filter po[g\*’%o 9
o o6 & Gl P9
=0 P Speed regulator
0k p

e Al S o, DT rotation 2
Real part of eigenvalues [1/s]

Figure 5.13. Pole plot of closed-loop aero-servo-elastgeavalues for the NREL turbine at
17 m/s with zero integral and different proportional cydiéedback gains and with 2P (0.4 Hz)
low-pass filtering on rotor moments. The pole plot is limiten -7 s* to 3 s71 on the real
(damping) axis and from 0 Hz to 5 Hz on the frequency axis.
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Figure 5.15. Frequency response functions of the rotontitment due to harmonic variation
in vertical wind shear for the NREL turbine at 17 m/s in opend &losed-cyclic-pitch-loop
using three different filter frequencies.

be made for the rotor yaw moment due to a vertical linear wirehs Note that the tilt and yaw
rotor moments exhibit symmetric properties by being irftarged for harmonic variations in
horizontal linear wind shear.

The low frequency response is significantly reduced by ttodicpitch controller. The steady
state tilt rotor moment become zero for all filters in the tiwfi zero frequency, corresponding
to zero 1P flapwise blade loads due to a stationary lineaicaértind shear. Turbulence can be
Fourier transformed spatially in the azimuthal directida€ to periodicity). The first harmonics
are the vertical and horizontal linear shears, which wipptoge the largest structures of the
turbulence with the highest energy and they will vary sloialyime [10]. From Figure 5.15, it
is predicted that the closed-loop flapwise blade root mordaatto these components will be
lowest for the controller with the 25P filter, second loweghwhe 2P filter, and highest with
the 4P filter.

The closed-loop response of the controller with the 2P fitesws a significant but damped
response peak at 2P (0.4 Hz). Itis caused by the phase stiif afieasured rotor moments by
the filter, whereby the cyclic controller is increasing theponse at around the filter frequency.
A similar but more damped peak is seen for the 4P filter shgh#dlow 4P (0.8 Hz). This
small shift in resonance frequency of the filter is probalalysed by its coupling with the first
backward whirling edgewise mode with a sharp resonance gesgbproximately 0.88 Hz.

Simulations in HAWC2

To check the tuning of the controller and evaluate the efiyeof the cyclic pitch controller,
the response of the NREL turbine has been simulated with HAAQ 7 m/s in Class B normal
turbulence and wind shear exponent of 0.2 without and wighctfclic pitch controller using
different filter frequencies. The collective pitch conteolis active in all simulations using
constant torque control and the same turbulence box. Siiongare run for 700 s and the first
100 s are discarded as transients.

Figure 5.16 shows the wind speed at hub height, rotor spetn atenerator, pitch angle and
flapwise blade root moment of blade 1, and moment at the yavingegfaom the HAWC2 sim-
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Figure 5.16. Time series from simulations of the NREL twtah 17 m/s in Class B normal
turbulence and wind shear exponent of 0.2 without cyclichpénd with cyclic pitch using
different filter frequencies.

ulations. There are significantly larger pitch actions ardtigations of lower flapwise moments
when the cyclic pitch loop is closed. These observationsreme clear in Figure 5.17 showing
a 20 s section of the same time series from 370 s and onwardslyNeeriodic closed-loop
pitch variations with a period of 5 s corresponding to 1P (@2} are seen in the first part of
this 20 s section, where also the closed-loop response®dfapwise blade moment are re-
duced. The wind speed at hub height drops significantly tdsvdre end of this 20 s section of
the simulation, which indicates a larger turbulence stmecthat dominates the deterministic
wind shear and thereby reduces the effectiveness of thee @antroller. The variations yaw
moment seem to be higher for the closed-loop responses.that¢he pitch actions have a
larger frequency content for the cyclic controller with @teP filter, as expected.

Figure 5.18 shows the Power Spectral Densities (PSDs) oflapeiise blade root moment
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Figure 5.17. Zoom of the time series in Figure 5.16.

and pitch angle of blade 1, and the tower yaw moment. Herel Rhiglade load variations due
to wind shear are reduced by a factor of 20 — 100 dependingefiltér frequency used in
the cyclic pitch controller. The 2P peak is slightly incredgor the two controllers with low
frequency filters. The pitch action is mainly on 1P but thel®f pitch variations is consistently
higher when the cyclic pitch controller loop is closed, esalty with the 25P filter. Below 1P,
the yaw moment is reduced similar to the flapwise moment bisiiricreased at 3P for the low
filter frequencies and at 6P for the high filter frequency.e\tbiat there is a response at 2P for
the filter with this frequency.

Table 5.1 shows the 1 Hz equivalent fatigue loads of the flapwlade root moment (material
exponent of 10), yaw moment at tower top/nacelle conneétiaterial exponent of 4), and the
mean pitch actuation power computed from the HAWC?2 simoihetishown in Figure 5.16. The
mean pitch actuation power is approximated by integratidh@blade root torsional moment
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Figure 5.18. Power Spectral Densities (PSDs) of flapwiseldl@ot moment, tower top yaw
moment, and pitch angle on blade 1 based on the time serigguime™5.16.

Sensor | Nocyclic | 2P filter 4P filter  25P filter
Fatigue flap moment [MNm/index] 10.3/100| 7.65/75  7.77/75 7.07/69
Fatigue tower yaw moment [MNm/index] 6.64/100 | 7.42/112 7.49/113 8.01/121
Mean pitch act. power [kW/index] 0.17/100| 1.02/591 1.03/597 2.02/1174

Table 5.1. Comparison of 1 Hz equivalent fatigue loads ferftapwise blade root (exponent
of 10) and tower top yaw (exponent of 4) moments, and meahm gituator power computed
from the 10 min simulations shown in Figure 5.16.

times the pitch velocity divided by 600 s. It is only intended comparison, because there is
no model of bearing friction included in the simulations,igfhmay significantly increase the
actual required actuation power.

The indices for the closed-loop responses show that the iepfatigue loads are reduced by
25 % with the low filter frequencies and by 31 % for the high fifieequency. The expenses
of these load reductions are significant increases in yaw enoat the tower top/nacelle con-
nection of about 12 % for the low filter frequencies and 21 %lerhigh filter frequency. The
pitch actuator power (and pitch travel which is not showe)sgnificantly increased; six times
higher mean actuator power for the low filter frequencied,aren twelve times higher for the
high filter frequency.

5.3 Conclusion

New possibilities of closed-loop aero-servo-elastic migdue and frequency-domain analyses
of wind turbines based on the recent code HAWCStab2 havedesmibed. Linear models of
actuators and controllers have been added to the lineaglastic models, which has enabled
closed-loop aero-servo-elastic eigenvalue and frequépayain analysis useful for controller
tuning and for aero-servo-elastic stability analysis. Seheapabilities have been illustrated by
tuning and analyzing the closed-loop response of the NREMWS tMrbine with two combined
collective and cyclic pitch controllers for above rated gpeed operation. The collective pitch
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controller is tuned by pole placement of a low order moded, tue aero-servo-elastic full state
eigenvalue analysis showed that the turbine flexibility &darge impact on the closed-loop
response. The cyclic pitch controller is tuned by first cotmguthe lead angle from the open-
loop frequency response, and then tuning the cyclic feddgaims from blade root moments
using the Ziegler-Nichols method based on aero-servdielfadl state eigenvalue analysis.
Time simulations with HAWC2 shows that the tuned contrallare able to reduce the fatigue
flapwise blade root moments by up to 25 %, however, at the esgpehsix times higher pitch
actuation and up to 21 % higher fatigue yaw moment at the teypeHAWCStab?2 is currently
being extended to facilitate the derivation of linear fipsiaciple reduced order models for
model-based controllers, which for instance will enablérogl control that lowers the flapwise
blade moment without increasing the yaw moment on the tower.
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6 Lateral tower vibrations on offshore turbines

Author: Bjarne S. Kallesge, Niels Troldborg, Niels N. Sgrensen,/mders Yde

6.1 Introduction

This chapter deals with different aspects of lateral towbration. Offshore turbines can ex-
perience situations where the wave direction is orthogtm#tie wind direction and thereby
adding energy to the lateral tower mode. The first tower rasoa frequency is often included
in the wave frequency band with the implication that the wimaaling can lead to resonance
excitation of the very low aerodynamically damped latecatdr mode, resulting in a high

fatigue contribution on the tower and foundation.

This chapter looks into three aspects of this problem: Fastanalysis of the aerodynamic
damping contribution to the first lateral tower mode; thesfudy of using active generator
control to reduce the lateral tower fatigue; and finally, adgt of the feasibility of using a
passive yaw slip to limit excessive lateral tower vibrasion

6.2 Aerodynamic Damping of Lateral Rotor Oscillations

Aeroelastic stability and simulations tools based on thadBlElement Momentum (BEM)
method shows very low aerodynamic damping for the first étewer mode. BEM is derived
on basis of a balance of momentum and kinetic energy in arstrézee enclosing the rotor. Lat-
eral rotor motion affects the BEM model through changes giaaf attack, changes in relative
wind speeds and, if present, yaw correction models. It hag lpeestioned if BEM vyields the
correct aerodynamic forces for these lateral motions ofdba. In this work, the aerodynamic
work on lateral harmonic rotor motion is computed by both BENI from computational
fluid dynamics (CFD) using respectively a fully resolvedorageometry and an actuator line
(AL) representation of the turbine. The computations froBMB AL and the fully resolved
rotor CFD shows a reasonable agreement. The aerodynandswoonverted into equivalent
damping for the first lateral tower mode, and the differemcgamping contributions from the
different models were found to be negligible. Finally, theglateral rotor motion is compared
to the true first lateral tower mode motions, and the aeroaymdamping of this tower mode
is described.

6.2.1 Fully resolved rotor CFD computations

The in-house flow solver EllipSys3D is used for the threelkesbCFD computations presented
in this work. The code is developed in co-operation betwéenDepartment of Mechanical
Engineering at the Technical University of Denmark and thed\Energy Division at Risg-
DTU, see [1, 2] and [3].

The EllipSys code is second order accurate in time, using@skorder backward differencing
time discretization and sub-iteration within each timepst@ the present computations, the
diffusive terms are discretized with a second order cedtffdrencing scheme. The convective
fluxes are computed using the third order accurate QUICKraeh# Leonard [4].

In the present work the turbulence in the boundary layer ideted by the ko Shear Stress
Transport (SST) eddy viscosity model [5] in its standard FARIrm.

To account for the rotation and translation of the rotor, fdeing mesh (DM) formulation is
used in a fixed frame of reference. In the present study théawhesh is moved as a solid body
to enforce the rotor rotation and axial translation, evenutih the DM option is implemented
in a generalized way allowing arbitrary deformation of tieenputational mesh. To assure that
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no artificial mass sources are generated by the mesh defonmtiite mesh velocities needed
for the convective terms are computed enforcing the spacsetwation law, as described by
[6]. The following inflow parameters are used for the fullgodved CFD: The inflow velocity
is specified according to the free wind conditions 6, 12, ahdh?s, a density of 1.225 kgfn
and the viscosity was.18 x 10~ kg/m/s. A standard low turbulent laminar inflow is obtained

by using a specific dissipation raie= 1 x 10° s* and a turbulent kinetic enerdy= 1.0 x
102 m?/s.

For grid generation, the full three bladed rotor is modetedllow the cross stream movement
of the rotor, emulating the tower vibrations. The mesh use®&D-topology, where the in-
dividual blades are meshed with 256 cells around the bladed¢ii28 cells in the spanwise
direction and a 64 64 block at the blade tip. In the normal direction, 128 cets@sed. The
height of the cells at the wall is- 5x 107® m to resolve the boundary layers and keep
around 1. The outer boundary of the domain is locatelll 00 meters from the rotor center or
approximately 10 rotor diameters away. The grid generagiperformed with the 3D enhanced
hyperbolic grid generation program HypGrid3D which is a 3&sion of the 2D hyperbolic
grid generator described in [7]. The total number of celksais 14 million.

Inlet conditions corresponding to the described casespm@fied at the upstream part of the
outer boundary, while outlet conditions corresponding folly developed flow are used at
the downstream part of the outer domain boundary. No-sliflitions are applied at the rotor
surface. The edgewise vibration computations are perfdmsdransient simulations, using a
time step of 1267 x 103 s along with six sub-iterations within each time step.

6.2.2 Actuator line computations

The actuator line (AL) model, developed by Sgrensen and [Bjgrombines three-dimensional
Navier-Stokes simulations of the flow field with a technigonenhich body forces are dis-
tributed radially along lines representing the blades efitind turbine using a suitable smear-
ing function. The body forces acting on the blades are deterthusing a blade element ap-
proach combined with tabulated two-dimensional airfoifad& he main advantage of repre-
senting the blades by airfoil data is that the geometry obthdes does not need to be meshed
and that it is not required to resolve the boundary layer madhe blades, which result in a
considerable reduction in computer resource requirements
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Figure 6.1. Detail of the mesh for the resolved rotor comfates, showing the rotor geometry
and a slice through the rotor plane.
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In the present AL simulations, the flow field is computed ugitigpSys3D, as for the full rotor
CFD. The convective terms are discretized using a hybriémehcombining the third order
accurate QUICK (10%) scheme and the fourth order CDS sch@@8)( All AL computations
are furthermore conducted as Large Eddy Simulations (LE®)l@ying the mixed sub-grid
scale (SGS) model [9]. The mixed SGS viscosity model dependgsfilter function and some
empirically determined constants, which are chosen inraecee with previous work [10].

The time step in the AL simulationsdg = 3.5 x 10‘3R/Uo whereRis the radius of the turbine
andUg the free-stream velocity. The Reynolds number based on ratius isRe= 10-°.

The AL computations are conducted in a cubic computationadain with side length.y =

Ly = L, = 24Rand the turbine is placed with its point of rotation in the gamcenter. A high
concentration of grid points is distributed equidistantlya cubic region around the turbine.
The side length of the equidistant region iSRand the resolution here corresponds to 30 grid
points per rotor radius, which in [10] was shown to fulfill thasic demands for a well resolved
LES. The total number of grid points in the grid used for the ghnulation is 21 x 10P.

The boundary conditions are as follows: The velocity is #pztaccording to the free stream
velocity at the inlet, unsteady convective conditions at dlatlet, symmetry conditions at the
bottom and top boundaries and periodic conditions on thessid

6.2.3 BEM computations

The in-house aeroelastic code HAWC?2 [15-17] is used to cairtie BEM aerodynamic com-
putations. The aerodynamic part of the HAWC2 code is baseth®@®BEM method, but ex-
tended from the classical approach to handle dynamic inflgnamic stall, skew inflow, shear
effects on the induction and effects from large deflecti@rse example is the effect of large
flapwise blade deflections causing a change in the effeatitee diameter and that the blade
forces are no longer perpendicular to the rotor plane. Tddsices the thrust on the rotor and
thereby changing the induced velocities and vice versaabya stall is modeled by a modi-
fied Beddoes-Leishmann model that includes the effectsanf gbrticity from the trailing edge
(Theodorsen Theory), as well as the effects of stall sejparetg caused by an unsteady trail-
ing edge separation point. The time scale of the dynamicvinfhmdel is so slow that it is not
active during the tower oscillations; however, the dynastidl model will affect the results.

To mimic the rigid CFD model, all structural members in thedmbare made very stiff by
increasing the Young’s and shear modulus. The tower botsgutaced on a bearing, such that
the turbine can be moved side-to-side like an inverted pemdwhereby the rotor center will
perform an almost pure lateral motion.

6.2.4 Computational setup

The turbine used as an example in this study is the NREL 5 M\&teeice turbine [14]. The
rotor is undergoing prescribed sinusoidal oscillationthacross flow direction according to:

r(t) = Asin <%I_—T[t> ,

whereA = 1 m is the amplitude an@l = 3.3333 s is the period of the cross stream vibrations.
Thus the hub of the rotor is oscillating at a frequency.8fl8z, corresponding to the first tower
mode frequency of this particular turbine.

The inflow velocities in the simulations are set to respetyivé m/s, 12 m/s and 22 m/s. The
three cases is chosen to cover: below rated power at a lotiomaaspeed, around rated power
with a high loading, and above rated power with pitched dade
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6.2.5 CFD, AL and BEM results

Figure 6.2 shows the lateral aerodynamic forces as functideteral hub position during the
harmonic oscillations. Table 6.1 shows the lateral aeradyino work per oscillation cycle. A
negative aerodynamic work indicates that the flow extractsgy from the oscillations, i.e.,
adding damping to the mode of motion.

For the 6 m/s case (cf. Figure 6.2a), there are significaférdiices between the results from
full rotor CFD, AL, and BEM. The slope of the principal axis thfe loop predicted by BEM
points in another direction than in the CFD results. Thesdittive differences in the loops
can be explained by the added mass of the rotor. The addeddffiastsis inherent in the CFD
formulation while it is neglected in the BEM formulation. &fadded mass is estimated by
assuming that the added mass of the blade is the same as foleanith the same diameter as
the projected height of the airfoil in the direction of matio

R 2
madd:/o p@ncos(tp)dr (6.1)

whereR is the rotor radiusp is the air densityl is the azimuth angle of the particular blade
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Figure 6.2. Lateral aerodynamic forces for lateral harmonscillations of the rotor at 0.3 Hz

and 1 m amplitude. All loops runs in a counter clockwise digt a) 6 m/s, b) 12 m/s and c)
22 mls.

Table 6.1. Aerodynamic work per cycle.

| HAWC2 | HAWC? + added mas$ CFD AL

6m/s | -0.4kJ -0.5kJ -1.7kJ | -1.6kJ
12m/s| -3.9kJ -3.9kJ -7.3kJ | -5.5kJ
22mis| -42.1kJ -42.2 kJ -39.0kJ| -45.3kJ
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anda(r) is the width of the airfoil projected onto the lateral diieatof motion. Summing up
for all three blades yields the total added mass to the rotor

3 .
Madd = i;madd <llJ = %2ﬁ> = 2Mgqd (6.2)
Figure 6.2a shows that including this added mass in the prostessing of the HAWC2 results
explains the qualitative difference between BEM and CFydRéing the slope of the loops,
the AL results lie in between the BEM and the BEM including ediadnass. The size of the
loops also vary quit a lot, but it should be noticed that theds are very small, such that it is
only small differences in absolute numbers.

Table 6.1 shows the lateral work done in one oscillation. difference in work between the
BEM and CFD is also seen to be relatively large, as expecteatidyifference in the shape
of the loops. It will later be shown that even though as thé&déhces are relatively large,
the effect on damping is negligible for all practical apptions. It should be noted that the
added mass effects do not affect the aerodynamic work (Rlileand neither the damping.
The extra forces from the added mass are very small and cgtbersdeen because the level of
the lateral aerodynamic forces is very low in the 6 m/s cabe.ddded mass it important
for the aeroelastic results, it is merely included here fglar the small qualitative difference
between CFD and BEM in the 6 m/s case.

For the 12 m/s case (cf. Figure 6.2b), there is a much betteeatent between all the results.
The effect of added mass is much less pronounced becausbdableite force level is higher.
The CFD results still show a larger aerodynamic work thanBB& and AL results, but the
differences are much smaller than for the 6 m/s case. Forahme/2 case (cf. Figure 6.2c), all
results are seen to agree very well. Also the aerodynamik isaery similar (Table 6.1).

To compare the aerodynamic work to the damping contribaifirst order dynamic system is
considered

MK+ cX+ kx=0 (6.3)

wheremis the modal mass of the first tower mode &rid the modal stiffness. The terox is
then the damping force. The work carried out by the dampingefterm for one oscillation is
given by

X+XT
W= / cxdx (6.4)
X

wherexr is the trajectory of one oscillation. Assuming harmonicilestions x = Asin(wt)
Equation (6.4) becomes

t+21/ w
W = / cA%w? co(wt)dt = cA%wrt (6.5)
t
The damping ratio is given b = \/%1 = 7 Wheref = 2 = %1\/% is the natural fre-

quency of the first tower mode. Using this definition of the @arg ratio, the relation between
aerodynamic work and damping can be established as
W
B

~ 8AZF2mi (6.6)

Hence, the aerodynamic work is related to the damping ratia bonstant8A f2mr) 1 de-
termined by the modal frequendyand modal mass), and the oscillation amplitudé.

To measure the damping, the 5 MW turbine is modeled in HAWCt whe lateral tower

direction as the only flexible component. The tower is extlig an external force at the tower
top with the first lateral tower frequency until the tower toas an amplitude of 1 m. The
damping is then estimated by measuring the decay of the ttmpeoscillations. Figure 6.3

shows the lateral tower top deflection for the 22 m/s simaitati
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Figure 6.3. Lateral tower top deflection for the 22 m/s sintiola The excitation of the tower
top starts at 10 seconds and stops at 41 seconds, where tHeuataas reached 1 m.

To compare the aerodynamic work and aerodynamic dampiregddynamic work has to be
taken into account, and the internal work done by the geoehais to be subtracted

t+21m/ w t+21m/ w t+21/ w
Wior = /t vt + /t T.Qdt— /t TyerQuertl 6.7)

wheref is the aerodynamic forces in the three translations doestv is the corresponding
velocities of the rotor centefl, is the aerodynamic moment around the three aiss the
corresponding rotation speeds of the rotor cerfigg, is the generator torque af2yen is the
generator speed.

Figure 6.4a shows the measured aerodynamic work and theyaenmic damping for the ex-
ample turbine with the lateral tower mode as the only flexddenponent. The aerodynamic
damping is given in logarithmic decremeint= 2r3). The aerodynamic work is scaled by the
square of the oscillation amplitude, as suggested by Emuéfi.6).

The aerodynamic work and damping is seen to be similar exXoept constant, as expected
from Equation (6.6). Using this relation between aerodyicamork and damping the results
from the full rotor CFD, AL and BEM comparison (cf. Table 6cgn be converted into tower
damping and the importance of the differences can be ewmlukigure 6.4b shows the com-
puted aerodynamic damping for the lateral aerodynamic virork Table 6.1. It is seen that
even though there are relatively large differences betwreaerodynamic work for the 6 m/s
case, the damping is so low that it do not have any practicabmtance whether the damping
is 0.05 or 0.15 % logarithmic decrement.

The reason for the difference in damping and aerodynami& woFigure 6.4a and 6.4b is
that in Figure 6.4b the tower top is moved in a pure lateraliomodf the rotor center whereas
in Figure 6.4a the tower mode motion also include some \antition and a rotation of the
tower top. Especially the aerodynamic work related to thation of the tower top extract some
extra energy work from the system.
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Figure 6.4. a) Aerodynamic work and damping for simulatiaith only tower lateral flexibil-
ity. b) Damping computed on basis of Table 6.1.
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6.2.6 Comparison pure lateral oscillations and true tower mode

The first lateral tower mode of a true turbine differers frdme pure lateral tower mode in-
vestigated in the previous section. Figure 6.5 shows thertd@p motion for three different
wind speeds for the full flexible turbine. It is seen that thweér mode includes a considerably
amount of longitudinal tower motion, and that the mode clearfgr the different wind speeds.

Figure 6.6 shows the aerodynamic damping of first lateraketomode for different wind
speeds. The damping is estimated, as above, by excitingver top until an amplitude of
1 m and than measure the decay. The individual aerodynanik @antributions from the
three translations and three rotations of the rotor ceatalsio shown. The damping is seen to
stay between 1 and 2 % logarithmic decrement and peakingdrbum/s, where the turbine is
heaviest loaded. It is seen that the damping contributiothi®lateral motionx) is increasing
for increasing wind speeds, in agreement with the analysise(Figure 6.4), but especially the
rotation around thg axis contribute negatively to the damping (positive aerzayic work).

0.4

0.3

0.2F

0.1p

Longitudinal displacement [m]

05 0 0
Lateral displacement [5m]

Figure 6.5. Tower top displacement for first lateral towerdas. Top-down look with y-axis
pointing down wind.
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Figure 6.6. Aerodynamic damping of the first lateral towerdmdor different wind speeds
together with the individual aerodynamic work contributsofrom the three translations and
three rotations of the rotor center. The directions is dexlas y pointing downwind, z pointing
downwards and x is given by a right hand coordinate systera.rdtations is denoted around
these axis. The work done by the generator is subtract frama&rodynamic work related to
the rotation8y, around the y axis (which is pointing downwind).
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6.2.7 Summary

The analysis of lateral tower damping computations showasttte BEM corresponds well to
fully resolved rotor CFD and AL CFD results for any practiegplications. There are some
disagreements, but they are related to small damping vaheare considered unimportant.

6.3 Lateral Tower Load Mitigation by Generator Torque Control

This section analysis the potentials of using the genetatque to reduce lateral tower vibra-
tions, and thereby reduce the tower and foundation fatigbe.tower motion can be reduced
by active damping systems. One actuator option is yaw: Ekk[d2] shows that the tower
motion can be reduced by an active yaw control, this will hasverequire continuous yaw
actuation, which normal yaw systems are not designed fastifer actuator option is the gen-
erator torque, which affects the lateral tower mode throtinghreaction torque on the tower
top. Wright and Stol [18] implemented a lateral tower modadi@educing controller using
generator torque as an actuator, achieving a tower loaatiedwf 79 %. Such an additional
generator torque controller will also affect both the pogyeality and the drive train loads, but
does not need any new actuator systems.

In this work, a low order system describing the essentiabdyias involved in the lateral tower
motion is used to evaluate and design a lateral tower loadtiad generator torque controller.
The low order model contains a tower mode, a drive train mauk generator speed. The
controlleris tested in nonlinear aeroelastic simulatiosing the NREL 5 MW reference turbine
as example. The results shows that there is a potential ftucieg the tower load without

increasing the drive train load too much, the example shot% reduction of tower fatigue

load with a 10 % increase in drive train load.

6.3.1 The turbine model

Figure 6.7a shows the tower model seen from the upwind side tGwer height is denotdd
, tower stiffness and madsl(z) andm(z), respectively, tower top mass and inetfaandl;,
respectively, with applied generator torqiigt) and wave loading (t) at mean sea level.
The lateral tower deflection is denoteg,t).

The tower motion is approximated by its first mode shape. Thdarshape is computed by a
finite difference discretization of the conical tower witiptmass. Using this modal description
the tower deflection is given by

u(zt) = @(2)q(t) (6.8)

whereq(z) is the first mode shape of the tower with tower top masseitids the time changes

u(zt)
m(z),El(2)

(@) (b)

Figure 6.7. a) Tower model. b) drive train model .
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of tower position. Figure 6.7b shows the drive train modélich reference frame follows the
tower top rotations/(L,t). All the drive train component are related to the low speeaftsh
The generator inertiky, related to the low speed shaft, located to the right anddtoe mertia
I; to the left connected by a torsional stiffnd§s and dampindCy. The azimuth angle of the
generator is given by the windup of the reference rotor sfiggtcand the disturbance of the
generator azimuth anglg(t), hence the resulting generator spee@gs= Qo+ . The azimuth
angle of the rotor is achieved by adding the deflection of thedrain(t) to the azimuth angle
of the generator, hence the resulting rotor speél is- Qo + () + B.

With the one mode beam description of the tower (Equatiod))&nd the drive train model
(Figure 6.7b) the kinetic energy of this system is given by

T= /2 61z + SMELG(0° + 2L (L)20(0)?
g.r ( (1) +B(O) + Qo+ G(LIAD) + 31 (WD) + Qo+ G(LIAD)? (6.9)

and the potential energy is given by

V= [ 2EI0@%0d2  ZKaBO -~ Tylt) (B10) + 0ot

—Ta(t) (Y(t) + Qot + B(t) + @(L)a(t)) — f(t)e(d)q(t) (6.10)
WhereT,(t) is the aerodynamic torque which can be described by the peaotic model

1 Po PO +BH) | 1 (9P oP
Ta=—PU,Q — P —
a Q, (U rae) ol 0 Q% + 91 +
whereP is the aerodynamic power, which is a function of wind spdedotor speed; and
pitch angleB. The aerodynamic power function is linearized and the sitis@é denote the

steady state value and the subscript 1 denote the lineaitieens around this steady state value.

Uoul) (6.11)

Using Lagrange’s equation [13] the equations of motion fovdr, drive-train and generator
degrees of freedom can be derived

M+ Dz+ Kz = fo+ Ff (6.12)

wherez = [q(t),B(t), W(t)]" is a vector with the time dependent deflections and

Jo M2(2)%dz+M@(L) + (It +1g+ 1)@ (L2 L@(L) (lg+1n)d(L)
M = @ (L) Iy Iy (6.13)
('g"‘lr)q{(l-) Ir Ir‘f‘lg
Gt (B -4%)0L? (B-3%la)dL) (B-3%Hl)d0)
D=| (B-aflo)dt)  Cr@-afle  B-d@l | 619
Py 10p L Py 10p Py 10p
Q2 Qas‘z‘Q ) Q2 QOQ‘Q Q2 QOQ‘Q

whereC; andCy are structural tower and drive-train damping, and
S EI@@¢'(2%dz 0 O
K= 0 Kg O
0 0 0
where it is noted that the generator speed degree of freedesribt have any stiffness term.
The steady state forces on the system are givefg by{¢/ (L) Tg 0, Ta’o,Ta,o]T, where the steady
state generator torqug o is equal to the steady state aerodynamic toffiue= g—%. The linear
gains on the time varying generator torque, wave forcesdwjpeed and pitch changes are
given by

(6.15)

1 0P 1 0P
0 ¢d) Q_OFL%Od(L> Q_O?Lel:?d(l-)
F=10 0 oly, 05 30 |6, (6.16)
1 0 LB_F’| LO_P‘
Qo 0U 1Ug Qo 06 16g
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and the time varying loadinf= [Tg1(t), f(t),Us1(t),01(t)]T. The steady state solution of the
tower and drive train state is given by

[gg] =Ku212f012 (6.17)
where the subscrigil : 2,1 : 2) denote the sub-matrix consisting of the first to second cokim
of the first to second rows and the subsctipt 2) denote the first two elements of the vector.
Extracting this steady state solution from Equation (6&k#) rewriting the equations of motion
to first order form gives

X =Ax+Bu (6.18)
where
O1
B1
- l2x2 0243 ] [ O2x4 }
X = , A= _ o , B=| 7 , u=f 6.19
i M K212 ~M 1D M-1F (6.19)

W

and subscript 1 denotes the time varying linear part. It tech¢hat the two structural degrees
of freedom results in two states each while the generat@dspely results in one state, since
it don’t have any stiffness.

6.3.2 Power control

The aerodynamic damping of lateral tower mode of a pitch leggd turbine is lowest at low
wind speeds [11], so the main problems with lateral toweratibns will predominantly appear
in the control region below rated wind speed. In this regtbe, turbine controller adjust the
rotor speed to optimize power extraction from the wind arediitade pitch is kept constant.

The power control below rated wind speed can be handled lsgpbéng a given power at any
generator speed. This can be done by a third order polynomial

P :
P=KQ® = Ty=-==-KQ?°~-KQ3-2KQol = {

Tgo =—KQ2
’ 6.20
R . (6.20)

Tg1 = —2KQoy

whereK = Po/Qg when the operational conditions are known. Implementirg ¢ontroller
Uiy = —2KQo[0,0,0,0,1]x (the subscript (1) denote first element in the control vea)an
Equation (6.18) leads to the following extra terms in ghenatrix

0246
00 0 O %QO%
Ao=10 0 0 0 Qo (6.21)
1, @(L)?
00 0 O 72K90(5+m)

whereMiower = Jo M(2)@(2)2dz+M@(L)2 + I, (L)? is the modal tower mass. Equation (6.21)
shows that the power controller damps the generator matipar{d the action on the generator
results in reactions on the drive train and tower.

6.3.3 Load reducing control

The load reducing control strategy is to superpose a gardmtjue to the power controllers
generator torque (Equation (6.20)). The reaction momem fthe generator on the tower top
gives a force on the lateral tower motions, as seen in Equéi®1), so the generator torque
can be used as actuator for a tower load reducing contrdlersuperposed generator torque
is computed by a PI controller based on a measurement of tmpeaccelerations, which in
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this model framework will is denotegl The PI controller’s integral gail; acts on the tower
speedjand a proportional gai, on the acceleration. If instead the tower bottom strain was
measured thi; would be a differential gain in a PID controller. Implemergtihe integral gain
controlleru.;) = Ki[0,0,1,0,0]x adds the below extra terms to tAematrix

02><6
00 —Kgtk o 0
Ai=lo 0 K 00 (6.22)

9
(1 dL?
0 0 K(E+{L) o o
S0 a positiveK; gain will add a tower damping term, but this will also exche drive train and
generator states, adding fatigue to drive train and redptbi@ power quality. The frequency of
the drive train is higher than the tower frequency, so thellenat be any resonance amplifica-

tion but the drive train load will follow the superposed geater torque.

The proportional gain on the tower acceleration gives therobinputu ;) = Kp[0,0,1,0,0]x
which implemented in Equation (6.18) together with the pomre integral control terms be-
come

X = (A+Ap+A)Xx+KpB(. 1)[0,0,1,0,0]x =

]

% = (133 — KpB(.1)[0,0,1,0,0]) "“(A+ Ap+A)X (6.23)

]

FAp

where the subscrift, 1) denote the first column in th® matrix and

l2x2 023
1

00 —dm 0 0
Vlggler

Fa,= [0 O s 1 0 (6.24)
lg (1+ Mtower )
Ko (L) K
00 P P 1
Moower( 14 FERL ) 11+ B )

is multiplied onto theA matrix of the system (Equation (6.18)) including the colroel-
ements (Equation (6.21) and (6.22)). It is seen that the rafigct of the proportional gain
is a multiplication factor on the tower stiffness. The nqplltation factor is less than one for
positiveK, decreasing the effective stiffness of the tower and thedeloyeasing the tower fre-
quency. The integral gail§; on the other hand directly adds damping to the tower, whidh wi
reduce the tower loads, but with the cost on drive train actiod power quality. So the choice
of gain will be a trade off between wanted tower load redurctind the acceptable drive train
load and power quality.

6.3.4 Integral gain tuning

The integral gairK; can be chosen to give a prescribed tower damping. Disregapitopor-
tional gainKp = 0, the tower damping ratio is approximated by

—Ac33)
2\/=Ac31)

whereA: = A + Ap + Aj and the subscript numbers denote the row and column numitiee of
matrix element. Rearranging Equation (6.25) the gain ismglyy

\/fOL El(2)¢" (2)?dzMower B Miower
@(L) @(L)

where( is the wanted damping ratio.

= (6.25)

Ki = 2¢ (6.26)
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6.3.5 Example

The 5 MW NREL reference wind turbine [14] (RWT) is used as aaregle. The operational

conditions are 6 m/s with 20.2 % turbulence (according to E2@00-1 for a class C1 tur-
bine). The turbine is located at 20 m water depth, the waveliions corresponds to north
sea conditions with a significant wave height on 1.63 m andrmgh®n 4.53 s. An irregular

wave field described by a Pierson-Moskowitz spectrum is asetithe wave direction is 90
deg on the wind direction. The turbine is modeled in the mwdr aeroelastic code HAWC2
[15-17], which includes wave loading using Morisons forealtigure 6.8 shows the results
from nonlinear aeroelastic simulations of the turbine atdlven operational conditions.

The equivalent wind speed extracted from aerodynamic pavilebe explained below. The

spectrum of the wave loading is seen to be cutoff at 0.8 Hzyevtiee energy anyway is very
low. This cutoff is an results of the wave modeling in HAWC2€Tllateral tower bottom bend-
ing moment shows clear sign of resonance excitation of a lampmkd mode with the high
narrow peak in the power spectrum. The drive train specttusws coupling to the longitudi-

nal tower motion, but the main energy is at the free-freeadtiain frequency on around 1.8
Hz. This simulation shows the need of a lateral tower damgiegjse. The structural tower
damping in this simulation is 1.3 % log. decrement, which fa@yow for a tower with passive

a tower damper.

External loading on low order model With a given free wind speed, turbulence level
and spectrum the response of the model depend on how the peéed $s sampled. The wind
speeds used in this analysis is generated and sampled bgrttedastic code HAWC?2 using a
rigid turbine, such that structural dynamic effects on tamgled wind speeds are removed.

The response of the rotor to the incoming wind field is an irdtsgl response of the three blades
to the different regions of turbulent wind speeds they eaebtnirhe free wind parameters are
given at one point at hub height, but on the one hand, the cmeers a large area, which
will smoothen some of the turbulence and on the other handitttes rotate through different
regions of wind speed increasing the effective turbulencéhe blade. Figure 6.9 shows the
time series and spectrum of the one point hub height wind, anoéfour fixed points in the
rotor plane, the mean of one point at 3/4 radius of each ofrtteetrotating blade and finally a
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Figure 6.8. Results from aeroelastic simulations of the 5 RWT with power control but
without load reducing tower controller. From the top the figsishows the wind speed, wave
height, tower bottom bending moments, and drive train mawneh generator power.
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Figure 6.9. Wind and wave loading on structure. a) time sedewind sampled at hub height,
as a mean of 4 points at the rotor plane, as one point on eadtingt blade and computed
from the aerodynamic power, respectively. b) Power spetwiiwind and wave loading.

equivalent wind speed extracted from the aerodynamic puioser
op \ Y3
pAGC)
whereA is the rotor areg is the air density an@j, is the power coefficient.

P= %pAGCU3 = U= ( (6.27)

The one point hub wind speed is the spectrum given by the atdnd’he four point rotor
plan mean have a slightly lower energy at very low frequenbiecause some of the large
scale low frequency turbulence structures are smoothethedtigher frequencies there is no
correlation between the points and the energy level is theesgs for the one point sampling.
The three point rotational sampling has a lower energy lavébw frequencies because the
rotational sampling chops up the large scale turbulenaetstres and thereby moves the energy
to higher frequencies, especial to 3P corresponding tohtteetblades rotating through the
same turbulence structure. There is also a peak at the firsa@Ronic. The equitant wind
speed extracted for aerodynamic power have the same ohiastictas the rotational sampled
wind speed at low frequencies, but at the higher frequenicgesnergy follows the single hub
point level. The equivalent wind integrates the responsa fil of the three blades and not just
one point on each, therefor the highest frequency contdbsitare smoothed compared to the
rotational sampled wind speed giving less energy on thesgiéncies.

The wave height used in the low order model is given by its spetand the transfer function
from wave height to wave forces is extracted from the HAWQ@Rwations.

Response to external loading The power spectrums of the external wind and wave load-
ings are applied to the model (Equation (6.18)) and the #aqu response is shown on fig-
ure 6.10. The response is shown both for the case with sirggie: pub height sampled wind
speed and for the equivalent wind speed.

The responses is seen to be quite different for the driva &tad generator states at low fre-
guencies, as expected, since the loading spectrums difféhnat region (Figure 6.9). For the
further analysis the equivalent wind speed extracted fiwgraerodynamic power will be used,
since it is this integrated rotor power that the drive traitually will feel.

Table 6.2 shows the resonance frequencies and dampingifer &md drive train mode and the
time constant for the generator state for different confitjans of the model. The drive train

frequency is seen to shift from the first version with fixed erator speed (clamped-free drive
train frequency) to the other versions with generator carifree-free drive train frequency).

Figure 6.11 shows the response of the system with the poweratier, and the power con-
troller together with the integral and proportional towaad reducing controllers, respectively.
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Figure 6.10. a) Power spectrum for combined wave and winditggwith two different wind
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Figure 6.11. a) Frequency response for combined wave and Wiading with the different
controllers; blue=no control (K= Kj = K, = 0), green=power control only (K~ 0,K; = Kp =
0), red=integral and power control (k£ 0, K # 0,K, = 0), megenta=proportional and power
control (K# 0,K; = 0,Kp # 0). Solid line=tower mode (q), dashed line=drive traif)(and
dotted line=generatory) b) Zoom.

The power controller changes the tower response at low émecjas because the power con-
troller couples the tower motion to the drive train and gatmr speed through the applied
generator torque (Equation (6.21)). Comparing Figure &uid 6.11 it is seen that the drive
train damping provided by the power controller (Equatior2{§) suppresses the drive train
resonance peak at the free-free drive train frequency (£)8 Fhe integral control gaik; =
1.3-10fis chosen to give 10 % log.decrement tower damping using tiqugb.26). This inte-

Table 6.2. Frequencies and damping for the tower and dri@etmode, and the time constant
for the generator state for different configurations of thedeil.

control gains tower drive train generator
K Ki Kp | freq. damp. | freq. damp. | time con.
‘ 10° | 1P | [Hz] | ratio [%] | [Hz] | ratio [%)] [s]
Fixed generator speeg;= ) =0 0 0 0 0.27 -0.1 0.63 -0.8 -
Without control 0 0 0 0.28 0 1.82 0 18.2
Power control Po/Q3 0 0 0.28 0.1 1.82 2.1 -151
Power and integral control Po/Q 1.3 0 0.28 1.7 1.82 2.1 -151
Power and proportional control Po/Qg, 0 -5 | 0.32 0.4 1.82 2.7 -151
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gral gain is seen to suppress the tower resonance peakissogfttroller will reduce the tower
fatigue considerably. The drive train response in the weaguency range (0.15 Hz to 0.3 Hz)
increases considerably because of the increased genenagoe control action. The generator
state is only increased right at the tower frequency peakthgdntegral tower load controller
will increase the drive train load considerably and to soxterg decrease the power quality.

The proportional tower load gaif, is chosen to be-5- 10°. The negative gain will increase

the tower resonance frequency (Equation (6.24)) and tgeredye the resonance frequency
towards lower wave excitation energy (Figure 6.9b). FighuEl shows that the tower reso-
nance peak has moved to a higher frequency and that the dtawal response is decreased,
indicating less fatigue load. However, the wave loadingasisastic and broad banded so the
strategy to move the resonance frequency is connected \Watig@auncertainty.

To evaluate the performance of the controllers the systesimalated in the time domain.
X= (A +Ab+Ai)X+ B:,2:3[Fwave Ul] (6.28)

where the subscript,2 : 3) denote the second and third column of Benatrix. The wave
forces are extracted from HAWC?2 simulations and the winadpg is equivalent wind speed
extracted form the aerodynamic power (Equation (6.27) §yrstem is simulated for 600 s at 6
m/s with 20.2 % turbulence, as described above. The corgrébpmance is evaluated by com-
puting the equivalent fatigue load for the tower and driaént{m equal to 3 and 6 respectively)
and the standard deviation of the power. Figure 6.12 showsetbults from simulations with
integral and proportional gain, respectively, normalizeth the results for the power control
only case.

For the integral gain it is seen that the tower fatigue loaghdioff around a gain df; = 10° and
that the cost on the drive train start to increase aroundraafad; = 10’. The results indicate
that is should be possible to reduce the tower load conditlevathout increasing the drive
train load and reduce the power quality too much. The powectspm proportional gain con-
troller (Figure 6.11) indicates that there could be somd lealuction potentials. However the
time simulations shows that the result is very varying. Maisation is caused by the resonance
peak not being moved out of the wave spectrum, so it depentisedndividual realization of
the wave field how much the tower is excited. The large unigytén load reduction makes
the proportional control strategy unfavorable.

: 1 ; 15 . ,
— 1 1
Dosl o
; osw
8
-
c o T T
& ]
o' 2
>
XS]
25 T T 25
=i i
L5t 4/ 15k ".A/\/JVJ
3 - 1
8_05* s 051 : : . : : . s
10 1‘0 u‘f 11)5 ;“ 12:’ 111YA 10* 1;)’ H 12)” 10"
gainkK; [*] gainKjp [-]

@) (b)

Figure 6.12. Normalized equivalent tower and drive traiaddm equal to 3 and 6 respectively)
and the standard deviation of the power for different insggrontrol gains. The results are
normalized with respect to the case with power control oftye red dots show the same results
from nonlinear aeroelastic simulations with HAWC?2. a) grsd gain only and b) proportional
gain only.
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Nonlinear aeroelastic simulations To test the controller under more realistic conditions
the integral gain controller is implemented in the nonlireeroelastic code HAWC?2. The con-
troller input is the tower top speed (the integral of the totee acceleration) which is feed
through a second order low pass filter with a cutoff frequemtyl Hz. The filtered signal is
multiplied by theK; gain and superposed on the power controller’s referengeémnd send to
the generator model. Figure 6.13 to 6.15 shows the latesadrtbottom bending moment, the
shaft torque and the power output, respectively, for sitiara withK; = 0 andK; = 1.3- 1.
Table 6.3 shows the fatigue and power quality for differeaing. The results in this table are
also plotted on Figure 6.12. The results shows that towelatsens are reduced considerably
(40 %) without increasing the drive train activity too mud® (%). The tower load reduction
for this full turbine system is less than predicted by the tydler model. This is because many
of the extra modes that exist in the full turbine model cdmnités to fatigue on the tower, but
it is only the first tower mode that is included in the low ordeodel and in the controller.
The main conclusion is anyhow the same, that is is possiliedoce the tower loads consid-
erably without increasing the drive train load compared kewthe gain is kept below a given
threshold.

6.3.6 Summary

A low order model of tower, drive train and generator speadkisved, the model capture the
essential dynamic involved in lateral tower vibration aederator torque control of these. The
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Figure 6.13. Lateral tower bottom bending moment from m@dr aeroelastic simulations. a)
whole time series, b) zoom.
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Figure 6.14. Shaft torque from nonlinear aeroelastic siatioins. a) whole time series, b) zoom.
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Figure 6.15. Power production from nonlinear aeroelastiaslations. a) whole time series, b)
zoom.

Table 6.3. Tower and drive train equivalent fatigue load @nand m=6 respectively) and
standard deviation of power output. The results are norpaaliwith respect to the results for
the case without tower load controller (i 0).

| Ki=1-10° | Ki=13-10° | Ki=4-10°

Equivalent lateral bending moment  0.89 0.61 0.55
Equivalent haft torque 1.00 1.10 1.33
Standard deviation of power 1.00 1.02 1.07

model is used to analyze and explain the use of a Pl-conttmdlged on tower top acceleration
to reduce lateral tower loads. The proportional term adiffeass to the tower, increasing or
decreasing the resonance frequency, but it is hard to mevwegonance frequency out of wave
excitation frequency band, so this control strategy is lisdvke for load reduction. The integral
control strategy adds a damping term to the tower and is \iyemt for reducing the tower
loads. When using a superimposed generator torque as @ctiiatcontroller also affects the
drive train and power quality. An integral controller is ilmmented in the nonlinear aeroelastic
code HAWC?2 and the control strategy is tested in more réalishe simulations. The results
shows that the tower fatigue load can be reduced by 40 % wétltdist of an increased drive
train fatigue load of only 10 %.

6.4 Lateral Tower Load Mitigation by Passive Yaw Slip

It has been suggested to use a passive yaw slip mechanisnillteXtensive lateral tower
vibrations. The idea is, that lateral tower oscillationdl wieate a yaw moment if the nacelle-
rotor assembly center of gravity is not directly above the gais. When the vibration reaches a
critical amplitude this yaw moment should be so large thattiw bearing slides in the breaks,
extracting a large amount of energy and killing the vibnasidn this sections the feasibility of
such a system is evaluated by some simple estimations.

The tower top motion caused by harmonic tower mode vibrato@am be described by
x = Asin(tw) (6.29)

whereA is the tower top deflection amplitudss time andw is the tower mode frequency. The
yaw moment caused by these the oscillations is then given by

Myaw = —lcgMAw? sin(tw) (6.30)
wherelgg is the distance from yaw axis to center of gravity of the nlaesdtor assembly and
mis the total mass of the nacelle-rotor assembly.
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To compare this to yaw moments during normal operation thEINR MW reference turbine
is used as an example. Figure 6.16a shows the statisticefomoments at normal operation
computed by the aeroelastic simulations tool HAWC?2 and i&gul16b shows the time series
of the 24 m/s case which has the highest yaw moments.

The maximum yaw moments is seen to be arottid MNm and a common reach value is
around+10 MNm. From a maintenance and power production point of viéswdesirable that
such a yaw system is not active during normal operation ¢immdi. For a yaw slip mechanisms
not to be active during normal operation, it has to have afslipe higher than at least the 10
MNm. Inserting this yaw moment and parameters from the 5 MWTRWo Equation (6.30)
gives a tower top amplitude of

—26.2m (6.31)

where [Myaw] = 10 MNm is the absolute value of the oscillating yaw momégt= 1 m,
m = 350. 10° kg andw = 2.01 rad/s. Equation (6.31) shows that for this particulabitg
configuration it is unrealistic to have lateral tower modduoed yaw moments that exceed
the normal operation yaw moments. The only parameter thabeachanges is the location
of center of gravity of the rotor-nacelle assembly, which ba alternated by another nacelle
design. Rearranging Equation (6.30) and assume tide-ah m tower top amplitude is critical
gives a desired location of center of gravity

g My

Amu?

which is seen to be an unrealistic location of center of gyasince the nacelle on this turbine
only has an overhang of 5 m.

—7.07m (6.32)
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7 Development of next generation aerodynamic
design tools

Author: Jens N. Sgrensen, Valery L. Okulov and Nstor R. Garca

This chapter describes the development of design toolsgtmam design of wind turbine
rotors using vortex modelling and viscous-inviscid intéige approaches. It comprises two
main parts:

1. The development of a viscous-inviscid interactive baugdayer code for design of air-
foils including rotational effects.

2. An inverse method for optimum design of wind turbine retbased on an analytical
model of helical vortices.

In the following we give a summary of the achievements of tloeknand present some of the
most important results obtained during the project.

7.1 Viscous-lInviscid Interactive (VII) Boundary Layer Code

A computational model for predicting the aerodynamic bétraef airfoils of wind turbines
subject to steady and unsteady motions has been developethl model is based on a
viscous-inviscid interaction technique using strong dimgpbetween the viscous and invis-
cid parts. The inviscid part is modeled using a panel metimoldize viscous part is modeled by
using a integral form of the laminar and turbulent boundaygl equations, including a quasi-
3D approach in order to include rotational effects. The dedapable of predicting laminar to
turbulent transition either by using a numerical trip wifizgd transition) or by using a mod-
ified €" transition model (free transition). Validation of the stgawo dimensional version of
the code has been carried out against experiments foretiffairfoil geometries and Reynolds
numbers. The unsteady version of the code has been bendoheag&inst experiments for dif-
ferent airfoil geometries at various reduced frequenaielsoscillation amplitudes. In all cases,
excellent agreement has generally been obtained betwegmuted and measured lift and drag
coefficients. The capability of the code to simulate a tngikkdge flap under steady or unsteady
flow conditions has also been proven. A parametric study tatiomal effects induced by Cori-
olis and centrifugal forces in the boundary layer equatghrsvs that the effect of rotation is to
decrease the growth of the boundary layer, delay the onsstpafration, and increase the lift
coefficient and decrease the drag slightly.

A special inviscid version of the code has been developeape evith massive separation.
This special model demands knowledge of the position of ¢éiparation point. However, with
a known position of the separation point, computed prestigtebutions are in excellent agree-
ment with experimental results.

Finally, the model has the possibility of taking into accbwind tunnel blockage using an
additional source distribution modeling the influence ofieviunnel walls. This is important
when comparing results from the model with wind tunnel ekpents.

In the following we will show some representative resulttagted from the model.

7.1.1 Two-dimensional Steady VIl Computations

This section presents a detailed comparison of lift and dradficients as function of angle
of attack between measurements, the 2D Navier-Stokes fllwersllipSys2D and viscous-
inviscid interactive simulations. Xfoil and EllipSys2D mputations used for benchmarking in
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the present report where published by Bertagnolio et alobidn the Ris wind turbine airfoil
catalogue [3], with exception of the Navier-Stokes comfiotes on the NACA 65415 airfoil
which have been carried out with the current EllipSys2D ieersThis airfoil is designed to
attain its minimum pressure at 0.5c, defined by the 2nd digitesign lift coefficient at zero
angle of attack of 0.4, indicated by the 3rd digit, and witltb&imaximum thickness, given by
the last two digits. Measurements were performed at the Nl&Aturbulence pressure tunnel,
reported by Abbott and von Doenhoff [2]. The Reynolds nunibéne experiments as well as
in the computations was.®- 10°. In the following, viscous-inviscid interactive comptitats
are referred to aQ3UIC in the figures. In Figure 7.1 (a), lift comparisons are présgior
angles of attack from 0 to 20 degrees. Both the VII solver altig®&ys2D are seen to over-
predict the lift coefficient in the whole range of angles d&ek if compared with experimental
data. Drag curves are presented in Figure 7.1 (b). The Vdiptiens of drag at low angles
of attack are in good agreement with experiments althougbeis to under-predict the drag
at angles of attack betweent &nd 1Z%. In this region EllipSys computations are in better
agreement with measured data.

Figure 7.2 compares computed pressure distributions edhlts from the EllipSys code (in the
figure VIl computations are referred to@ RQ. A good agreement between VIl computations
and EllipSys2D predictions of the surface pressure digtiobs is obtained at low angles of
attack, although small discrepancies appear on the swsitierof the trailing edge, Figures 7.2
(a) and (b). With increasing angle of attack, a progressigesiase of the pressure peak near the
airfoil leading edge is predicted. A recovery of the presftmm the pressure peak downstream
is computed untitc = 9°, where the turbulent flow undergoes trailing edge separatial hence

a region of nearly constant pressure is formed in the tg#idge vicinity. Laminar boundary
layers undergo easier separation while turbulent bourldgieys offer more resistance against
the adverse pressure gradient. The viscous-inviscid ctatipas predict a faster movement
upstream of the turbulent separation point, as compardd RliipSys2D predictions. At the
same time, the constant pressure region created by thesa¢flerv is also predicted at a lower
absolute value by the VII computations, Figures 7.2 (c) afjd\(Vhen the separated region
increases, the airfoil enters stalled conditions and tfierdnces between the two simulations
are reduced , Figures 7.2 (e) and (f).
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Figure 7.1. Lift and drag coefficient as function of angle tthek of the NACA 65415 at Re =
3.0-1CP.
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Figure 7.2. Surface pressure coefficients of the NACA 6541ail/at Re = 3.0- 10°.
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To check the ability of the codes to compute wind turbineadlsf Figure 7.3 compares VII
computations of the FFA W3-241 airfoil [4] with experimeatsd computations using EllipSys
and XFOIL.

0.20

+ EXP + EXP +

EllipSys EllipSys | *
1.6+ — — —Xfoil 0.16F — — — Xfoil +
Q%uic Q%uic . y

0.4(/

(@) (b)

Figure 7.3. Lift and drag coefficient as a function of the angf attack of the FFA W3-241 at
Re=15-1(°.

From the figures the VIl code is seen to perform very well wihpect to both lift and drag
predictions. Another wind turbine airfoil used for valigeg the code is the S814 airfoil. The
results from computations of this airfoil, shown in Figurd,exhibit similarly good results.
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Figure 7.4. Lift and drag coefficient as a function of the angf attack of the S814 at Re
1.0-10°.

Finally, in order to verify the ability of the code to compuleck airfoils, computations were
carried out for the 30% thick FFA W3-301 airfoil [4]. The rétsufrom these computations are
shown in Figure 7.5. It appears clear that all computing sddeve problems in determining
the correct behavior in the stalled region. This could bateel with the high turbulence level
of the VELUX wind tunnel, which has an open section. The newddde, however, seems
to be capable of predicting the maximum lift value closentpegiments. It should be empha-
sized, however, that as the thickness of the airfoil in@eathe results sensitivity to turbulence
intensity may also increase. A higher turbulent intensitly tigger the laminar to turbulent
transition earlier, consequently the trailing edge separavill appear at lower angles of attack,
moving upstream and obtaining hence a lower maximum lifi@aHere free transition com-
putations have been compared. It is important to note tHigtSsis2D computations running in
fully turbulent mode are in much better agreement with expents.
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Figure 7.5. Lift and drag coefficient as a function of the anof attack of the FFA W3-301 at
Re=15-10°

7.1.2 Two-dimensional Unsteady VII Computations

Dynamic stall conditions are common on wind turbine rotand affect their aerodynamic
performance. Pitch regulated machines will on the uppdrgfahe rotors operate under stall
depending on the wind conditions while stall regulated actt/a stall machines will always
operate under dynamic stall conditions at high wind spelBgramic stall on a wind turbine
blade can be induced by rotor yaw, blade control dynamios, dlantrol devices or changes in
inflow conditions due to the turbulent nature of the atmosigh®undary layer. Most of these
unsteady variations in flow characteristics are seen fraembtade as a temporal change of
angle of attack. Hence accurate predictions of the bladamjmloads are of great importance
in order to design new wind turbines blades with lower cost lagtter performance.

To validate the ability of the unsteady version of the viscowviscid interactive model to sim-
ulate dynamic stall, comparisons of predicted aerodynawedficientsC;, andCp, are carried
out and compared to wind tunnel experiments. Simulatioagparformed by keeping the air-
foil at a fixed position, obtaining the change of the anglettzfck according to variations of the
free stream flow direction as a function of time. Differenhnas of the mean angle of attack
around which the airfoil oscillates,y, various amplitudes of oscillatioi, as well as reduced
frequencieska, are chosen in order to cover dynamic airfoil performancgeura wide span
of inflow conditions. Computations are run until a stableitoh is reached, usually within no
more than a couple of complete loops. In order to force ary éambulent boundary layer, in all
cases the laminar to turbulent transition is forced at atjposof 0.05¢ from the leading edge.
A modifiede€” method is used when the transition point moves upstreanoitnedary layer trip
position. The viscous-inviscid interactive single waked®lds used in all the computations.

As a first validation case is chosen a NACA 0012 profile suliggatharmonic pitch oscillation
aroundamy, = 4° with an amplitudeA = 6°, and a reduced frequendy, = 0.021. The reduced
frequency is defined as:

Tifac
K = U: (7.1)

wherefy is the oscillatory frequency,is the chord length, and., is the free stream velocity.

In Figure 7.6 experimental lift coefficients for static amgtitlating airfoil characteristics, car-
ried out by Krzysiak and Narkiewicz [5], are compared aggimedictions of the VII code and
static measurements carried out at the Sandia Nationalratdy@s [6]. A counterclockwise
loop is formed due to the attached nature of the boundary;lapsteady terms on the boundary
layer equations together with the influence of the unsteadiex wake induce the hysteresis
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effects. These effects grow with the frequency of the asiily movement, i.e. at highé&g,
differences in lift between upstroke and down stroke mogitmlarger. The static experiments
of Krzysiak and Narkiewicz present a lower lift in the vidinbf a = 10°, as compared to the
Sandia Labs measurements. The same difference is obsenezdoomparing the dynamic lift
measurements of Krzysiak against the dynamic lift predingtiof the VIl code.

15 T
= Sandia S Rele6
o Sandia S Re2e6

- - =Krzysiak S Rel.63e6 e ° %
O Krzysiak U Rel.63e6 .
1f == eNRG U Re1.63e6 e n
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Figure 7.6. Comparison between computed and measured dgistetic lift data of the NACA
0012 airfoil with: am = 4° , A= 6°, ka = 0.021, and Re =1.63- 10°

As a second study case, the NACA 0015 airfoil was chosen. tfitrpats reported by Galbraith
et al. [7] performed at the University of Glasgow are used/édidation of the unsteady version
of the VII code. In this case the NACA 0015 profile follows a imanic pitch motion with a
mean angle of attaclqy, = 11.37°, an amplitude of oscillationA = 4°, and a reduced fre-
quencyka = 0.102. Computed values of normal and tangential force coefftsiare compared
against measurements in Figure 7.7. From Figure 7.7, gredscof dynamic forces around
the airfoil are seen to be in good agreement with measuresri@oth computations and exper-
iments show how the flow fully reattaches to the airfoil sagfaroundx = 3° during the down
stroke movement, creating a counter clockwise hysterétsisdp.
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Figure 7.7. Comparison between computed and measured dyriarces coefficients of the
NACA 0015 airfoil with:o, = 11.37° , A= 7.55° and ky = 0.102 and Re =1.5- 1(°.

7.1.3 Two-dimensional Inviscid Double-Wake Computations

Because of poor performance of the single wake model at dakpasnew approach for com-
puting airfoil performance at high angles of attack has mreloped. Knowing that the low
performance is due to the lack of accuracy of solving thegirsieboundary layer equations
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for flows with massive separation, in the new model the boontdger is neglected and the

flow is considered purely inviscid. Instead the pressurdééseparated region is modeled by
introducing an extended inviscid panel method. This mosle¢ferred to as the double wake
model, due to the dual treatment of the separated regiondrshear layers leaving the airfoil

and converging downstream. Separation is one of the phamomith the strongest influence

on the aerodynamic design of wind turbine blades. Lift armbdorces are strongly affected

when the flow undergoes separation, causing an exponariehhent of drag at the same time
as the lift curve stalls.

The bubble type of separation has been studied widely anditfieulties of modeling this
kind of phenomena stems from the problem of predicting tlesgure level in the separated
region as well as determining the exact position where ttaela¢d boundary layer undergoes
separation. The double wake model will allow us to computh &ihigh degree of accuracy
the pressure distribution all over the airfoil, includinetseparated region. The double wake
model will generate a vortex sheet that leaves the airfoihfthe separation point at the same
time as the trailing edge is releasing vorticity throughtheovortex sheet. The uniform vortex
distribution around the two wakes will influence the tangantelocities at the airfoil surface,
creating a region of reversed flow, which simulates the sejoar effect of the flow around an
airfoil at high angles of attack. The region of fluid surroumgdthe airfoil and the separated
wake is irrotational, and, assuming that the Mach numbemis compressibility is negligible.
The area in between the two wakes does not contain any semifiorticity and has a more or
less constant total pressure, and thus it is taken to be atmdtitow region. The flow will then
be assumed irrotational everywhere except in the two cathBheets of constant vorticity that
forms the separated wake. The initial shape of the wake &mdd iteratively starting from an
initial condition. As initial condition the wake sheets aspresented by two straight lines in
between the separation points and a common point downstream

To validate the double wake model, the pressure distribugimund the airfoil surface has
been computed for different airfoils at different anglestifick in stalled conditions. Double
wake model predictions are compared against experimehessé&paration position at which
the upper wake is shed is for all the considered cases obthiom the experimental pressure
distribution. In Figure 7.8 inviscid double wake model m@® computations are compared
against wind tunnel measured data at a Reynolds nuRé&er6.3- 10°. The simulated airfoil
isaNACA 4412 at 17.6 and 22.1 degrees angle of attack. Exgertial data used for validation
was published in a NACA report by Robert M. Pinkerton [8]. Borangle of attack of 18°,
the separation point is forced at 0.5331c in simulation® psition of separation is obtained
from the experimental pressure distributions. At 22.1 degithe separation position is forced
at 0.1674c, obtained with similar procedure as in the firsecAta = 17.6° a good agreement
with measurements is achieved for both the upper and lowtreipressure distributions. The
pressure peak is captured with high accuracy and also teetathich the pressure recovers
until separation is reached. In the caseof 22.1°, a fairly good agreement is obtained for the
suction surface, despite the fact that the absolute valdleeopressure peak is slightly under
predicted. In Figure 7.9, wind tunnel measurements of thiase pressure distribution around
a GA(W)-1 airfoil are compared against the double wake mpdadictions. The experiments
were carried out at the NASA Langley Wind Tunnel installati®]. The Reynolds number
in the experiments iRe= 6.3- 10° and a boundary layer trip was placed at 0.08c from the
leading edge. Comparisons are presented for angles ok attac= 20.05° anda = 21.14° re-
spectively. In both cases, with the separation positioardgined from the experiments, nearly
perfect agreement is achieved.

The drawback of the double wake model is of course that it ael®a priori knowledge of
the position of the separation point. In the present work aeetonly focused on comparing
airfoils where we know the position of the separation pditdwever, in a further development
of the code we intend to establish a data base on airfoil ctenistics and employ this to
parameterize the position of the separation point. Thuswkmg the point of separation as a
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Figure 7.8. Surface pressure coefficients of the NACA 44d8ileat Re = 6.3-10° (a) a =
17.6°%; (b) a =22.1°

10

10

-C

@) (b)

Figure 7.9. Surface pressure coefficients of the GA(W)-bihiat Re = 6.3- 1, (a) a =
20.05% (b) a =2114°

function of airfoil thickness, camber line, Reynolds numbgoe of airfoil, ambient turbulence,
etc, we hope to come up with a simple code capable of givingia characteristics of airfoils
operating at high angles of attack.

7.1.4 Quasi Three-dimensional VII Computations

It is known that two dimensional measurements under préiclift forces on rotor blades in
stalled conditions. Centrifugal and Coriolis forces appe&pin the rotational boundary layer
are the most likely causes of the enhanced aerodynamicsforbe centrifugal force will pro-
duce a span wise outward velocity component which will gige to Coriolis forces that will
act as a favorable pressure gradient in the chord-wisetitired he centrifugal force also tends
to reduce the thickness of the boundary layer by the outwarcement of the fluid, more com-
monly known as the centrifugal pumping effect. It is knowatttotational effects are stronger
in regions close to the rotational axis and close to staltl@@ns, although a detailed study of
the phenomenon has not yet been done. One of the objectitles pfesent study is to obtain a
deeper understanding of the influence of rotation in the bagnlayer. In the present work an
interactive viscous-inviscid model has been developel eapability of solving the quasi-3D
unsteady incompressible boundary layer equations. Taeetthe 3D boundary layer equations
to the quasi-3D ones, an assumption that simplifies thelrdglizvatives has been implemented.
Hence the three dimensional boundary layer equations hese teduced to two dimensions
and formulated in integral form with additional rotatiot@ims that take into account the span-
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wise velocity profile. The errors introduced by these asgionp are known to be small due to
the small order of magnitude of the radial components of thenbary layer. With the present
method we are capable of predicting the influence of rotatiotift and drag performance of

a two-dimensional airfoil section of a rotating blade. Yawiow, however, falls outside the

capabilities of the code. Radial derivatives are simpliisduming a high local aspect ratio of
the blade cross section.

To demonstrate the influence of the rotating effects in doiagection, a study of the aerody-
namic performance of a S809 airfoil subjected to rotationiteen carried out and is presented
herein. The simulations are carried out at a Reynolds numb#i0- 10°. The transition of
the boundary layer from laminar to turbulent flow is forced &5c from the leading edge. In
Figures 7.10 lift variations as function of the chord-ragiatio, c/r, are shown for four values
of the rotational numbeRO= Q r /U, , WwhereQ is the rotational velocity of the rotor and
Urel is the local relative velocity. Generally as RO increasesintaining a constant c/r ratio,
the lift increases. As a consequence, an increase in RQséswn increase in maximum lift
coefficient. In a similar way, as the ratio c/r increasesntaaning RO constanti(C. = C max)
increases, retarding stall in a similar way. After the maximlift is reached the airfoil stalls,
resulting in a negative lift slope fax > a(C. = Cmax), Which increases for larger c/r ratios.
Centrifugal and Coriolis forces create a favorable presgmadient that thins the boundary
layer and retards separation. At low angles of attack, ttached flow, the rotational forces
induce a thinner boundary layer. Since separation is nolved, the higher lift is created be-
cause of the lower obstruction exhibited by the thin bountirer against the free stream flow.
At higher angles of attack a delay in the separation locatgredicted due to the favorable
pressure gradient generated by rotation. A strong radial fiesent in the bottom of a sepa-
rated boundary layer modifies actively the lift charactarssof the airfoil sections. The later
separation appears, the faster it moves towards the leadigg after stall is reached, this ex-
plains the drastic decrement in lift far> a(CL=CLmaX. In the cases in which the influence
of Coriolis and centrifugal forces are sufficiently largee flow remains attached to the airfoil
surface even at high angles of attack. In these cases tlvclilases linearly with the angle of
incidence.
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Figure 7.10. Influence of rotation on lift coefficient as ftion of angle of attack and rotational
number, RO. S809 airfoil./c varies from 0.1 to 0.9; Re£.0- 10°.

7.2 Vortex models for optimum inverse design of wind turbine blades

7.2.1 Analytical models

In the history of rotor aerodynamics two 'schools’ have doated the conceptual interpreta-
tion of the optimum rotor. In Russia, Joukowsky [10] definleel bptimum rotor as one having
constant circulation along the blades, such that the vaeststem for aiN,, bladed rotor consists
of Ny helical tip vortices of strength and an axial hub vortex of strengtiiNyI". A simplified
model of this vortex system can be obtained by representiby a rotating horseshoe vor-
tex (see Figure 7.11 a). The other school, which essentialy formed by Prandtl and Betz
[11], assumed that optimum efficiency is obtained when thitution of circulation along the
blades generates a rigid helicoidal wake that moves in tteetithn of its axis with a constant
velocity. Betz used a vortex model of the rotating bladegtam the lifting-line technique of
Prandtl in which the vortex strength varies along the wirgs(igure 7.11 b). This distribu-
tion, usually referred to as the Goldstein circulation fiim, is rather complex and difficult
to determine accurately [12]. In both cases only concepdeals were outlined for rotors with
finite number of blades, whereas later theoretical worksmaoncerned actuator disk theory.
Hence, in practice, wind turbine blades are modeled usiad@®Element Momentum (BEM)
theory, corrected by the tip correction of Prandtl.

It should be noted that none of the models fully simulatesitiigal vortex development behind
a turbine. Typically a system of trailing vortices are fodnen the rotor due to the radial
distribution of circulation. This system further forms & sé helicoidal vortices, which, due
the mutual interaction between the vortex lines, startotbup, eventually forming a flow
field dominated by strong tip and root vortices. The roll-upgess is initiated rather quickly
and typically the tip vortices are formed after a half raiatiof the vortex system. Further
downstream, due to the inherent instability of the helicatices, this system becomes unsteady

Risg—R-1803(EN) 83



and breaks down into small-scale turbulence, forming thevéke [13], [14].

(a) (b)

et =

Figure 7.11. Sketch of the vortex system correspondindtiiodiline theory of the ideal pro-
peller of Joukowsky (a) and Betz (b)

Recently, we have derived an analytical solution for roteite Goldstein distributions of cir-

culation along the blade (Betz rotor) [15], [16] and [17]ngsia new analytical model of the
velocity field induced by helical vortices. In the presentkvave exploit the analytical model
further to develop a vortex theory of a rotor based on the eptscoutlined by Joukowsky us-
ing constant circulation along the blades (Joukowsky jofwth solutions enable for the first
time to compare the theoretical maximum efficiency of wintbines with Betz and Joukowsky
rotors.

In the vortex theory each of the blades is replaced by adjftime on which the radial distri-
bution of bound vorticity is represented by the circulatios I'(r) which is a function of the
radial distance along the rotor blade. This results in a yaréex system consisting of helical
trailing vortices, as sketched in Figures 7.11. Using vottieory, the bound vorticity serves to
produce the local lift on the blades while the trailing voes induce the velocity field in the
rotor plane and in the wake. As illustrated in Figure 7.12udlecity vector in the rotor plane
is made up by the rotor angular veloc@®y, the undisturbed wind spe&d,, the axial and cir-
cumferential velocity components, andug, , respectively, induced at a blade element in the
rotor plane by the tip vortices, amg,, the circumferential velocity induced by the hub vortex.
The fundamental expressions for the forces acting on a flagere 7.12) is most conveniently
expressed by the Kutta-Joukowsky theorem, which in vectonfreads

dL = pVo x I dr, (7.2)

wheredL is the lift force on a blade element of radial dimensibn\Vj is the resultant relative
velocity andp is the density of the air.

From the above equation, we can write the local tordQef a rotor blade as follows

dQ=pr (Us — Ug)rdr, (7.3)

Integrating this equation along the blades and summing amet'the following expression for
the power output? = QpQ,

R
P prQo/ [ (Ue — Ug) r dr, (7.4)
0

whereR s the radius of the rotor.

To determine the theoretical maximum efficiency of a roterplwer coefficient is introduced
as follows,
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Co=P/ (%anZUS) , (7.5)

The maximum power that can be extracted from a stream of atagted in an area equivalent
to that swept out by the rotor corresponds to the maximumevaiihe power coefficient.

The Joukowsky rotor

In the vortex theory of the Joukowsky rotor each of the blade®placed by a lifting line
about which the circulation associated with the bound eitytis constant, resulting in a free
vortex system consisting of helical vortices trailing fréime tips of the blades and a rectilinear
hub vortex. The vortex system may be interpreted as congisfirotating horseshoe vortices
with cores of finite size, as sketched in Figure 7.11 (a) wiksaleproduced from the original
Joukowsky drawing'’s . The associated vortex system cansist system of helical tip vortices
of finite vortex coreqe << R) with constant pitcth and circulation. The vortices move
downwind (in the case of a propeller) or upwind (in the casa wind turbine) with a constant
velocityU. (14 V) in the axial direction where denotes the difference between the wind speed
and the axial translational velocity of the vortices. Démgpthe angle between the axis of the
tip vortex and the Trefftz plane aB (see Figure 7.12 a ), the helical pitch of the multiplet is
given as

h=2nRtam, or |/R=h/2nmR=tand (7.6)

(h)

0 E
D £
U=,
@
~
2
= Vo
é‘ 2or + ug,
=

Figure 7.12. Velocity and power triangles in the rotor plasféa) Joukowsky rotor and (b) Betz
rotor.

The free vortex lines are made up by vortex cores of finite Bizerder to avoid singular
behavior. The vortex cores are collinear to the axes of ttiedidines and their vorticity is

assumed to be uniform and densely distributed across theaross-section. In cylindrical
coordinateqr,8,z), the components of fluid velocity induced s helical vortices in the

domain outside the vortex cores constitute an infinite sesfeBessel functions. However,
following the approach by Okulov [18], these equations carpbt into a relatively simple
closed form. Using the simplified equations derived by OkJli8] it has for the first time

been possible to determine the performance of the Joukorestywith finite blades. We will

not here go into the detail about these equations, but just some relations resulting from
the analysis. Introducing the azimuthally averaged indwoeal velocity as

1 21
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we get

Npl
(U)g =0 forr >R and(uy)g = ﬁ =constforr <R (7.8)
It should be mentioned that the dimensionless averaged@wlaxial velocity in the wake
(0 < r < R), which is identical to the total axial wake interferencetfa@, takes the same
constant value

Npl™
aUs = ((Uz)g)grr = ol (7.9)

The vortex system also includes a rectilinear hub vortexrehgith—Ny I, resulting in a simple
formula for the additional induced velocity that only castsiof the circumferential component,

MNp

Vo= ———
B o1

(7.10)

Defining the azimuthally averaged azimuthal velocity inelliby the helical vortices as

1 21
(Ug)g = 51/0 Ugd, (7.11)
we get
Vglr=Rr = — (Ug)g[r=R (7.12)

To eliminate the singularity of the induced velocity fieldtive vicinity of the vortex filament
the vortex system is represented by a set of helical vortiggsfinite core. For an unexpanded
wake originating from a rotor with infinitely many bladesetbonvective velocity of the vortex
system equals half the averaged induced axial velocityamtaike. This is sometimes referred
to as the 'roller-bearing analogy’. Although this approaimn cannot be rigorously justified
for a vortex system consisting of a finite number of vortiaes,employ the same analogy by
assuming that the helical vortices are transported witledive axial speedy, that corresponds
to half the averaged induced velocity,

(7.13)

where a correction of small expansion of the cross-sectidhewake is made in order to
include the radius, of the vortex cores. Introducing the non-dimensionalipéaad radius of
the vortex coreg = ¢/R, from simple geometric considerations in the rotor plareeghgular
pitch is given as

Ueo — Uz |, _ Us(1-v) U [1-2a(l+0)]
QoR+ ‘er‘ QoR - QoR

I

—r— |Veol_r -

Exploiting the various relations, the power can be deteechiinom the following integral

P=priR?USa (1— ;(1+ 0)) (1 a/ol Uz (X, O)xdx> (7.15)
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Performing the integration and introducing the dimenseslpower coefficient, we get

1 1
Cp=2a (1— EaJl) (1— Ea\]g) (7.16)

whereJ; = 1+ 0 andJz = 2 [y Uz(X,0)xdx For a given helicoidal wake structure, the power
coefficient is seen to be uniquely determined, except foptirametea. Differentiation ofCp
with respect ta yields the maximum value @p,,,,, resulting in

2
a(Cp = Crna) = 333 (Jl RN A T .J32> (7.17)

The Betz rotor

To compare the efficiency of the Joukowsky rotor with the Betar, we here outline the main
points of the derivation of the aerodynamics of the Betzrm{tar more details we refer to [15]
and [16]). In this model, which is based on Lanchester-Rtavidg theory, the vortex strength
of the lifting line varies along the blade span, following tho-called Goldstein distribution.
This results in a vortex sheet that is continuously shed filoentrailing edge (Figure 7.11 b
). Betz showed that the ideal efficiency is obtained when thgilution of circulation along
the blade produces a rigidly moving helicoidal vortex sheih constant pitchh, that moves
downwind (in the case of a propeller) or upwind (in the case @find turbine) in the axial
direction of its axis with a constant velocity. (1 + w). The associated vortex system to the
wake consists of a regular helical sheet extended to infinityoth directions. Denoting the
angle between the vortex sheet and the Trefftz plare @&e Figure 7.12b), the pitch is given
as

h=2mrtan® or, I/r =h/2rr =tan® (7.18)

wherer is the radial distance along the sheet. Since the sheemisldtad with constant rel-
ative axial speedyU.,, the induced velocity comprises only the compongudt,cosd that is
‘pushed’ normal to the screw surface (Figure 7.12b). Thalaand circumferential velocity
componentsl; andug induced by the infinite sheet at the sheet itself are thegafimen as

Ug = WU,cosbsin® and 1 = WU,coS®d (7.19)

From simple geometric considerations these equationgauétten as

2

Xl
Ug = WUe5——, and 4 =wU,

R (7.20)

124 x2°
wherex = r /Ris the dimensionless radius.

Goldstein [19] was the first who found an analytical solutiorthe potential flow problem of
the moving associated vortex system consisting of an ieftméical vortex sheet. In his model
a dimensionless distributiadB(x, ) of circulation was introduced as follows

Nol (%, 1) = 2wWUG(x, 1) (7.21)

Using an infinite series of Bessel functions, Goldstein Eijceeded in obtaining an analytical
solution to the problem, but fa¥, = 2 and 4 only. We have recently computed the Goldstein
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Figure 7.13. Computed Goldstein function for 3 blades affigdint values of helical pitch.

circulation functionG(x,1) for all relevant combinations of the wake pitttand number of
rotor bladesN,. In Figure 7.13 we sketch the Goldstein function for a 3-bthtbtor subject to
various helical wake pitch values.

From geometric considerations in the rotor plane (Figut@h), the angular pitch is given as

Uo—2U;  Uo(l—2w) |
tand = 22 ol LU (7.22)
Qol’—i—?Ue Qol’ r

This equation can be also written as

Qol = U, (1— %w) (7.23)

Combining the various equations, the power can be detethfinen the following integral

_ sw(1- ") [* WX
P = priR2U3w (1 2)/02@(x,|)<1 2X2+|2)xdx (7.24)

Performing the integration and introducing the dimenseslpower coefficient, we get

1 1
Cp=2w (l— §W) (|1 — §W|3) (7.25)
where
1 1 x3dx
I1:2/0 G(x,1)xdx and 13:2/0 Gl s (7.26)

The coefficientd; andls are usually referred to as the mass coefficient and the axéabg
factor, respectively.
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For a given helicoidal wake structure, the power and throsfficients are seen to be uniquely
determined, except for the parameter Differentiating of Cp with respect tow yields the
maximum value oCp,,, , resulting in

2
W(cpchmax):3—|3 <|1+|3_\/|f—|1|3+|§> (7.27)

7.2.2 Performance of the Joukowsky rotor and the Betz rotor

Figure 7.14 presents the optimum power coefficient of botldetsfor different number of
blades as function of tip speed ratio. From the plots it islent that the optimum power co-
efficient of the Joukowsky rotor for all number of blades ik than that for the Betz rotor.
The difference, however, vanishes for— o or for Ny — o, where both models tend towards
the Betz limit.

(a) 0.59 (b) 0.59
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Figure 7.14. Power coefficientspCof an optimum rotor as function of tip speed ratio and
number of blades. Left: Joukowsky rotor; Right: Betz rotor.

In Figures 7.15 and 7.16 we show the resulting plan formseftwo optimized rotors at a tip
speed ratio of 4 and 8, respectively. It is here seen thatplimam twist (local pitch) distri-
bution is nearly the same for the two rotor designs. Furtloeenthe two design tends toward
the same distributions of both twist and chord when increathie tip speed ratio. The main
difference between the two designs are found at the roottentift. This is easily explained by
the difference in the load distribution, where there Gaadstlistribution of circulation causes
a more smooth gradual change in the chord distribution tharconstant circulation in the
Joukowsky model.

7.2.3 Numerical model

For more general design purposes, a design and optimizaetida based on a lifting line
method coupled with a Lagrange multiplier approach has kieeeloped [20]. In this model
the circulation distribution minimizing the induced lossdetermined, and the blade geom-
etry is consequently derived using 2-D airfoil data. Ailfeiscous drag contribution can be
included by adding it to the inviscid optimal solution. Thede has been generalized to handle
planar as well as non-planar blade geometries.

Two representative configurations were studied: a simplehet, familiar from the aviation
world, and a spiroid tip. The latter is a representative otrhay be called highly nonplanar
configurations.
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Figure 7.15. Comparison of chord- and twist-distributiginsferred as pitch in the figure) at
tip speed ratio TSR=4. Left: Chord distribution rotor; RigAwist distribution.

Chord distribution Pitch distribution

Pitch [degrees]

Joukowsky | : . 7 & P oy e v o

Betz H i N i ——Bstz

i h i H i i i . i L i i
0 01 02 03 04 05 06 07 08 09 | 0 01 02z 03 04 05 06 07 08 09 1
il rkl

(@) (b)

Figure 7.16. Comparison of chord- and twist-distributiginsferred as pitch in the figure) at
tip speed ratio TSR=8. Left: Chord distribution rotor; RigAwist distribution.

As wake model, a simple fixed pitch helical wake is used. Ircéee of non-planar blades, the
wake helix is locally displaced as required, but it maingaime same pitch. In the planar blade
case, it is completely consistent with the classical Geldssolution. For non-planar blades,
however, there is no rigorous justification for the validifithe helical approach, and therefore
it must be considered as an approximation. An attempt toldp\emore sophisticated wake
model, a hybrid between a free wake and a fixed pitch wake, wesutcessful. It was found
that, on one hand, the results obtained from this hybrid hadeno more accurate than the
results obtained from the fixed pitch model. On the other hdradhybrid model is much more
elaborate. Keeping in mind that for a preliminary designpmses a simple and robust code is
desired, it is reckoned that the fixed pitch model is sufficienthis purpose. A time-stepping
free wake code has been developed as a means of a furthetatgiiiof the design code. In
practice, the usage of this free wake code has been limitetbdihe prohibitive long run times.
However, a few important insights were gained. It has beewslthat, in the planar blade case,
there is a good agreement with the design code. Additionialigs been shown that there is
a fair agreement with some reference results in a case oéblaith winglets. An important
conclusion is that the design code is over-predicting thifopmance of tip devices due to the
simplifications inherent to the simple fixed-pitch wake moti¢hile still effective, the effect
of these devices is actually confined to their immediatenitigi as revealed by the free wake
analysis.
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7.3 Summary

A viscous-inviscid interactive (VII) boundary layer cod® predicting airfoil performance has
been developed and validated. The code is capable of comgdidivs with moderate stall. The
model is extended with capabilities of simulating unsteffaly behavior (e.g. pitching airfoils),
and it can take into consideration the influence of wind tlinadls as well as rotational effects
(Coriolis and centrifugal forces). Further, a special imrof the code has been developed to
cope with massive 'bubble-type’ stall using a two-wake pafigtribution. As compared to
experiments and computed results using other codes, thee @amerally produces excellent
results.

Both analytical and numerical inverse vortex codes have degeloped and employed to pre-
dict aerodynamic optimized rotor plan forms following ceptual ideas outline by early aero-
dynamic theories. The analytical models can be employediry out initial rotor design.
For more comprehensive design purposes, however, it iSreztjio employ the numerical ap-
proach. In a continuation of the project the VII model will teupled directly to the numerical
design code, hence combining the design of airfoil sectwatisthe plan form of the rotor.
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8 Flatback Airfoil Analysis

Author: Niels N. Sgrensen

8.1 Introduction

The present study deals with so-called flatback airfoildctvare airfoils especially designed to
have arelatively thick trailing edge. In contrast to truleckairfoils as discussed by Hoerner [1],
as e.g. the FX77-W-343 , flatback airfoils can be designeld svidesired camber distribution.
Earlier studies [2],[3], have shown that flatback airfoiésmmbtain high lift at the cost of the
glide ratio. The increase in drag will mainly be caused byelthag on the vertical trailing edge
of the airfoil. In connection with the design of wind turbingtors, flatback airfoils could be
attractive from a structural point of view, while for inbasstations where the drag is mainly
pointing in the thrust direction, the additional drag mayldss important than the increase in
lift.

The present study includes the following ingredients: a #Hady and unsteady evaluation of
the predictive capability of the RANS version of the Ellig2 solver: a DDES study of a 3D
blade section to investigate some of the features obsemviie i2D study: and finally, a small
example of a parametric study of possible ways to designlzeftétairfoil.

8.2 Numerical study

8.2.1 Flow Solver

The in-house flow solver EllipSys in its 2D and 3D versions ased in all computations
presented in this paper. The code is developed in co-oparagtween the Department of
Mechanical Engineering at the Technical University of Dankrand The Department of Wind
Energy at Risg National Laboratory, Risg-DTU, see [4, 5] [&d

The EllipSys code is second order accurate in time, using@skorder backward differencing
time discretization and sub-iteration within each timepste the present computation, the
diffusive terms are discretized with a second order cedifdrencing scheme. For the RANS
simulations the convective fluxes are computed using thd thider accurate QUICK scheme
of Leonard [7]. For the DDES runs, the QUICK scheme is usediferRANS regions while
a fourth order central scheme is used for the regions wher®DES model has switched to
Large Eddy Simulation (LES) technique.

In the present work the turbulence in the boundary layer idetedl by the kw Shear Stress
Transport (SST) eddy viscosity model [8] using it both instandard RANS form but also
as a DES model as proposed by Strelets [9] with the Delayeddhet Eddy Simulation
(DDES) technique of Menter and Kuntz [10]. The effects of ilsan/turbulent transition in
the boundary layer on the blade is modeled with\ﬁhdiva; correlation based transition model
of Menter [11], for the present implementation see [12].

For the 2D cases, both steady state simulations and trasgienlations are performed using
the SIMPLE algorithm. For the unsteady simulations, a disimress time step of & 102

is used along with four sub-iterations within each timesfEipe dimensionless timestep is
defined by Equation 8.1, whefis time s,U. is the free stream velocity m/s, adis the
airfoil chord m. For the 3D DDES cases, transient simulatiare performed with a time step
of 1 x 1072, here using 6 sub-iteration.

o TUs (8.1)
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The following inflow parameters are used. The inflow veloistgpecified as 1 m$, a density
of 1 kgm 2 and the viscosity was adjusted to obtain the correct Regrmulthber based on an
airfoil chord of 1 m. With a typical domain size ef 40 Chords, setting the specific dissipation
ratew = 1 x 10* s~! a natural transition scenario withu = 0.07% requires a inlet value of
the turbulent kinetic energly= 1.14x 10~2 m?s~L. For the 3D computations including the
tunnel walls, preventing the natural decay of turbulen&&taplace in the 2D simulations,
w=1x10sTandk=1.0x102m?s ! are used.

8.3 Grid generation

All meshes needed for the computations in the present walganerated with the 2D en-
hanced hyperbolic grid generation program HypGrid2D [B34&D slice. The 3D grid is then
generated by sweeping the grid in the span-wise directemFgure 8.1.

For the 2D airfoil computations, an O-mesh configuratiomi20 cells around the chordwise
direction, and 128 cells in the wall normal direction with @fficell height @’) of 1x10°6
assuringy™ < 2 and the outer domain boundary placed approximately 40ddeogths away
from the surface. The surface of the airfoil is specified asligy while outlet conditions as-
suming fully developed flow is specified for a region downrestneof the airfoil covering form
-20 degree below to 45 degrees above horizontal. Along thairéng part of the outer bound-
ary inlet conditions are specified.

For the 3D DDES computations, a slightly more complex coméigan is used to improve
the resolution in the airfoil wake. Here a inner O-mesh of 8R0rdwise and 160 normal
cells is embedded in a outer stretched Cartesian grid, sperd=B.2. Horizontally the mesh
extends approximately 9 chords up- and downstream andtalytd chords above and below
the airfoil. For the stretched Cartesian grid, 128 cellswsed in vertical direction, with 32
above and below the O-mesh section. In the horizontal dinecB2 cells are used upstream of
the O-mesh section, 96 cells along the O-mesh section andlB&lownstream of the O-mesh
section. In the span-wise direction 128 cells are used albadlx C span, with stretching
towards one side of the domain to allow resolution of the loauy layer developing on the
tunnel wall. The spanwise cell size at the tunnel wall%%) (of 1 x 10~° with expansion away
from the wall to give a cell size of%l) of 1.26 x 1072 over most of the spanwise length, see
Figure 8.3. The grid has in total 9.4 million cells. The sagaf the airfoil is modeled as a no-
slip surface. The Cartesian upstream plane is specifiedegsihile the Cartesian downstream
plane is specified as outlet using an assumption about felgldped flow. At the top and
bottom boundaries slip conditions are enforced, while thenllaries in the spanwise direction
are specified as slip for the tunnel center plane and no+dligaunnel wall where the boundary
layer is resolved. For some of the computations, the noesliglition at the wind tunnel wall
was changed to slip-conditions, to investigate the impmeaof the developing boundary layer
on the tunnel wall.

8.4 Verification of the predictive capability of EllipSys2D for flatback
airfoils

As the number of available flatback airfoils in the open #tere is very limited, the FX77-W-
343, FX77-W-400 and FX77-W-500 series of truncated asfaile included in the evaluation.
Even though these are designed in a different way, the prabéssociated with the numerical
computations must be expected to be very similar to the problof predicting a flatback
airfoil. Afterwards, a series of real flatback airfoil, nadgnthe FB-3500-0050, FB-3500-0400
and the FB-3500-1750 airfoils are examined.

The series of computations performed are listed in TableAsIcan be seen from the table,
both steady state and transient computations are perfoaae¢kll as using both fully turbulent
and transitional computations. One needs to be aware thétlll turbulent computations are
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Figure 8.1. Grid detail around the fb-3500-1750 airfoil,sking the inner part of the 2D O-
mesh topology.

Figure 8.2. Grid topology in the chordwise plane for the 3D B® computation, showing a
sketch of the inner O-mesh embedded in the outer stretchedszm grid.

not necessarily equal to tripped experimental conditiassthe fully turbulent computations
only allows the fully turbulent boundary layer to develogtvaut modelling the actual physics
of the tripping of the boundary layer. The modelling of thpping could be attempted with the

transition model, by specifying a trip point and a productiactor in the trip region. This was

not attempted here, as this requires parametric calilorédioneet the experimental conditions
of the physical tripping.

Typically, in all computations we strived to reduce the desils four orders of magnitude to
assure iterative convergence. Using steady state asamafior thick airfoils, where separation
often will take place eg. at the thick trailing edge, iterattconvergence may not be obtained.
In these cases the solution was continued until a periodie stas reached, and the averaged
value was computed. For the transient simulations, thateuations assures that the residuals
stay approximately below the four order of magnitude dater
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Figure 8.3. 3D grid details, showing in the upper frame a 3Bwiof the blade section and
tunnel wall, and below the resolution normal to the wind teinmall.

8.4.1 FXT77-w-XXX airfoils

The FX77-W-XXX geometries are constructed by truncating ehiginal 34.3 percent thick
FX77-W-343 to obtain a 40 percent thick airfoil, FX77-W-4@@d the 50 percent thick airfoil
FX77-W-500. As can be seen in Figure 8.4 the truncating m®oesults in airfoils with much
lower camber.

(=

Figure 8.4. The three FX77-W-XXX airfoil geometries, fraft to right FX77-W-343, FX77-
W-400, FX77-W-500.
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Table 8.1. Computational cases

Airfoll Reynolds Number Steady Transient Turb/Transitibn
FX77-W-343 3 mill. Steady - Transitional
FX77-W-343 3 mill. - 1x 1072  Transitional
FX77-W-400 4 mill. Steady - Transitional
FX77-W-400 4 mill. - 1x 1072 Transitional
FX77-W-500  2.75 mill. Steady - Transitional
FX77-W-500  2.75 mill. - 1x 102  Transitional
FB-3500-0050 666.000 Steady - Turbulent
FB-3500-0050 666.000 Steady - Transitional
FB-3500-0050 666.000 - 11072 Turbulent
FB-3500-0050 666.000 - 2102 Transitional
FB-3500-0875 666.000 Steady - Turbulent
FB-3500-0875 666.000 Steady - Transitional
FB-3500-0875 666.000 - 2102  Turbulent
FB-3500-0875 666.000 - 12102 Transitional
FB-3500-1750 666.000 Steady - Turbulent
FB-3500-1750 666.000 Steady - Transitional
FB-3500-1750 666.000 - 2102  Turbulent
FB-3500-1750 666.000 - 2102 Transitional

The measurements for the FX77-W-XXX airfoils are taken fratthaus [14]. As all mea-
surements are performed without tripping of the boundaygran The Laminar Wind Tunnel
of Stuttgart, a low turbulent scenario resulting in a ndttnansition scenario is used in the
computations. The results are shown in Figure 8.5 to Figute 8

The FX77-W-343 shown in Figure 8.5, is well predicted withpect to lift, drag and pitching
moment. For this case, the steady state approximation anlahsient computations predict
nearly identical results. There is a tendency towards kEgparation for the transient simula-
tions, but both the lift computed by the steady and transigthodology are embedded in the
hysteresis of the measurements.

The FX77-W-400 airfoil is shown in Figure 8.6, is not quitevasll predicted as the thinner
FX77-W-343 airfoil. For the lift, the steady state simuteis outperform the transient com-
putations, by capturing both the linear region plus stayiiithpin the stall hysteresis loop of
the measurements. In contrast the tendency of high liftiptieds by the transient method here
leads to over-prediction of Cl-max. For the drag, the redalopposite with superior agreement
of the transient predictions, actually capturing the deagl of 0.03.

For the FX77-W-500 airfoil, which is very different from a moal airfoil shape, the steady
state simulations give quite good results capturing thealifift region well, along with the
Cl-max, see Figure 8.7. In contrast to the FX77-W-400, wieag was predicted best with the
transient method, the steady state simulations captumrégeof the FX77-W-500 quite well.

Concluding from all of the tree airfoils, the less physicBl&eady state simulations in general
out-perform the more physical 2D transient simulationghétter capturing the Cl-max. Based

ondrag the study is less conclusive, but generally bothr#imsient and steady state simulations
capture the increasing drag trend when going from the th&ht84he thick 500 airfoil.

8.4.2 FB-3500-XXXX airfoils

The FB series of airfoils was generated during the projemtdvative Design Approaches
for Large Wind turbine Blades’ see [15]. The airfoil sectisngenerated by combining the
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Figure 8.5. Comparison of measured and computed lift, dradgjrmaoment for the FX77-W-343
airfoil at a Reynolds number of 3 mill. Both steady and transicomputations are shown.
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Figure 8.6. Comparison of measured and computed lift, dradyraoment for the FX77-W-400
airfoil at a Reynolds number of 4 mill. Both steady and transicomputations are shown.

suction side of a thick NREL airfoil section and the presside from a LS-1 series airfoil, see
Figure 8.8. The FB-3500 airfoil series was chosen due tdahifify of measurements in the
open literature, see [16]. The measured lift, drag and pitcmoment published in [16] was
not available in digital form and were digitized from the pldfcuments. While the coordinates
of the FB-4000-XXXX airfoil series are published, this isttioe case of the FB-3500-XXXX
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FX-77-W-500, Re=2.75 mill FX-77-W-500, Re=2.75 mill
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Figure 8.7. Comparison of measured and computed lift, dradjrmoment for the FX77-W-500
airfoil at a Reynolds number of 2.75 mill. Both steady anch&iant computations are shown.

airfoil series. To circumvent this problem, the airfoil pleawere digitized from [16]. To verify
that this procedure was sufficiently accurate the same gruoeewas first applied to the FB-
4000-XXXX series where actual coordinates exist. Compgaciomputations based on actual
coordinates with computations based on digitized cootdsahowed negligible differences
confirming that the digitized coordinates could be used.

The measurements for the FB-3500-XXXX airfoil sections evperformed in the aeronautic
wind tunnel at UC Davis, and with both free and tripped boundayer. In the following,
computations using the EllipSys2D will be performed usioghbsteady and transient compu-
tations. Both fully turbulent and free transitional conmgttigns are compared with the measured
values, see Figure 8.9 to Figure 8.14.

For the FB airfoil with the thinnest trailing edge, the FBE850050 and free transition scenario
the lift slope is approximately correct while the zero lifighe is offset to higher angles of

attack, see Figure 8.9. Looking only at the lift for this gake transient computations perform
better than the steady state computations. For the draggifeement is quite good for both

approaches, while the conclusion regarding the pitch momey be less clear.

For the fixed transition case for the FB-3500-0050 airfoilingar lift region is nearly not
present in the measurements, see Figure 8.10. In contithet poior example of free transition
case, the steady state computations of the lift is superitire transient computations for the
fixed transition case. For the drag, the minimum drag is cagtwhile the drag at higher AOA
is over-predicted.

For the FB-3500-0875 and the FB-3500-1750, the generalngics that for both lift and drag
the steady state results are superior to the transientsese Figures 8.11to 8.14. Generally,
both types of simulations capture the linear region that exast in the lift data quite well. The
Cl-max prediction by the steady state method is superidnédransient simulations for both
cases.

Figure 8.8. The three FB-3500-XXX airfoil geometries, frigrfi to right FB-3500-0050, FB-
3500-0875, FB-3500-1750.

Based on all three airfoils the following can be stated: Thethod is capable of predicting
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Figure 8.9. Comparison of measured and computed lift, dnad smoment for the FB-3500-
0050 airfoil at a Reynolds number of 666.000. Both steady taamasient computations are
shown for free transition conditions.
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Figure 8.10. Comparison of measured and computed lift, dad) moment for the FB-3500-
0050 airfoil at a Reynolds number of 666.000. Both steady taamasient computations are
shown for fully turbulent conditions.

the general trend caused by the switch from free to fixed itiansoth with respect to lift
and drag. As an overall consideration, the steady statégbi@ts are in better agreement with
measurements. Additionally, the CFD predictions will bgalasle of predicting the relative
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Figure 8.11. Comparison of measured and computed lift, @agy moment for the FB-3500-
0875 airfoil at a Reynolds number of 666.000. Both steady teamsient computations are
shown for free transition conditions.
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Figure 8.12. Comparison of measured and computed lift, @agy moment for the FB-3500-
0875 airfoil at a Reynolds number of 666.000. Both steady teamsient computations are
shown for fully turbulent conditions.

performance of different flatback airfoils.

The conclusion that for many cases the steady state appatimmout-performs the transient
methodology is surprising at first. The tendency seems todre pronounced for the thicker
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Figure 8.13. Comparison of measured and computed lift, dad) moment for the FB-3500-
1750 airfoil at a Reynolds number of 666.000. Both steady tasusient computations are
shown for free transition conditions.
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Figure 8.14. Comparison of measured and computed lift, dad) moment for the FB-3500-
1750 airfoil at a Reynolds number of 666.000. Both steady tasusient computations are
shown for fully turbulent conditions.

airfoils where more unsteadiness is present in the form pdrsgion and vortex shedding. To
further investigate this issue, some full 3D DES studiesasparformed to help understand this
paradox better.
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8.5 3D airfoil computations

Based on the peculiar behavior that the steady state ofdfpes the transient computations
for the 2D flatback airfoils, a 3D investigation of a flatbadiail is performed.

It is well known, that 2D steady as well as 2D transient corapaihs may produce bad results
for flow cases where 3D structures exist. As an example thedlownd a 2D cylinder or an
airfoil at high AOA. Here we will use the 3D DDES method to trydegain more understanding
of the problem observed in the 2D computations.

When an airfoil is mounted in a wind tunnel, as is the case efUl® Davis measurements,
interference between the airfoil and the wind tunnel wallsstbe expected at the junction
between those. Close to the wall, where the wind tunnel wellse decelerated the flow, the
flow will have a larger tendency to stall and even form a hohsgesvortex upstream of the
blade. Different techniques exist to remedy this problemeygizing the flow by blowing or use
of vortex generators upstream of the blade, and eg. suqtipliea to the separated area behind
the blade.

As we do not have the details about the actual flow in the UC ©awinel, we merely aim
at illustrating a plausible explanation for the discrepelpetween the computed and measured
data. As described in the section about grid generatior3Ehmodel is set up having a span-
wise extent of two chords between the wind tunnel walls. eahtual simulation only half of
the domain is simulated using a symmetry plane at the turemdéc section and a no-slip wall
at the location of the wind tunnel wall, see Figure 8.2.

The main part of the 3D simulations are computed with a noygind tunnel wall, but a single
simulation of a unconstrained situation is performed at &§reles angle of attack to illustrate
the effect of the wind tunnel wall boundary layer on the blfide.. The flow conditions are
similar to the 2D conditions using a Reynolds number of 666.00 avoid an excessive build-
up of the wall boundary layer on the tunnel wall, the inflowbulence is set very low using
w=1x10standk=1.0x102m?s L.

Visualization of the wall constrained situation for the fleavest angles of attack are shown
in Figure 8.15, clearly indicating the development of thevfisattern over the airfoil suction

side. In the range from 5 to 17 degrees, separation exisysadrthe blunt trailing edge, and

the spanwise lift and drag distributions stay nearly two efigsional, see Figure 8.16. When
increasing the angle of attack to 19 degree, the flow is sugddeparated and in contrast to
the lower angles of attack a highly 3D flow pattern is obserge@ Figure 8.15. For the 19
degree angle of attack case, the lift and drag also revedlt®mgsvariation along the span,
see Figure 8.16. The separation is triggered by the presdrtbe wall, as illustrated by the

comparison with a 3D free flow where only a limited area of sefzal flow exists at the trailing

edge of the airfoil, see Figure 8.17. The increased tendwwsrds separation of the wall
bounded wind tunnel flow, is caused by the deceleration oflthrein the boundary layer on

the wind tunnel wall.

In the previous 2D simulation, the wind tunnel walls are regiresented, and the situation is
very similar to the free situation studied in the 19 degreeseclt is well know from previous
studies, that 2D simulations may heavily over predict tredlin separated flows, e.g. drag
prediction of a cylinder or a blade at high angle of attack, §7]. This is normally explained
by lack of 3D break-up of the flow structures. Comparing tliteadihd drag between the 2D
simulations, the 3D wall constrained tunnel simulation &mel 3D free configuration a very
revealing picture is seen, see Figure 8.18. Below onsetatlf all simulations predicts the
same lift irrespectively of them being 2D, 3D, steady or aady. At high angle of attack, the
3D unsteady simulations agree well with the 2D unsteady Isitions as long as the separation
is limited. When the flow starts to be massively separated3ih simulations whether of wall
bounded or free, instead approach the 2D steady resultseffénet of the wind tunnel wall
boundary layer is clearly seen in the earlier separatioh@fiall bounded flow.
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There is no good explanation why the 2D steady simulationsilshperform better than the

2D unsteady simulations, but similar results were seen iid], (here the 2D steady state
prediction of a flat plat at 90 degrees also was closer to th&Buunsteady simulations and

measurements. One possible explanation why this happeitoe the unphysical use of dif-

ferent time steps in different regions of the flow domain, abhinay help to break up large

coherent structures sometime seen in 2D time true simuaigt@nd produce results closer to
3D reality and the break up seen also in the 3D separated DoBBwations.

Additionally, the difference between the two 3D simulasdannel and free, highlights a prob-
lem that may also exist in measurements. When performingeiumeasurements, especially
for thick airfoils or at high angle of attack the onset of ktahy be heavily influenced by the

wall boundary layers on the wind tunnel walls.

Figure 8.15. Flow field around the 3D FB-3500-1750 airfoilthe wind tunnel, at a Reynolds
number of 666.000. The airfoil is attached to the tunnel wallthe left side with a symmetry
condition at the right hand side of the span extent. The figh@wv the following angles of
attack from the top left corner, (5, 10, 15, 17,19) degrees.
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Figure 8.16. Spanwise variation of the lift and drag along gpan from the 3D tunnel compu-
tation of the FB-3500-1750 airfoil.

Figure 8.17. Comparison of the computed skin friction lia¢ghe suction side of the wind

tunnel configuration right and the free configuration left,1® degrees angle of attack and a
Reynolds number of 666.000. The flow direction is right to &fd the airfoil section is seen

in a top down view. The spanwise variation introduced by tmeliunnel wall clearly changes

the flow situation compared to the free configuration.

8.6 Parametric Study, 2D

The examination of the applicability of EllipSys2D revedlthat, for the present airfoils in
2D there is no advantages of applying unsteady simulationgpared to a steady approach.

FB-3500-1750, Re=666.000, Free transition FB-3500-1750, Re=666.000, Free transition
3 1.2 : .
Measured @
3D, UN, Free—@—
25 2D, UN, Free
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Figure 8.18. Comparison of the computed lift between thesurements, the steady and un-
steady 2D simulations, the 3D tunnel simulations of the BBE81750 airfoil. Additionally a
3D simulation at 19 degrees without tunnel wall is shown famparison.
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The preliminary simulations showed that both for the trdedas well as the flatback airfoils,
the EllipSys code qualitatively is able to predict the cramylift and drag. Based on this we
conclude that the code can be used for parametric inveistigadf the aerodynamic behavior
of flatback airfoils.

As an example of a parametric study, the EllipSys2D codeés s study the effect of open-
ing the trailing edge towards the pressure and suction sifldee airfoil, respectively. In the
present investigation, the trailing edge is opened 15 peafahe airfoil chord. The geometri-
cal changes made by opening the airfoil in the four differeays, is shown in Figure 8.19.

The original airfoil is a DU-97-W-300 airfoil of 30 percerttitkness and we investigate a
Reynolds number of 3.2 million using natural transition ilow turbulent environment.

The effect of the parametric variation of the trailing edgewning can be seen in Figure 8.20.
Except for the case where the opening is done only towardsuk#on side (Suction-15,
Pressure-00), all flatbacks exhibit improved max lift, seguFe 8.20. For all the parametric
variations an increased minimum drag level is observedshvihould be expected. Looking at
theC; —Cqy plot in Figure 8.20, the (Suction-00, Pressure-15) is tyge most attractive with
respect to the increase in obtainable lift.

Based on this simple study, we must conclude that changmgisent airfoil into a flatback
airfoil by simply opening the trailing edge, opening towsitte pressure side should be pre-
ferred.

8.7 Conclusion

The EllipSys code is validated for airfoils with thick triaiyy edges as seen for truncated and
flatback airfoils. The agreement with measurements is ndegke neither using 2D steady
or 2D unsteady simulations, but the solver is capable ofiptied the correct qualitative be-
havior. There is a tendency that the 2D steady state simmomtut-perform the 2D unsteady
simulations for this type of airfoil, where a large regiorseparated flow may exist.

To further investigate the 2D steady/unsteady issue, asefi3D DDES simulations of the
FB3500-1750 airfoil in a wind tunnel configuration reveatldt to predict the correct stalling
behavior the inclusion of the tunnel walls may be importath@se may also in the experiment
play an important role in the actual aerodynamic behavior.

Finally, the 2D EllipSys code was applied to a parametridgtof the most efficient way of
opening an airfoil to obtain a flatback. This study clearljitates that the present investigated
airfoil should be opened toward the pressure side to ohbt@imighesClmax.
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9 Design of a Thick, Flatback, Multi-Element
High-Lift Airfoil

Author: Frederik Zahle, Mac Gaunaa, Niels N. Sgrensen, and ChriBtik

9.1 Introduction

Inrecentwork at Risg DTU [4], it was shown that a higher logdowards the root of the blade
can yield a higher energy production of the rotor due to rotat effects normally ignored
in Blade Element Momentum (BEM) design codes. Based on nigcaiesimulations on the
IEA 5MW Reference Wind Turbine (RWT), Johansen et al. [3]vg&d that it was possible to
gain an increase of 8% in the power coefficient at the expehad@% increase in the thrust
coefficient from a new design aiming at an optimal loadingl{&y along the entire blade.
Increased loading can be achieved by simply increasing libedctowards the root, as done
in the study by Johansen et al. [3]. However, limitations ttugransport requirements of the
blades and increases in extreme loads from an increased otakes this choice undesirable.
A more desirable option would be to have airfoils in the roetteon capable of operating
at very high lift coefficients, thus reducing the chord ldngecessary to achieve the high
loading. However, using conventional thick airfoils it istrpossible to achieve very high lift
coefficients. That is why recent studies have turned to plalglement airfoils [1, 14], which
by Gaunaa and Sgrensen [1] were shown to be able to achievedificients above 2.5 using
a slat chord length of 30% of the main airfoil chord. In the kwby Gaunaa and Sgrensen [1],
slat configurations were designed using a panel code capgbéndling multiple elements. A
parameter study was carried out to identify slat configaretithat yielded a high performance,
and based on this study key factors were identified that infleehe performance of a thick
multi-element airfoil.

The aim of the present work has been to design a thick flathiaoi aombined with a leading
edge slat suitable for wind tunnel testing and benchmar&imymerical codes. In the present
work, the tools developed in [1, 14] have been extended tludiecan efficient optimization
method for designing the slat element, as well as a couplfitigeooptimization to the Navier-
Stokes solver EllipSys2D, replacing the previously usatepaethod. In the following chapter,
Chapter 10, the wind tunnel testing and detailed compatsanmerical results are presented.

9.1.1 Multi-Element Airfoil Aerodynamics

To design an efficient multi-element airfoil it is necesstarprave a basic understanding of how
and why such a configuration can generate much higher lifficets compared to conven-
tional single element airfoils. An explanation of the agnoaimic mechanisms responsible for
generating high lift on multi-element airfoils can be foumdconsulting the extensive work by
Smith [12]. Although this has also been explained in presiaork by Gaunaa and Sgrensen
[1] it will for completeness be summarised in this work aslw@inith [12] outlines five main
mechanisms at play:

1. Slat effect: Due to the circulation on the forward element (the slat) pgressure peak on
the main element is reduced, which effectively delays th# eh the main element. An
unavoidable consequence of this is that the load on the nteimeait is reduced.

2. Circulation effect: Positioning the trailing edge of the forward element in theederated
flow over the main element gives rise to an increase in the rargle of the flow leaving
the trailing edge of the forward element, increasing theutation over this element.

3. Dumping effect: The accelerated flow at the trailing edge of the forward el@meakes
it possible to 'dump’ the forward element boundary layer atuch higher velocity than
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under free-stream conditions. This reduces the requiresispre recovery, thus delaying
stall and enabling high lift on the forward element.

4. Off-the-surface pressure recoveryDeceleration of the boundary layer from the forward
element to free-stream velocity takes place in the wake efdimward element without
contact with a wall, which is more efficient.

5. Fresh boundary layer effect: Breaking the flow into a number of independent boundary
layers on each element helps delay separation since a tHitfrash’ boundary layer is
better capable of withstanding an adverse pressure gtati@ma thick one.

The above conclusions can help narrowing down the desigeesphen designing and posi-
tioning a slat relative to a main element. The forward elenséiould thus be placed in close
vicinity to the point of minimum pressure on the main airfoiffulfil the first three items in the
list. For thin airfoils this point would be quite far forwaath the main element at approximately
x/c=0.02, which is also reflected in the designs of slats for cencial aircraft. However, on a
very thick airfoil this point is considerably further dowiresam at about/c=0.1. Lastly, item

5 above suggests that the boundary layers on the elementklsiat mix, suggesting some
minimum distance between the elements exists below whielbtlundary layer profiles will
mix and ruin the 'fresh boundary layer effect’.

The angle of the slat relative to the main airfoil as well assihape depend on a number of
factors that all interact. However, an optimal configunaiioterms of maximum lift would be
one where both elements stall at approximately the samb€kigossible) angle of attack. Due
to the upwash upstream of the main element the slat angleste®e quite high to ensure that
the flow does not stall prematurely on the slat. Examples tifrigd configurations obtained in
the work of Gaunaa and Sgrensen [1] are shown in Figure 9.1.

Figure 9.1. Optimal configurations found using the fast gesiode developed by Gaunaa and
Sgrensen [1] with at/Cmain=0.3 and Gjat/Cmain=0.5.

9.2 2D Optimization of Slatted airfoils

9.2.1 Optimization Method

The optimization method developed for this work was progresd in Matlab, and uses the
built-in optimization routineminsearch which employs a simplex optimization method. This
routine, however, is unbounded, and as such a communitgtale®d wrapper routine named
fminsearchbnd was used in combination wittminsearch, which allows for bounds on the
optimization problem.

The overall goal of the optimization is to achieve a slat gunfation which meets the target
lift coefficients at an angle of attack which can be eithercffgl or unspecified, while also
providing a high maximum lift beyond the design point to gd®enough lift reserve to tackle
large changes in angle of attack.

The optimizer attempts to minimize a function which is cormsga of three factors: a penalty
function which forces the optimizer towards achieving tlesiced lift coefficientC target, at
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the specified target angle of attackarget; the functionA; which evaluates the lift-to-drag
ratio at the target angle of attack; and finally the func#enwhich seeks to maximize the lift
coefficient at some angle of attack, which the optimizeréfto tune. The two function&;
andA; are normalized with a predefined reference lift-to-dragpramd lift coefficient.

CostFun= —Penalty(A; + A2) (9.2

with the penaltyfunction defined as

2
Penalty= exp| — (CI (Qtarget) — CI,target)) 9.2)
20 penalty
where the penalty varianae=0.02, and the two functionf; andA; is defined as
G (Gtarget) 1
A= . -Kopti (9.3)
Cd(atarget) (& /Cd)target,ref o
a
AZ - Clqm(aXBef . (1 ; Koptim) (9.4)

Koptim is @ factor in the range [0:1] which biases the cost functaweirds obtaining the target
lift coefficient or lift-to-drag ratio. Although the lifte-drag ratio is typically not as important
towards the root section of a blade as it is further out on thdd it is needed in this opti-
mization method in order to force the optimization towards$ sonfigurations where the flow
is attached.

For each optimization iteration two evaluations are thusdee: one at the target angle of
attack, and another at a free angle of attack which seeksxonize C,. Besides the angle of
attack, the optimization code was allowed to vary the follmpgeometrical parameters of the
slat:

e Position of slat trailing edge measured as:
— Surface distance along main airfoil surface from leadingeed
— Normal distance from main airfoil surface to slat trailindpe.

e Slat angle relative to main airfoil.
e Slat camber (parabolic curve).

Figure 9.2 shows a schematic drawing of an airfoil fitted vétislat with the optimization
parameters indicated.

Slat chord
Slat camber

~. Normal Distance

Surface Distance

\ Flow angle

Figure 9.2. Geometrical parameters that the optimizatiodescan adjust to meet the optimiza-
tion targets.
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9.2.2 Navier-Stokes Solver

The in-house flow solver EllipSys2D is used for all CFD congpions presented in this report.
The code is developed in co-operation between the Depatihdhechanical Engineering at
the Technical University of Denmark and The Department ofidMEnergy at Risg National
Laboratory, see [7, 8, 13]. The EllipSys code is a multiblficke volume discretization of the
incompressible Reynolds Averaged Navier-Stokes (RAN8a&qgns in general curvilinear co-
ordinates. The code uses a collocated variable arrangewimRhie/Chow interpolation [11]
and either the SIMPLE algorithm of Patankar and Spaldind.(3,or the PISO algorithm of
Issa[2] to enforce the pressure/velocity coupling. Thevegtive terms are discretized using a
third order QUICK upwind scheme, implemented using the detecorrection approach first
suggested by Khosla and Rubin CITE. Central differenceased for the viscous terms. In the
present work the turbulence in the boundary layer is modaygtiek — w Shear Stress Trans-
port (SST) eddy viscosity model [6]. The laminar to turbulgansition process is modeled by
they— ReD correlation based transition model of Menter et al. [5],tfer present implementa-
tion see [15]. The EllipSys code is parallelized with the Bege-Passing Interface (MPI) for
executions on distributed memory machines, using a nonapging domain decomposition
technique.

The grids needed for the CFD computations are slightly moregdicated than the ones used
for standard single element airfoils. Here, a topology véthinner topology consisting of
individual O-meshes around each of the elements were chdsese being connected by an
additional block in the channel between the elements, spe€D.3 for an example of this grid
layout. The assembled inner grid topology is finally embeldidea O-mesh topology taking
the grid to the farfield region. The O- meshes around theib#éztions each has 320 cells in
chordwise direction. The y+ of the normal cell at the walls laelow 2, and the distance to the
other boundary is approximately 60 chords using in total @ dn this direction. The total
number of grid cells is-47000.
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Figure 9.3. Typical meshes generated using the automatesthinge scripts, left: standard
patched grid, right: overset grid.

EllipSys2D is also capable of handling an overset grid togpl[16]. Each group of patched
blocks is solved using boundary conditions on the overlagpiterfaces based on interpolated
values of velocity from neighbouring grids using trilinéaterpolation. An explicit correction
of the conservation error is implemented, since a divergdree field is required to solve
the pressure-correction equation. The correction is plaeenternal cells along the overset
boundaries and is distributed proportionally to the locabmflux. The solution of the pressure
is obtained on the basis of the mass fluxes calculated frommtimeentum equations. The grid
connectivity is handled using a procedure based on thesavaap method which allows very
fast location of points. The hole-cutting is fully autom@snd uses criteria based on local cell
volume and distance to the nearest wall to determine thetbplaogy. For the purposes of
automation of the grid generation, this procedure is vamps and robust, since it requires
very little user-intervention and rarely fails. Figure 8l8ws an example of such a mesh.
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9.2.3 Optimization Using CFD

The optimization code written in Matlab, described in Sat®.2, has been coupled to a multi-
element panel code as well as the CFD code EllipSys2D. Inrégept work, all optimizations
were carried out using the CFD code as flow solver.

The grid generation procedures described above were futlyngated requiring only the ge-
ometry of the slat as input. The communication between Madtad EllipSys2D was handled
from a series of Bash scripts that read files written by eadle clatlab ran in the background,
outputting for each optimization step a file containing tleerdinates of the slat as well as
the required angle of attack. EllipSys was executed in fefalr maximum speed, and subse-
quently returned values @ andCy for the given configuration. Figure 9.4 shows a flowchart
summarising the optimization process.

aeroiI Bash script
Matlab: shape ;
fminsearchbnd R File /0 HypGrid
CostFun Generate mesh
AOA grid.X2D
grid. T2D

Cl, Cd

mpirun  ——= [ EllipSys2D
Evaluate design

Filel/lO |<——
grid.force

Figure 9.4. Flowchart illustrating the different compongin the optimization process.

All optimizations were carried out using steady state cotations assuming fully turbulent
flow over the surface of the airfoil. The automated proceslurere found to be very robust for
the setups tested in this work. With a mesh of 19 blocks éf4allelized across 19 processors
one CFD calculation completed in approximately 170 s yiejda total optimization time of
10 hours for 100 iterations (with two CFD calculations inteatep) after which a converged
result was typically obtained.

9.3 Results

9.3.1 Baseline Flatback airfoil

The present study is based on the FFA-W3-360 airfoil whick wadified in the following
manner:

e Increased thickness from 36% chord to 40% chord,

e Opening of trailing edge from 3.24% chord to 5.39% chord.
Figure 9.5 shows the original, the 40% thick airfoil and fipahe 40% thick flatback version
of the airfoil.

Figure 9.6 shows the computed lift coefficient versus anfjdtack as well as the drag coeffi-
cient versus lift coefficient for the original 36% airfoil dthe two modified airfoils computed
assuming fully turbulent flow on the surface of the airfoibdking firstly at the FFA-W3-340
airfoil, the increased thickness significantly low€ysmax from 1.4 to 1.0 accompanied by an
increase in drag. Opening the trailing edge from 3.24% chwBd39% chord improves; _max
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Figure 9.5. FFA-W3 original profile compared to modified pleefi

from 1.0 to 1.24 and due to the increased base drag on the tbhilitg edge also increases
drag.
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Figure 9.6. Comparison of the original FFA-W3-360 airfoiltivthe modified 40% flatback
airfoil. Computations assumed fully turbulent flow on thefaee of the profiles.

9.3.2 Slat Optimization

The parametekoptim in the optimization algorithm (Eqns. 9.3, 9.4) controllbd tveighing be-
tween emphasis on reaching the target lift or reaching tigetéift-do-drag ratio, withoptim=0
taking only the target lift into account arkdptim=1 only taking lift-to-drag into account. Four
optimizations with different values & ptim Were carried out. The resulting configurations are
shown in Figure 9.7 with corresponding lift coefficients difteto-drag ratios plotted in Figure
9.8. Note that the lift coefficient is normalized relativetb@ main airfoil chord length in all
plots in this work unless stated otherwise.

All four optimizations produce configurations that yieldedximum lift coefficients over 2.5
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Figure 9.8. Slat performance dependence ggik. 2D lift coefficielt and lift to drag ratio as
function of incidence compared to the baseline airfoil.

which is twice that of the baseline maximum lift coefficiebikewise, all configurations re-
sulted in a significant increase in the lift-to-drag ratiorfr 38 to values above 50. Looking at
the lift coefficient of the slat and main element individyailith the slat lift coefficient normal-
ized with a chord of 0.3, it is seen in Figure 9.9 that the bestqpming slat has a maximum
lift coefficient of 6, and consistently performs better tha other three configurations. The
flow appears to stall earlier on the main element for incregliptim, which is linked to the
fact that increasindoptim results in the slat being placed further forward. ke0.25 the two
elements appear to stall at similar angles of attack, butallaek of resolution of the lift curve
the exact stall angles are not available. Of the four opttidn results, it was concluded that
Koptim=0.25 produced the best performing slat configuration withlihe highest maximum
lift and relatively good lift-to-drag performance acrosside range of angles of attack.

Figure 9.10 shows a comparison of the chosen slat configaraith the baseline flatback 40%
airfoil for both fully turbulent and transitional compui@ts. As is evident, the lift of the slatted
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Figure 9.9. Slat performance dependence ggik. Lines with dots: 2D slat lift coefficielt as
function of incidence normalized with the slat chord, lioesy: 2D main airfoil lift coefficient
normalized with the main airfoil chord.

airfoil is not as sensitive to transition as the baselinto#éjiwhereas both airfoils exhibit sig-
nificant increases in the lift-to-drag ratio in the trarmitil computations. The small difference
between the predicted lift for the fully turbulent and tréiosial computations indicate that this
slatted airfoil could exhibit low sensitivity to surfaceughness, which is a very desirable char-
acteristic for wind turbine airfoils. The larger dependeseen in the lift-to-drag ratio is not as
important on airfoil sections located near the root, siheedrag component on the airfoil does
not play a significant role close to the root.
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Figure 9.10. 2D lift coefficielt and lift to drag ratio as futien of incidence for fully turbulent
and transitional boundary layers (T1=0.1%).

With the geometry of the slat fixed, a sensitivity study wagied out where a number of
positions of the slat were investigated given by the gridasho Figure 9.11, allowing only
the angle of the slat and the angle of attack to be optimize#@doh the same goals as for
the original optimization. These degrees of freedom cporded to those in the wind tunnel
tests described in Section 10, where the slat position agktavere adjustable. A total of 42
positions were computed with 60 CFD computations for eaghpalsition optimization.

In order to reduce the computational cost of the study, aluitions were carried out using
a coarser grid where every second grid cell was removed frenddmain. Comparing a rep-
resentative solution on a coarse grid with a solution on thesfi grid used to optimize the
shape of the slat, Figure 9.12, it is seen that there is gooekatent on the lift in the linear
region, whereas the coarse grid predicts stall at a lower A the fine grid solution. The
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Figure 9.11. Positions of the slat trailing edge which weptimized for slat angle and optimum
flow angle in the parameter study.

lift-to-drag ratio shows poorer agreement due to the higitag on the coarser grid, with a

16% difference between the solutions at 14 deg. AOA. Assgrtfiat the relative differences

between the fine and the coarse grids are consistent forffleatit slat positions, the absolute
difference between the two grid resolutions was not essestnce this parameter study was
mainly carried out to find the general trends related to thi@tian of position of the slat.
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Figure 9.12. 2D lift coefficielt and lift to drag ratio as futien of incidence predicted using a
coarse grid compared to the fine grid otherwise used in thidyst

Figure 9.13 shows contour plots Gf_mnax andL/Dmax for the 42 positions. Figure 9.14 show
similar plots for an angle of attack 5 deg. lower than thermméd maximum lift angle of
attack, which is more representative of the performancsltievould deliver under operational
conditions. As is evident, high lift performance can be gdiim a rather large but well-defined
region around the position found by the optimization. Tlieté-drag ratio appears to have a
maximum at the optimized position in Figure 9.13, which, koer, for the lower angles of
attack in Figure 9.14 is a more flat optimum. This correspomel$ to the lift-to-drag ratios
plotted in Figure 9.10, where the gradientifD generally is lower in ranges of angle of attack
8 deg. to 16 deg. than at angles close to stall.

9.4 Discussion

The results of the parameter study shown in Figures 9.13 ddrévealed that a well-defined
region exists on the suction side of the main airfoil wheregtat produced good performance.
This finding can be linked directly to the velocity magnituafehe flow (or suction) over the
isolated main airfoil which reaches a maximum in exactlg tieigion, as shown in Figure 9.15.
For reference, the trailing edge positions used in the paranstudy is overlaid on the plot.
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Figure 9.14. Parameter study of slat positioning showingtoars of G and L/D ata=ag,,,,-5.

This finding is in excellent agreement with the general agnadic characteristics of a multi-
element airfoil outlined in Section 9.1.1, which statest thdorward element should indeed
be placed in a region with highest possible velocity to redihe requirements of the pressure
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recovery, allowing very high suction peaks on the slat. Wtienslat element is placed too
far away from the main airfoil, both the reduction of the smetpeak on the main airfoil and

the increase in circulation on the slat element diministuoing the performance of the slat.
Likewise, if the slat is placed too far forward or backwatike same tendency of the slat to
perform worse is observed.

Vel Magnitude
18

04 f e 04 f
124

035 06 035 F
o8

03f 04 03fF

Figure 9.15. Contours of velocity magnitude (left) and pree coefficient (right) for the base-
line FFA-W3-3400FB profile at an incidence of 16 degrees.

Figure 9.16 shows the pressure distributions over the inasairfoil compared to that of the

slatted airfoil. The suction peak on the isolated airfoile®forward with increasing angle of
attack and is at 20 deg. angle of attack slightly forward efltication where the slat trailing

edge was positioned in the slatted configurations. At 8 degjesof attack the so-called circu-
lation effect is clearly visible with the suction peak of thain airfoil reduced significantly and

moved further aft. Notice also that at high angles of atthekgressure at the trailing edge of
the slat is equal to the pressure on the main airfoil, ilatétg the 'dumping effect’ discussed
in Section 9.1.1. The flow thus leaves the slat trailing edgemessure coefficient equal to -3
at 24 deg. angle of attack, allowing the pressure coefficarthe slat to reach a minimum of
-10, which far exceeds that on the isolated main airfoil ulrieaches a minimum of 3.2 at 8
deg. angle of attack.

9.5 Conclusions

A new tool for optimization of multi-element airfoils hasdredeveloped that couples a Matlab-
based optimization algorithm with the 2D CFD solver Ellig3ip. The tool includes a fully
automated meshing method that uses the in-house mesh gendypGrid2D. A typical opti-
mization required a total of 100 optimization steps eaclh &iCFD computations. The FFA-
W3-340 airfoil was modified to have a thickness of 40%c and-aadled 'flatback’ trailing
edge with a thickness of 5.3%. A leading edge slat with 30%atkngth was designed for the
modified airfoil, which achieved a maximum lift above 3.0 -cnsiderable improvement com-
pared to the baseline airfoil which had a maximum lift in thage of 1.3 to 1.6 depending on
transition properties. Also the lift-to-drag ratio was thiagmproved from between 35 to 50 to
between 50 to 70. A parameter study where the position ofittevas systematically changed
with optimization of the slat angle showed that the slat grened well within a well-defined
region corresponding to the region on the main airfoil whbesflow speed was greatest. These
findings are in good agreement with results in literature.
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10 Wind Tunnel Testing of a Thick, Flatback,
Multi-Element High-Lift Airfoil

Author: Frederik Zahle, Mac Gaunaa, Niels N. Sgrensen, and ChriB&

10.1 Introduction

This section describes the wind tunnel tests carried outénLtM Wind Power wind tunnel
on the thick, flatback, multi-element high-lift airfoil dgaed within the present project, as
described in Section 9. Additionally, detailed comparisbetween experiment and 2D CFD
predictions of pressure distributions, lift and drag asedssed. The purpose of the wind tunnel
tests was to experimentally validate the designed airfoWall as providing a dataset suitable
for validation of numerical codes.

The most common use of multi-element airfoils is within théa#on industry, where airfoils

with as many as five elements are used for high-lift landingfigorations for commercial

airliners. An extensive list of literature exists on thidbmct, and for an overview of the ac-
curacy of state-of-the-art CFD tools in predicting flow oveulti-element airfoils, the reader
is referred to Rumsey and Ying [1]. The main conclusions fitben paper are that 2D CFD
methods are generally capable of predicting surface pressskin friction, lift, and drag quite

accurately for angles of attack below stall; Velocity prdilith the exception of the slat wake
are predicted well; Effects due to Reynolds number also gedme predicted well. The main

source of uncertainty in comparison to experimental resutre concluded to be numerical
errors and lack of geometric or modeling fidelity, i.e. ladkgoid resolution in critical areas

or simplification or inaccuracies of the modelled configinrat Rumsey et al. [2] discuss the
possible sources of the discrepancies between 2D and 3D @& Bamninally 2D experiments.

They firstly conclude that side-wall venting in the expentis essential to avoid 3D flow

effects due to wall interference. In comparison to expeni@leresults, however, even when
including side-walls and venting 3D CFD failed to accuratetedict the flow around stall

whereas both 2D and 3D CFD were quite accurate for anglesaufkatip to 16 degrees.

The key difference between multi-element airfoils usedhia aviation industry and airfoils
relevant to wind turbine applications is that aviation @il are generally quite thin, whereas
the use of multi-element airfoils on wind turbines is modevant on the inner part of the
blade where the airfoil thickness is typically in excess 6% It is well-known that wind
tunnel testing on thick, high-lift airfoils presents sealechallenges compared to tests on thin
airfoils. Increased tunnel blockage, 3D tunnel effects wuthicker boundary layers, high lift
coefficients at high angles of attack are all effects whictisacbonsiderable challenges to a
normal wind tunnel setup. The LM wind tunnel is designed fan &irfoils with maximum lift
coefficients in the range of 2-2.5 which made the presert tesstd on unchartered territories.
In this light, it was evident that a quantification of the aaty of both the numerical tools
as well as experimental wind tunnel testing of thick, high-imultiple element airfoils was
needed.

10.2 Wind Tunnel Setup

The lift is measured using either the surface pressure tapkepairfoil, which is a sectional
measurement, the load cell, which measures the total li¢efon the entire airfoil, and finally
the wall pressures, which although the pressure is measiwad a line, can be expected to
capture a somewhat three-dimensional lift coefficient Basethe forces from the whole span
length.

The drag is also measured three different ways: Using loig] f®m integration of the surface
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pressures from the pressure taps on the airfoil, or usingka veke. The load cells give a three-
dimensional drag coefficient based on the loading on the eviwiig. In contrast to this, the
drag as obtained from the integration of the pressure tagd gilocal value. Since, however,
forces for the fluid acting on the airfoil are the sum of presdiorces acting normal to the
surface and viscous shear forces acting parallel to thecerthe pressure tab integration
forces do not include the contribution from viscous sheatds. These forces are negligible
in the lift direction, but can be significant in the drag diien below stall. Therefore, usually
the drag as obtained from the pressure integration shouldvier than the true value. The
last method of obtaining drag, with the wake rake, esséyiiaiegrating the velocity deficit
in the wake to obtain the drag via momentum consideratiomdude also the effects of the
viscous shear forces. The assumptions under which the lyimdgetheory is derived include
stationary flow conditions, which effectively means thds tinethod cannot be used under
stalled conditions. Another detail that should be mentibregarding the drag measurements
is that uncertainties in defining effective flow directiomgée of attack arising from inductions
from non-uniform span-wise loading and/or tunnel inducetbeities, influence the drag as
determined from surface pressure integration dramagicahiereas this has no bearing on the
drag as determined using a wake rake, which essentiallyrdigtes the 2D drag.

Figure 10.1 shows a perspective view of the test setup foaitif@l fitted with a leading edge
slat. The drawing shows the slat (in darker green) and theimaghich it is mounted on the
side wall (in blue). The main airfoil (in light green) had aoct of 0.6 m and was fitted with
64 pressure taps, while the slat airfoil had a chord of 0.1&thtead 32 taps. The tunnel has
a width of 1.3 m, resulting in an aspect ratio of the main didb2.17. By repositioning the
leading edge within the grid on the side wall and adjustiregstepless bracket (in dark red)
the slat position and angle could be adjusted with a shamtamound time. The slat angle was
determined using two methods in parallel: One method usegtam made bracket that fitted
onto the leading edge of the slat, which together with a digiirit level was used to measure
the angle. As a control method the normal distance from thie migfoil surface to the slat
trailing edge was measured to match that in the CFD calcoulsti

Figure 10.1. CAD drawing of the wind tunnel slat mountingigesd by LM Wind Power.

10.3 Test Matrix

The wind tunnel tests were split into two campaigns, one ernighlated flatback airfoil, and
another on the combined flatback and slat airfoil. A total®fifi polars were measured, 25 on
the isolated airfoil and 31 on the multi-element airfoil.
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On the isolated flatback airfoil the following tests werefpaned:

e Smooth surface, four Reynolds numbers based on the madil aiff1, 2, 3 and 4105,

e Roughness, Vortex generators, Gurney flaps.
On the airfoil fitted with a slat the test matrix was more exteasince it involved repositioning
of the slat:

¢ Smooth surface, four Reynolds numbers based on the madil aiff1, 2, 3 and 410,

e Seven slat positions,

e Slat angle variations at five positions,

e Roughness, Vortex generators, Gurney flaps at one position.

e Flow visualization using wool tufts.
To design the test matrix a parameter study similar to thed@ueissed in Section 9 was carried
out where the slat angle was optimized for each position éntéist setup grid. The resulting
contour plot of the optimization object function (see Sewtb.2) is shown in Figure 10.2.
Marked with red filled circles are the five test positions di&sed in this work. Position 5E is
the reference position where the slat was predicted to pam@ar optimum. This position lies
very close to the position found in the optimization studgeTour off-design positions were

chosen with the intent of obtaining results with significaatiation in the performance of the
airfoil compared to the reference position.

OptimVar
-0.5
-0.5625
-0.625
-0.6875
-0.75
-0.8125
-0.875
-0.9375
-1

Figure 10.2. Contour plot of the objective function for that positioned within the test setup
grid optimized for best performance with the slat angle asahly design variable. The curved
line entering the picture from top right is the leading eddehe slat as mounted in the 5E
position.

10.4 Flatback Airfoil Results

This section summarises the results obtained from the winaldl tests on the isolated flatback
airfoil.
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Measurement sources

Figure 10.3 shows the airfoil tested with smooth surfacedit@ns at a Reynolds number of
Re=2x 10P. The figure shows the three measurement sources availabt®fio the lift and
drag. For the lift measurement the surface airfoil pres¢dR® and load cell measurements
(LC) agree very well between -10 degrees and 5 degrees ahgttaok. At 5 degrees AOCA
the load cell lift quite distinctly changes slope with a Emencrease in lift up to 24 degrees
AOA. Except for a constant offset {0}, the 3D lift measurement methods (wall pressure (WP)
and load cell measuremens) are in close agreement with ¢heh 8bove 5 degrees angle
of attack the load cell (3D) measurements predicts a I@ye¢han the (2D) airfoil pressure
measurement, indicating the onset of 3D flow situations ettinnel at 5 degrees angle of
attack for this configuration. The almost constant offséveen the load cell and wall pressure
lift is likely due to a single malfunctional pressure porttlire wall pressures. Notice also that
the load cell and wall pressure measurements do not didpdagame stall behaviour; in fact,
no stall really takes place when looking at the wall pressum@ load cell data, whereas the
airfoil pressure indicates the onset of stall at approxatyat4 degrees AOA.

Turning to the drag measurements, the airfoil pressure idragjlow angles of attack as ex-
pected lower than the wake rake drag. However, at 5 degreéstA®airfoil pressure drag

increases drastically to a drag of 0.08 at 10 degrees AOArenthe wake rake drag is 0.023. It
is noted that the location where the drag obtained usingiffereht methods starts differing is
the same angle for which the lift measurements indicated #id8Dsituation in the tunnel. This

reassures the suspicion that after 5 degrees angle of aftadlow in the tunnel is no longer
two-dimensional, but is influenced by tunnel effects.
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Figure 10.3. Lift and drag coefficients for the flatback aiirfested at Re= 10°.

Figure 10.4 shows the lift and drag contributions at smoathditions forRe=4x10P. It is
noted that generally the same behaviour asRie¥2x 1(P is seen. In the case, however, the
onset of 3D flow conditions starts at a slightly lower angleatibck and the stall behaviour
of the lift is changed to be more abrupt. It is also noted thakximum lift is also lower than
for Re=2x10P. This is speculated to be due to an increased turbulenckitetree tunnel for
increasing flow speed.

Dependence on turbulence intensity

The dependence on turbulence intensity (TI) in the CFD satrds was investigated with
simulations with a turbulence intensity of 0.1%, 0.2%, 0,28td 0.4%, see Figure 10.5. The
measured airfoil stalls considerably later than in the coteg results, regardless of Tl in the
computations. The computations exhibit a very high depecelen Tl with as much as 30%
variation in the predicte@; _max The computations with low Tl agree well for negative angles
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Figure 10.4. Lift and drag coefficients for the flatback ailrfested at Re=4 1.

of attack, whereas at higher angles of attack the agreemdgst with computations with
higher TI. The same tendency is seen for the drag where tleeagmnt is quite fair with low Tl
computations at low angles of attack, and likewise good Wigh T1 computations at higher
angles of attack. These results suggest that the wind tdaneeél turbulence intensity varies
with angle of attack of the blade section. Work carried otgrinally at LM Wind Power in fact
showed that at low angles of attack the measured turbuletessity immediately upstream of
the airfoil was 0.2% whereas close to stall it was 0.35%. Basethe LM measurements and
the results shown in 10.5 it was decided that all computatiorthis study would be carried
out using a TI1=0.3%.
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Figure 10.5. Lift and drag coefficients for the flatback aiirfat Re=2x10° computed with
different inflow turbulence intensities.

Pressure distributions

Figure 10.6 shows the pressure distributions at four angfiedtack at a Reynolds number
of 2x10°. The computed results shown are for a turbulence inten$ity386. At low angles

of attack the agreement is very good between EllipSys2D haexperiment, whereas at 12
degrees angles of attack, the computed flow is stalled whinbtithe case in the experiment.

Dependence on Reynolds number

The wind tunnel tests were carried out at four Reynolds numbg1,2, and 4x10°. Fig-
ure 10.7 shows the experimental results for the flatbackibidr these Reynolds numbers.
The results show a quite large dependence on Reynolds numithest decreasing;_max for
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Figure 10.6. Pressure coefficients for the flatback airfedted at Re=2 10P.

increasing Reynolds number.
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Figure 10.7. Lift and drag coefficients for the flatback ailrfiested at at various Reynolds

numbers.

Dependence on surface roughness

Figure 10.8 shows the roughness sensitivity of the airéoit] the ability of vortex generators
to restore a large part of the lifting performance of theesbairfoil.

Surface mounted devices

Figure 10.9 shows the effect of adding vortex generatomeyuflaps or both on the lifting
capabilities of a smooth airfoil. It is seen that vortex ganers located at x/c=0.2 increase the
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Figure 10.8. Lift and drag coefficients for the flatback ailrfwith rough surface conditions
tested at Re=210F.

lift with a factor of approx. 2/3. The addition of gurney flapseither case only increase the lift
a small value compared to this.
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Figure 10.9. Lift and drag coefficients for the flatback aiirfated with various devices tested
at Re=2«<1(F.

10.5 Flatback Airfoil with Slat Results

In this section the main results from the wind tunnel testshenflatback airfoil fitted with a
slat is presented. As described in Section 10.3 seven giffatat positions were investigated;
here, five positions (5E, 7F, 7A, 1C and 3H) will be discusgdbwind tunnel results are not
corrected for wind tunnel effects, and unless otherwiseifipd all lift coefficients are based
on integration of the pressure distributions over each eterand drag is based on the wake
rake measurements. The lift shown from the CFD simulatisriigéwise based on on surface
pressure only, and drag is likewise based on both skindncind pressure contributions. The
CFD simulations are all computed with free transition andrdlow turbulence intensity of
0.3% unless otherwise specified. For each position therateg lift and drag coefficients are
presented as well as pressure distributions for 12 degreb@2degrees angle of attack. Lift
coefficients for the combined main and slat elements are aliwed with the main element
chord, whereas lift coefficients for each individual eletrame normalized with their respective
chord lengths. Likewise for the drag coefficients.

Measurement sources

Figure 10.10 shows the lift and drag coefficients for the relément airfoil with the slat in po-
sition 5E showing the various measurement sources in theriement. In contrast to the obser-
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vations made on the isolated flatback airfoil, the load @tbefficient has an offset compared
to the two other measurements where for the isolated flathaftkl it was the wall pressure
measurement that was offset relative to the two other ssuAdemeasurement sources exhibit
the same 'kink’ in the lift curve at approximately 5 degreegle of attack. The airfoil pressure
and wall pressure lift coefficient curves have a differeapslacross all angles of attack with
the largest differences appearing above 10 degrees anaf@ok. The wall pressure and airfoll
pressure maximum lift coefficient differ by 8%.

In the drag measurements the load cell drag is also offsepaoed to the two other sources,
which is consistent with the isolated flatback measuremdrite airfoil pressure drag and
wall pressure drag are in good agreement for angles of alckv 4 degrees after which the
airfoil pressure drag increases drastically reaching2B @egrees angle of attack. The drastic
increase is consistent with the point at which the ’kink’ eecin the lift measurements, and
likewise consistent with the observations made on the tedl8atback airfoil. The load cell
drag behaves very similarly to the wall pressure drag witimél@ increase at 4 degrees angle
of attack.

Pos = 5E, 8 = -29.35 deg. Pos = 5E, 8 = -29.35 deg.
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Figure 10.10. Total lift and drag coefficients for the slattrfoil with the slat in position 5E
tested at Re=2 10° showing measurements from three different sources faritdrag (AP:
Airfoil pressure, LC: Load cell, WP: Wall pressure, WR: Wake).

The most likely explanation for this large discrepancy ia theasurement sources is that con-
siderable 3D flow effects occur along the wind tunnel siddsaffecting the flow along the
entire span of the wind tunnel model. These effects will Isewassed in more detail later in this
chapter.

Wake rake measurements of drag on a thick airfoil are agsakcwith some degree of uncer-
tainty since the flow can be unsteady for a large range of amlattack. However, this source
was concluded to be the most reliable source of measureremiared to the load cell and
airfoil pressure measurements and as such, results peelsarthe following sections will use
only the wake rake measurement.

Dependence on turbulence intensity

Figure 10.11 shows the lift and drag coefficients for porifid with a slat angle}=-29.35
deg, where the experimental results are compared to EBRSycomputations with different
inflow turbulence intensities (TI). In line with the resufty the isolated flatback airfoil, the
computations showed a fairly large dependence on Tl, witcaghse il _naxWith increasing
TI. While there is improvement in the agreemenCatnax With computations of increasing
TI, the difference in slope between computations and erpartal data is still fairly large
regardless of Tl. The simulated and measured drag are inrahly good agreement up to 14
degrees angle of attack, after which the measured drag ssdsmably lower than the simulated.
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Figure 10.11. Lift and drag coefficients for the flatback aiirfested at Re=2 10P.

Position 5E

Figure 10.12 shows the multi-element airfoil with the stapbsition 5E and a slat anglgs-
29.4 degrees which in the remainder of this report will bemefd to as the reference position.
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Figure 10.12. Configuration with the slat in position 5E.

Figure 10.13 shows integrated lift and drag coefficientbfith experiment and computations.
Consider first the curves for the total lift (sum of lift on thkat and main airfoil), where sim-
ilarly to the experimental results for the isolated flatbaakoil, there is a distinct kink in the
lift curve around 5 degrees angle of attack where the exgariahdata shifts from being above
the CFD results to below. Likewise, the slope of the expenitaidift curve decreases at this
point, which is not consistent with the CFD computationse $tall in the experimental data is
quite smooth and reaches a maximum at 24 degrees anglec¥,dtte is not fully stalled until
beyond 30 degrees angle of attack. The CFD simulations drstaii are not entirely consistent
and exhibit an unnatural kink at 26 degrees angle of attacihich point the airfoil stalls very
abruptly. Itis likely that the separation process on thiodiis quite unsteady, and that a steady
state simulation therefore does not capture this procdsglgrcorrectly.

Turning to the individual contributions to lift from the nmaand slat elements it is clear that
the kink in the experimental lift data at 5 degrees angle @ftatand subsequent discrepancy
with simulations beyond this point stems primarily from thain element. The measured and
predicted lift on the slat element, however, are in betteeagent, although the experimental
data has a lower lift curve slope than the predicted. The gtaiht on the two elements are
not captured very accurately by the computations. The etalthe main element is in the
measurements quite smooth, whereas the compuatationst@eaore abrupt stall. On the slat
element, the stall occurs at 29 degrees angle of attack iexgperiment whereas it is predicted
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at 26 deg angle of attack in the simulations.

The drag is in reasonably good agreement in the range -8eetyrd 4 degrees angle of attack,
although the predicted drag is considerably smoother tharexperimental data. This could
be related to differences in the transition points in the potations and experiment, which in
both cases were un-tripped. Beyond 14 degrees angle ok #tapredicted drag is higher than
the measured. This could be caused by unsteadiness in therftbwat the wake is too wide for
the wake rake to capture completely.
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Figure 10.13. Lift and drag coefficients for the slatted ailrfvith the slat in position 5E tested
at Re=2<1(F.

Pressure coefficients for angles of attack of 12 degrees antkgrees are shown in Figure
10.14. Note that the pressure distributions are plottet witrmalized relative chord lengths
with the leading edges of both elements placed/at0. For both angles of attack there is
a fairly high discrepancy between the measurements and watgms, although the same
general features are similar with characteristic kinkshia pressure distributions on the two
elements in the region where they are in close proximityhls gap region region, the compu-
tations predict a higher suction than observed in the expart. For both angles of attack the
computations predict a higher suction peak on the slat theasored in the experiment, and
likewise on the main element, the suction peak is strongdrdrcomputations. At 22 degrees
angle of attack, the computed pressure distribution is flatyat the trailing edge whereas the
gradient is slightly higher in the measurements, indigathmat the flow is partially stalled in
the computations and not in the measurements.
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Figure 10.14. Pressure coefficients for the slatted ainfdgth the slat in position 5E tested at
Re=2x10P.
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Position 7F

Figure 10.15 shows the multi-element airfoil with the stapbsition 7F and a slat anglg+-
34.2 degrees
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Figure 10.15. Configuration with the slat in position 7F.

Similarly to position 5E a kink also exists in the experinadtift curve at around 3-5 degrees
angle of attack, where the measured lift shifts from beiigdpar than to lower than the predicted
lift. At position 7F the performance of the airfoil is pretid to be poorer than at the reference
position 5E, see Figure 10.2. As shown in Figure 10.16 thisdeed also the case in the
experiment, where the maximum lift is predicted to be 2.83gxe position 5E had a maximum
lift of 3.03. C,_maxin the experiment is at approximately 24 degrees and alsthiorcase the
stall is very gentle. In the computations the airfoil doesstall until 28 degrees angle of attack,
although the lift curve exhibits the same tendency as intiposbE where the curve initially
flattens out after which the lift increases again before gigpsteeply.

The individual components of lift for each element exhibitiany respects the same features as
for position 5E, with a significantly better agreement bedwemeasurements and computations
on the slat, and quite poor agreement on the main elementagiteement for the slat is very
good up until 22 degrees angle of attack where beyond thist ploé computations predict a
continued increase in lift, which is not seen in the experimBlotice that the main element
stalls significantly earlier in both experiment and comfiates.

The measured and computed drag is for this slat position ip peor agreement. For the
range 0 degrees to 20 degrees angle of attack the measuged thagely unchanged whereas
the computed drag is steadily increasing. As for position thE measured wake rake drag
appears to be unusable beyond 20 degrees angle of attaok tkndrag here is measured to
be decreasing.

The two pressure distributions shown in Figure 10.17 exliile same tendencies as for posi-
tion 5E. The computations predict a slightly lower pressur¢he pressure side of the slat than
observed in the experiment, and likewise on the main elentiemsuction is slightly higher in
the computations. The suction peak on the slat is at 12 degliggntly higher than the mea-
surements in agreement with position 5E. The opposite isdbe at 22 degrees angle of attack.
As for position 5E the pressure gradient on the main elensdidtier at the trailing edge than
observed in the experiment.

Position 7A

Figure 10.18 shows the multi-element airfoil with the slatpiosition 7A and a slat angle,
[=-29.4 degrees.

General tendencies for the lift distributions are very &amior this case to the two previously
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Figure 10.16. Lift and drag coefficients for the slatted ailrfvith the slat in position 7F tested
at Re=2x10P.
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Figure 10.17. Pressure coefficients for the slatted ainfgth the slat in position 7F tested at
Re=2x10P.
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Figure 10.18. Configuration with the slat in position 7A.

discussed. The most notable difference between this cabk¢harother two cases is that the
computations predict a very early trailing edge separaiiothe main airfoil at approximately
16 degrees angle of attack, which is not seen in the expetifkis results in the slat lift also
being in poor agreement beyond this angle of attack. Theaesgion for the early stall in the
computations can be given by referring to [3] who explairis By the so-called 'circulation
effect’, also summarised in Section 9.1.1. With the slatwely forward position, it is not very
effective at limiting the suction peak on the main airfoihieh subsequently stalls earlier.

The predicted and measured drag for this case exhibit venilesitrends for angles of attack of
-2 degrees to 16 degrees except for a consistently highgrelal in the simulations. Above
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16 degrees angle of attack the two diverge significantly wittonsiderably higher drag in the
computations.

Position 7A 3=-29.4 deg. Position 7A 3=-29.4 deg.

o—e EllipSys2D total o—e EllipSys2D total
Rikend EllipSys2D main S » - Experiment - WR

)P
o—e EllipSys2D slat e 5 025
> - Exp total "‘
4F| » - Exp main
> - Exp slat 0
—_ > ! >y — I3
i / > MJ\ ™~ h: 015 ¥
<, g <) / ,
. ;:f L. 0.1 \ S
L W e o
o " L3 >
=T “10 0 10 2 30 a0 0005 ~10 0 10 20 30 20
AOA [deg.] AOA [deg.]

Figure 10.19. Lift and drag coefficients for the slatted ailrfvith the slat in position 7A tested
at Re=2x1(P.

The pressure distributions shown in Figure 10.20 are in gapdement at 12 degrees angle
of attack on both the main and slat elements. In contrasted@thvious positions discussed,
the pressure on the slat and main airfoil in the region whieeg fire in close proximity are
in very good agreement. At 22 degrees angle of attack thenggadge stall on the main ele-
ment is clearly visible in the computations, whereas the ftostill completely attached in the
experiment.
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Figure 10.20. Pressure coefficients for the slatted ainfdgth the slat in position 7A tested at
Re=2x1(P.

Position 1C

Figure 10.21 shows the multi-element airfoil with the sfapbsition 1C and a slat anglgs-
23.7 degrees

At position 1C the characteristic kink in the measured lifosv angle of attack appears signif-
icantly later at approximately 8 degrees to 10. degreesavfgittack. The measured total lift
coefficient reaches a maximum at approximately 20 degregle aff attack and remains con-
stant up to 26 degrees angle of attack after which it begimsdp. The computations predict
a significantly higher maximum lift of 3.4 at 24 degrees argflattack followed by a abrupt
stall. The lift coefficient on the slat is in relatively poosgreement at this position than at the
previous with a change in slope in the experiment not obskirvéhe computations. The slat
stalls at 20 degrees angle of attack in the experiment wheostinues to provide lift up to 24
degrees angle of attack in the computations.
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Figure 10.21. Configuration with the slat in position 1C.

The predicted and measured drag are in reasonably goodnagmeever the full range of
incidences exhibiting the same tendencies. There is, henystill a difference in the overall
level, which for this case is higher in the measurementsclvis opposite to positions 7A.

Position 1C 3=-23.7 deg. Position 1C 3=-23.7 deg.
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Figure 10.22. Lift and drag coefficients for the slatted ailrfvith the slat in position 1C tested
at Re=2x<10".

As for position 7A the pressure distributions are in reabbngood agreement at 12 degrees
angle of attack except for a lower suction peak on the sldténcomputations. At 22 degrees
angle of attack the flow is clearly completely stalled on tla¢is the experimental data, which
causes the pressure distribution on the main element tdal&o poor agreement to the com-
putations. On the pressure side, however, the agreemeuitésgipod.

Position 3H

Figure 10.24 shows the multi-element airfoil with the slatposition 3H and a slat angle,
[3=-25.6 degrees

The final position discussed in this report, position 3H wgseeted to be the poorest of all
configurations tested. In this respect the computationsnae@asurements are in good agree-
ment predicting a maximum lift of approximately 2.85. Theasgred stall angle is, however,
considerably higher than the computed, since the flow on thattslat and main airfoil stalls
later than predicted, see Figure 10.25.

Similarly to a few of the other cases the measured drag doesaease noticeably with
increasing angle of attack, which is consistently the cagbé computations. In the range 0
degrees to 10 degrees angle of attack, however, the agréeenfiein see Figure 10.25.
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Figure 10.23. Pressure coefficients for the slatted ainfdgth the slat in position 1C tested at
Re=2x10P.
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Figure 10.24. Configuration with the slat in position 3H.
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Figure 10.25. Lift and drag coefficients for the slatted aiirfvith the slat in position 3H tested
at Re=2x10P.

Similar to other cases where the slat and main airfoil areeiry €lose proximity, the com-
putations predict a considerably higher suction on bothaha main element in the region
where they are in close proximity, see Figure 10.26. At 12ekeg angle of attack, however,
the agreementis quite good except in the above mentionaxhreyf 24 degrees angle of attack
the same tendency of the flow stalling earlier on the main efgrim the computations than in
the measurements is observed.
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Figure 10.26. Pressure coefficients for the slatted ainfigth the slat in position 3H tested at
Re=2x10P.

Position 5E - Variation of slat angle 3

At position 5E, thred angles in addition to the reference angle were investig&igdre 10.27
shows the airfoil configuration with the four different statgles.

Pos = 5E, g variations
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Figure 10.27. Configuration with the slat in position 5E farwusf3 angles.

Figure 10.28 shows the computed and measured lift coefficfenthe five slat angles. Ellip-
Sys2D predicts the reference position wWh-29.35 degrees to be the best, closely followed
by B=-27.35 degrees, whereas the two configurations with higlaemclinations perform very
poorly. In the experiment, however, the trend is completifferent, with the configurations
with high slat inclination out-performing the two othersitgusignificantly. The explanation
for the large discrepancy is explained when looking closeéhea lift curves for each element
individually.

Figure 10.29 shows the lift and drag coefficients for the Blgbosition 5E with[3=-35.35
degrees. The flow stalls at around 17 degrees angle of attattieanain element in the com-
putations, whereas the flow does not appear to stall untdme30 degrees in the experiment.
The lack of stall observed here corresponds well to the #btiens made for all other config-
urations, where the flow over the main airfoil consistentlled later in the experiment than
in the computations. It is likely that wind tunnel effectsrsiming both from side wall interfer-
ence as well as blockage effects at high angles of attackedgvefluenced the experimental
results.
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Figure 10.28. Lift coefficients for the flatback airfoil wite slat in position 5E for variou
angles tested at Res210P.
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Figure 10.29. Lift and drag coefficients for the flatback ailrfvith the slat in position 5E with
B=-35.35 degrees tested at Rex2(P.

2D’ wind tunnel effects

To investigate to what degree the top and bottom wall of thedwiinnel had influence on the
measurements, 2D CFD computations were carried out in aidosith top and bottom walls
specified as symmetry conditions. The mesh used for thisfigation was different from that
used in the rest of this work and is therefore described below

To carry out the simulations an overset grid was used withrdeSian mesh discretizing the
tunnel domain and two individual curvilinear meshes forrtregn airfoil and slat, respectively.
This mesh had a considerably finer mesh resolution than thequsly used meshes and con-
tained 164000 cells. Figure 10.30 shows the tunnel mesh etadslaround the slat element.
Another mesh was created with identical cell distributioousd each element and in the Carte-
sian mesh close to the geometry, but with the outer bourslexignded 40 chord lengths away
from the surface.

Figure 10.31 shows the lift and drag coefficients computétbus fully patched mesh which
has no tunnel walls, and two overset grid simulations witth without tunnel walls compared
to the wind tunnel measurement. Firstly, notice that thera fairly large difference between
the 'Std’ fully pathced grid computations and the oversi&t gomputations for angles of attack
above 20 degrees with a significantly higl@r max in the overset simulations. Including the
tunnel walls clearly has a significant influence on the lifefficient, with an increase of 5% in

C| —max-

The computations with increased mesh resolution as wellrazet walls, are not, however, in
better agreement with the measurements than the patcledagniputations. On the contrary,
the discrepancy arourt@l _maxis even larger. However, at angles of attack below 5 deghees t
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Figure 10.30. Overset grid for the multi-element airfoithvthe slat in posiition 5E with upper
and lower tunnel walls included as symmetry boundaries.

measurements and tunnel grid simulations are in very gomzkatent.

Turning to the drag coefficient, including the tunnel appear reduce the drag coefficient
slightly, but not to the extent that the agreement with thgeeixnental data becomes noticeably
better.
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Figure 10.31. Lift and drag coefficients for the multi-elern&irfoil with the slat in position 5E
tested at Re=21CP in a 2D tunnel configuration.

3D flow effects due to wall interference

As discussed in Section 10.5 the three measurement soarcteeflift and drag were not in

very good agreement. Particularly the drag measurements iwevery poor agreement with

both the load cell drag and airfoil pressure drag increadiragtically for angles of attack

over 5 degrees. Something not observed in the wake rake ne@asots or in the 2D CFD

simulations. The sudden increase in drag was as discussethpanied by a change in slope
of the lift curve, something that was observed both for tldaied flatback airfoil and when

fitted with the slat. It was hypothesised that this behaweas caused by an onset of 3D flow
caused by the side walls.

Flow visualizations were carried out using wool tufts maehdn the airfoil surfaces. These vi-
sualizations confirmed the hypothesis, which is clearliplésn Figure 10.33 which shows the
airfoil operating at three different angles of attack. Thetyre is overlaid with lines highlight-
ing the 3D flow structures showing two large flow structureseating from the side walls,
growing in extent with increasing angle of attack. To remtdy very undesirable flow feature
it was attempted to mount vortex generators upstream ofdtme where the 3D flow structures
occurred, both on the side walls and on the main airfoil. élthh slight improvements were
observed on the lift coefficient around the onset of its o@noe at 5 degrees angle of attack,
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no improvement was observed in the drag coefficient.

To further investigate to what extent the flow was three-disienal over the airfoil surface,
measurements were carried out where the wake rake wasseaViaterally along the span of
the airfoil model. Two angles of attack were investigateithtwo measurements at each angle
of attack. Figure 10.32 shows the drag coefficient as funatidateral position for O degrees
and 15 degrees angle of attack. At 0 degrees angle of attarkitha fairly high variation along
the span and also some difference between the two measusssoggesting that the flow may
be unsteady even at low angles of attack. At 15 degrees ahglitack the drag also varies
quite significantly along the span. At 250 mm spanwise position the Series 34 measurement
measured a very high drag of 0.54, which is not seen to the sxieat in Series 36. This
suggests that the flow near the sides of the tunnel is higtdieaay.
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Figure 10.32. Drag coefficient as function of lateral measnent position for the multi-element
airfoil with the slat in posiition 5E tested at Rex2.0°. 0 mm is the center of the tunnel. The
total tunnel width is 1400 mm.

The flow visualizations and wake rake traversals thus gledermonstrated that the flow was
not nominally 2D above 5 degrees angle of attack. The comsexguof this was that flow
measurements, whether sectional measurements as in ¢éhef¢hs airfoil pressure or integral
as for the load cell, were fundamentally not 2D, making cornspa of the experimental data
to 2D CFD simulations very difficult. This finding supportethypothesis that the change in
lift curve slope at 5 degrees angle of attack was due to wedterence effects. As discussed
by Rumsey et al. [2] it is very difficult to retain 2D flow chatadstics near stall in wind
tunnel measurements on high lift configurations. Side wailiting improved the flow quality
considerable, but did not entirely remove the side wallafe

Beyond stall, a peculiar flow phenomenon was observed, wdegmingly the flow was not

stalled on the main airfoil shown for 50 degrees angle othtia Figure 10.34. As is evident

from the picture the flow is fully stalled on the slat with thdts pointing upstream, yet, the

tufts on the main element indicate that the flow is attachexteMlso that the two separated
regions near the side walls of the tunnel are no longer ptesen

A particle tracking simulation was carried out using Eljs3D where the same flow phe-
nomenon could be observed. Figure 10.35 shows a snapshu dbwfield with the slat in
position 5E at 40 degrees angle of attack with particles eeghstream of the airfoil. Par-
ticles that pass in between the slat airfoil and main aidpipear to remain attached to the
surface although the flow above the surface is fully stalleunediately above the surface of
the main airfoil a small secondary vortex is formed belowrtrgn vortex which periodically
is shed along with the main vortex emanating from the maiioihtrailing edge. This periodic
shedding was believed also to have been observed in theimeguerwhere very short bursts
occurred where the tufts on the main airfoil would reverseaion and subsequently reattach
to the surface.

140 Risg—R-1803(EN)



-~
7
/
7
>
e

AOA=15 degrees AOA=24 degrees

Figure 10.33. Wool tufts flow visualization of the slatteddii at various angles of attack.

Figure 10.34. Wool tufts flow visualization of the slattedf@l operating at 50 degrees angle
of attack.

10.6 Summary and Conclusions

A wind tunnel measurement campaign was carried out on a neéedigned thick, flatback,
high-lift airfoil which consisted of a 40% thick main airfand a forward slat airfoil of 30%
length relative to the main airfoil. The resulting data wasdiin an extensive validation study
with comparisons between experimental data and compuosaperformed using the incom-
pressible Navier-Stokes solver EllipSys2D. Based on tkelt® a number of general tenden-
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Figure 10.35. Snapshot of the flowfield of the configuratidh ttie slat in position 5E operat-
ing at 40 degrees angle of attack.

cies observed in the measurements and computations weitdietk Below, a summary of the
main conclusions will be attempted.

Summary of the main observations made from the experiment:

The measured airfoil pressure and wall press§lirg,ax differed by 8%. The three sources
of measurement for both lift and drag were quite inconstsiadicating the presence of
3D flow structures on the airfoil.

The measurement data exhibited a ’kink’ in the main elemiéinturve and subsequent
change in slope around 5 degrees angle of attack for all agafigns which was caused
by the onset of 3D flow structures emanating from the sideswall

The wake rake drag measurement was generally associatedimgertainty as well as
inconsistency for some slat positions.

Summary of the main observations made in the CFD study:

142

The computed lift on the slat airfoil was consistently intbeagreement with the experi-
ment than on the main airfoil.

Trends due to changes in slat position and angle were noicpedctonsistently by CFD.

The flow had a tendency to stall earlier on the main airfoini@ tomputations than in the
experiment.

The stall behaviour in the computations was generally mbre than in the experiment.

Steady state simulations appear to be inadequate for tireglihe correct stall behaviour
with unnatural increases in lift at the point of stall.

For configurations where the two elements were in close pribgi the computations
predicted higher suction in the gap region between the texments.

Including top and bottom tunnel walls resulted in an inceegsC_nax Of 5% in 2D
simulations.
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