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Chapter 1

Introduction

This report deals with the advanced aeroelastic stability tools for wind turbine blades, based
on Navier—Stokes solvers, developed by two partners under work package 4 of the project
“Wind Turbine Blade Aerodynamics & Aeroelasticity: Closing Knowledge Gaps”
(KNOW-BLADE) partially funded by the European Commission under the contract ENK6—
CT-2001-00503. The two partners are the Risg National Laboratory (RISO, DK) and the
Centre for Renewable Energy Sources (CRES, EL). The latter institute is the leader of the
work package 4.

The overall objectives of KNOW-BLADE project are to advance and develop a series of
tools based on existing Navier—Stokes solvers, dealing with a number of problems connected to
wind turbine blade design. The ultimate goal is to allow the wind turbine industry to design
and manufacture optimal, customised blades in reduced cost and shorter time-to-market.

Wind industry community shows an increasing interest in the aeroelastic stability of large
wind turbine blades. This interest is mainly caused by the current design trends towards
lighter blades of increased ratios of aerodynamic loads to inertia. The key parameter for
reliable prediction of the aeroelastic simulation and stability is the description of the aerody-
namic loads. Until the present project, aerodynamic modelling was accomplished by means
of engineering-type empirical models (as the Onera or the Beddoes—Leishman) with the use
of Navier—Stokes solvers being restricted only in a two-dimensional basis, to aeroelastic tools
developed for the so-called “typical section”. So, the specific objectives of this work package
are:

e To advance the state of the art Navier—-Stokes aeroelasticity tools from two-dimensional
to quasi-three-dimensional and fully three-dimensional codes, making it possible to in-
vestigate the damping characteristics of real rotor blades, rather that blade sections.

e In close relation with work package 2, where aerodynamic accessories are modelled by
means of Navier—Stokes solvers, to investigate the aeroelastic damping characteristics
of aerodynamic accessories on two-dimensional airfoil sections, providing stability infor-
mation for different configurations.

In this context, the work package 4 comprises the following tasks:

Task 4.1 Quasi-three-dimensional aeroelasticity
Development of a quasi-three-dimensional aeroelastic model based on an existing three-
dimensional structural model of the beam element type, and an existing two-dimensional
Navier—Stokes solver. The Navier—Stokes solver is applied at a few spanwise sections.

Task 4.2 Fully three-dimensional aeroelasticity
Development of a full three-dimensional-aeroelastic model for the wind turbine blade,



based on existing three-dimensional structural model of the beam element type, and an
existing fully three-dimensional Navier—Stokes solver.

Task 4.3 Two-dimensional aeroelastic studies with aerodynamic accessories
Based on existing two-dimensional Navier—Stokes aeroelastic codes, studies of the influ-
ence on the stability of several of the aerodynamic accessories from work package 2 are
performed.

Quasi-three-dimensional aeroelastic computations have been carried out by CRES, while
fully-three-dimensional ones were performed by Risg. Both partners conducted aeroelastic
stability studies in the presence of such aerodynamic accessories as stall-strips and roughness
tapes.

This is the final technical report and the main deliverable for work package 4 of the
KNOW-BLADE project. It is divided in four chapters. In the following chapter all codes
used (Navier-Stokes solvers and structural models) are briefly presented. In chapter 3, the
test cases defined for both the three-dimensional (fully and quasi) and the two-dimensional
analyses are described. In the next chapter, the aerodynamic damping results are plotted
and cross-compared. For the full three-dimensional blade, comparisons are presented between
the fully three-dimensional simulation and the quasi-three-dimensional simulation, as well as
for nonlinear simulations and eigenvalue analyses employing engineering-type models for the
aerodynamics. Next, comparisons between fully three-dimensional and two-dimensional simu-
lations are provided aiming at evaluating the latter ones with respect to full three-dimensional
computations. Then, the corresponding two-dimensional simulations without aerodynamic ac-
cessories by the two partners involved are cross-compared to define a basis according to which
the results for the aeroelastic behaviour in the presence of aerodynamic accessories will be
judged. Finally, all information gathered from the previous comparisons is evaluated for direct
use by the wind energy community.



Chapter 2

Code Descriptions

In this chapter the aeroelastic codes are described. First, brief descriptions of the two Navier—
Stokes solvers employed in the computations are provided, followed by descriptions of the
elastic solvers for the full three-dimensional blade and the “typical section”. Finally, comments
about the coupling of the aerodynamic and the elastic solvers are provided.

2.1 The Navier—Stokes Solvers

2.1.1 EllipSys3D Code

The EllipSys3D code has been developed in co-operation between the Department of Mechan-
ical Engineering at DTU and the Department of Wind Energy at Risg National Laboratory,
see [1, 2, 3]. It is designed to solve the three-dimensional Navier—Stokes equations for an
incompressible fluid. It uses a cell-centered grid arrangement for the pressure field and the
Cartesian velocity components. The equations are discretised by means of a finite volume
formulation. The well-known velocity-pressure decoupling is circumvented by using the Rhie
and Chow interpolation technique [4]. The PISO algorithm is used for solving the momen-
tum and pressure equations in a predictor—corrector fashion [5]. The Second order Upwind
Differencing Scheme (SUDS) is applied to compute the convective fluxes 6], whereas viscous
terms are discretised with the classical second order central difference scheme. A subiteration
technique is implemented in order to increase the critical time step. The fluid flow variables
are advanced in time by means of a second order temporal implicit scheme.

Turbulence closure is accomplished by means of the & — w SST turbulence model by
Menter [7] in its original version. The flow was assumed to be fully turbulent and no transition
model was implemented.

The deformation of the blades in the aeroelastic simulations implies a distortion of the
computational grid which has to be considered in the numerical scheme. The convective fluxes
are then given in Arbitrary Lagrangian—Eulerian form [8] to take into account the local grid
velocity. The distortion of the computational grid according to the blades deformation is
performed as follows. In the vicinity of the blades, the grid is distorted as an elastic solid
body according to the displacement of the blade surface, whereas in the far field the grid
is assumed to be fixed. In the intermediate regions between the blades, and between the
individual blades and the far field, arithmetic blending functions are used in order to ensure
a smooth distorted grid. This strategy has proven to give good results, even in the case of
severe deformations of the blades. On the top of the previously described deformation, an
overall rotation of the grid is superimposed to conform to the rotor blades rotation.

The numerical code requires that the computational domain must be mapped onto a



boundary-fitted structured grid. In order to facilitate the mapping and to take advantage of
the new generation of parallel computers, a domain decomposition technique has been imple-
mented in the numerical code. The meshes of the individual subdomains must be conformal,
i.e. the grid lines must match at the interfaces between the subdomains. In a parallel comput-
ing platform, each processor is handling a certain number of subdomains. The communication
between the several processors is performed by using the MPI-library.

2.1.2 Navier—Stokes Solver of CRES

The Navier—Stokes solver of CRES is based on a finite-volume discretization scheme, where
all flow variables are collocated at the cell-centres of the control volumes [9]. Structured grids
of any kind can be incorporated in the solution algorithm.

Standard second order accurate discretization schemes are used for the diffusion terms
in the momentum conservation equations. At the same time, multiple schemes of varying
accuracy are available for the discretization of the convection terms in the same equations;
the most commonly used being a second order accurate upwind scheme.

The divergence-free velocity constraint is enforced by means of the SIMPLE method [10].
In the context of it, the mass conservation equation is rewritten as an equation for the pressure
correction variable, which updates both the pressure and the velocity field at the final step of
any iteration. The odd-even node decoupling which is a common feature of incompressible flow
solvers is alleviated by a special disretization of the pressure terms in the pressure correction
equation [4]. The numerics of the method feature a multi-grid possibility that is used for
enhanced convergence behavior.

Turbulence can be approximated by means of the standard k — e turbulence model. Other
available turbulence models include the k¥ — w and the & — w SST model [7]; the latter being
the one actually employed at all computations reported herein.

2.2 The Elastic Solvers

2.2.1 Elastic Solver for the Full Blade

The structural model employed in this project derives through a finite element formulation
based on a 2-node, 12-degree-of-freedom (DOF) beam element [11]. The dynamic equation of
motion is expressed for each rotating element using Lagrange formulation. The beam element
used is a two-node element with three translation (u, v, w) and three rotation (¢x, ¢y, ¢z)
DOFs per node. Here u, v and w are displacements in the xp (spanwise), yp (lead—lagwise)
and zp (flapwise) directions, respectively. The corresponding velocities are denoted as u, ©
and .

To express the strain energy integrals, the extended displacement vector is suitably para-
meterized in terms of the generalized coordinates (end-node values), employing linear and
cubic interpolation functions.

Introducing the total potential and kinetic energy of the beam elements in the Lagrange’s
equation and performing the necessary calculus the equation of motion results for a rotating
beam element:

Mg G + Cg 4e + (Kg + ®5) qr = fr, (2.1)

with the element mass Mg, the generalized Coriolis Cg, the stiffness Kg and the centrifugal
@ matrices, as well as the external forces vector fr (including both the aerodynamic and



the inertia forces), expressed at the moving-blade system, as
L L
Mg = / pAGT Gdx + / JHTHdx
0 0
L .
Cp = 2/ pAGTTETGdx
0
L .o
oy = / pAGTTLET 3 Gdx
0
L .o
Dy = / pAGTTLT ydx
0

Subscript E denotes element properties, p stands for the element density, A for the element
cross-section area and J for its polar inertia. Tp is the rotation matrix from the absolute to
the relative, moving with the blade, frame. Over-dots indicate time derivatives. Matrices G
and H are simple expressions of the interpolation functions that are introduced to interrelate
the displacement vector with the end-node values. L stands for the element lenght.

The element matrices are assembled into global mass, damping and stiffness matrices
following standard practice. The assembly yields:

M§+Cg+Kq=f (2.2)

with q being the global displacement vector and f the external force vector, both expressed
in the moving frame of reference. The integration of equation (2.2) is performed using the
Newmark’ s method, which is second order accurate in time.

2.2.2 Elastic Solver for the “Typical Section”

For the typical section the stall-induced flap-lag flutter problem is studied in blade sections
with and without aerodynamic accessories. Stall flutter denotes unstable aeroelastic perfor-
mance at stall conditions. The typical rotating blade section is hinged in such a way that
its motion has two independent translational degrees of freedom: a chordwise one (lead-lag),
denoted Z; and one perpendicular to that (flap), denoted Y (see Figure 2.1). The inflow
conditions are assumed to be steady.

The derivation of the equation of motion of the stall-induced flap—lag flutter model problem
is described in detail in [12]. After appropriate manipulation and non-dimensionalization the
following expression is obtained

10] [ 2 £w. 0 2! w2+1 0 )\ _ Ry [ C.
o U e[S {0 e P sl ) -3 G e

where the vector of unknowns introduces the normalized (by the airfoil chord) translations
z and y, the primes denote differentiation with respect to the reduced time 7 = (U /C)t.
The reduced frequency « is defined as k = (2C')/Us and the ratio of the air density to the
linear density of the blade Ry = (C?po)/p. The additional parameters needed to obtain a
completely closed aeroelastic system are the structural properties of the hinge, the normalized
natural frequencies W; = w; /€2, the damping ratios & and the force coefficients C, and C
along the z and y directions respectively.

The above aeroelastic equation of motion has been coupled with the Navier—Stokes solvers
described above.
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Figure 2.1: Modelling of the two—dimensional aeroelastic problem.

2.3 Modelling of the Aerodynamic Accessories

Both aerodynamic accessories encountered (stall strips and roughness tapes) are modelled by
either modifying the Navier—Stokes solvers (the law of the wall in particular for the roughness
tapes) or employing a dedicated computational grid (for the stall strips), according to the
models developed under work package 2 of the present project [13].

2.4 Three-dimensional Aeroelastic Tool

The three-dimensional aeroelastic tool derives from the coupling of the fluid flow solver Ellip-
Sys3D together with the linear structural model to simulate the aeroelastic dynamic response
of a wind turbine rotor blade.

The numerical implementation consists in using the Navier—Stokes solver to compute the
flow field around the blades, and thereby the aerodynamic forces exerted on them. These
forces result in the deflection of the blades, which is computed by the structural model. In
turn, the structural deflection modifies the flow domain boundaries and consequently triggers
a response of the flow field. This results in a so-called aeroelastic dynamic interaction.

Several schemes have been proposed for the solution in the time domain of the coupled
fluid flow/structure equations that govern the aeroelastic interaction [14]. The Improved
Serial Staggered procedure defined as a leap-frog scheme where the fluid subsystem is always
computed at half time-stations (... L2 gntl/2 ynt3/2 ), while the structure subsystem
is always computed at full time-stations (..., "1, ¢" ¢"*1 . ) is preferred. It can be
summarized as follows:

1. Given the blade deflection X" at time step n, and its velocity X", the structural dis-
placement at time ¢"T1/2 is predicted as:

Xn+1/2 = X" 4 gxn
2
where the time step At is assumed to be the same for both the structural and the flow

solver temporal integration schemes.



2. The fluid mesh is accordingly distorted to give the mesh position €"t1/2 at time n+ 1/2,
where ¢ denotes the fluid mesh coordinates. Then the fluid subsystem is integrated in
time from ¢~ /2 to ¢"+1/2,

3. The fluid force field F**! is transferred to the structural nodes, and the corresponding
flow-induced structural loads are computed.

4. The structure subsystem is integrated in time from " to ¢"*1.

5. The just computed structure deflection is used as a new input for step 1.

This scheme has been shown to be second-order energy-accurate provided some few additional
assumptions [15]. The deformation of the structure is taken into account into the flow solver
by distorting the computational grid according to the deformation of the blades.

Note that the fluid flow and the structure discretisations are fully independent. Therefore,
in Step 3 the aerodynamic forces are interpolated at specified radius stations along the blades
corresponding to the force nodes of the structure discretisation. In return, in Step 2 the
structural deflection of the blade is smoothened by using a spline interpolation technique
between the deformation nodes before applying the grid-distortion procedure.

It must be stressed here that in the past the fluid flow solver EllipSys3D has been com-
bined together with another, similar, structural model for both fully coupled simulations
and calculation of the aerodynamic damping by means of evaluating the linear aerodynamic
work, which is computed by the Navier—Stokes solver, in the same test case that is considered
herein [16]. The results of the latter method are used for comparison with the ones obtained
under the current work package.

2.5 Quasi-three-dimensional Aeroelastic Tool

The quasi-three-dimensional aeroelastic tool derives from the coupling of the Navier—Stokes
solver of CRES with the linear elastic solver for the fully three-dimensional blade. The Navier—
Stokes solver is employed at the centre nodes of each aerodynamically active element to feed
the elastic solver with the aerodynamic forces at each time step. In turn, the aerodynamic
surface movements, which are the elastic translations, are taken into account in the Navier—
Stokes solver by solving the Navier—Stokes equations for incompressible flow in the relative
frame and applying suitable inlet boundary conditions at each step, as

VW = 0
oW 1

\Y
AW YW — VWt L 4 [ 420 x W+ Qx Qx1] = 0 (2.4)
ot Re Pa
where W stands for the relative velocity vector related to the wind velocity vector Uy, the
rotational speed €2 and the elastic displacements u through

W = [Uy +Qxr|+1u (2.5)

The extra source terms in the momentum conservation equations include the acceleration due
to the elastic movement, the Coriolis and the centrifugal force, owing to the transformation
to the relative frame. It must be also pointed out that in the calculation of the relative
velocity, no three-dimensional correction of the effective angle of attack (in the form of the
blade element momentum theory, for instance) is considered; therefore the relative velocity
at inlet corresponds to the geometric angle of attack without taking into account the induced
flow.






Chapter 3

Definition of Test Cases

One or two blades were foreseen in the project work programme, with the first blade to be used
for validation purposes and the second one for actual wind turbine rotor investigations. In the
absence of aeroelastic stability experiments in the wind energy field, a thorough review was
conducted in the helicopters literature in an attempt to define the validation test case. Four
such experiments were reviewed covering relevant works conducted the last two decades [17,
18, 19, 20]. The search revealed, however, that no helicopter rotor stability experiment is
suitable for the purposes of the project. The main reasons are listed below:

1. Most of these experiments have been conducted in hover conditions and some in forward
flight conditions. Both conditions do not resemble wind turbine operation.

2. Even in these cases the available aerodynamic data are extremely limited for validation
purposes (the structural data are much more complete).

3. The experiments address low angle of attack (higher Mach number also) operation,
which is not of particular interest for the wind energy community.

For all these reasons it was decided to abandon the first test case and proceed directly to sta-
bility calculations of an actual wind turbine rotor. This rotor blade is based on the LM 19.1 m
blade, which is already used in the other work packages of the present project and has been
subjected to a large number of calculations in the concluded VISCEL project [21, 22]. The
calculations are well documented in the VISCEL aerodynamic/aeroelastic database, which in
turn will be enriched with the KNOW-BLADE results.

3.1 Three-dimensional Test Cases

The rotor blade used in the fully-three-dimensional and the quasi-three-dimensional aeroelas-
tic computations corresponds to the LM 19.1 m blade. Its structural “beam element” data are
given in [23]. For each element, its length L, its mass density p, its mass centre coordinates
(Zc, X¢), its polar mass moment of inertia pl; with respect to the elastic centre, its bending
stiffnesses with respect to Z— and X— axis El,, and El,,, its torsional stiffness GJ and
its stiffness product EI,, are provided. The mass centre coordinates are with respect to the
elastic centre. Since the blade features a 1.4 m long extender, the data for the extender are
also included in the same table. The pitch and cone angles are set to 0°. The rotational speed
is Q = 27.1 rpm. The air density is p, = 1.22 kgr/m?.

The aerodynamic characteristics of the blade, without the extender, (chord, thickness
twist and aerofoil type) at different radii are also provided in [23].



Three reference sections along the span of the LM 19.1 m blade are defined mainly for
comparison purposes. Their location along the span is included in Table 3.1.

Six test cases have been defined for wind speeds Uy, = 10, 14 and 18 m/s (mandatory)
and 12, 16 and 20 m/s (optional). The initial conditions correspond to an undeformed blade
subjected to its aerodynamic loading. Structural damping was not considered. The test cases
are summarized in Table 3.2. The runs were performed fully turbulent.

3.2 Two-dimensional, “Typical Section” Test Cases

For the two-dimensional aeroelastic calculations on a “typical section,” the Section C of the
LM 19.1 m blade (see Table 3.1) was chosen. It corresponds to a NACA 63-400 airfoil with
chord C' = 0.677 m and maximum thickness ¢,,4,/C = 16 %. The blade twist at Section C is
set to zero for all two-dimensional aeroelastic calculations (the actual value for this quantity
is 0.12°, which is negligible). Its linear mass is p = 39.5 kgr/m, while the natural frequencies
of the first flap and lead-lag modes are w, = 2.02 Hz and w, = 3.23 Hz respectively.

The aeroelastic stability on the selected “typical section” is studied for three configurations;
one clean (without any accessory), one with stall strips and one with roughness tapes along
the pressure and suction side. Each configuration is studied for three wind speeds, Uy, = 10,
15 and 20 m/s. The stall strips are placed at the leading edge retaining geometric similarity
with the so-called P00 test case of work package 2 (see [13] for further information). The
roughness tapes are placed at x/C =5 % on the suction side and z/C = 10 % on the pressure
side (see [13] for further information).

Test matrix is given in Table 3.3. The so-called ‘flow angle’ is the geometric angle of the
relative velocity in respect to the plane of blade rotation.
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Table 3.1: Definition of spanwise positions of the reference sections of the LM 19.1 m blade.

‘ Section | Spanwise Position ‘ Radius
7] [m]

A 40.98 8.40

B 71.71 14.70

C 90.73 18.60

Table 3.2: Definition of test cases for the full three-dimensional blade.

Test Case | Us [m/s] | Comment
TC3D-1 10.0 | Mandatory
TC3D-2 12.0
TC3D-3 14.0 | Mandatory
TC3D-4 16.0
TC3D-5 18.0 | Mandatory
TC3D-6 20.0

Table 3.3: Definition of test cases for the two-dimensional “typical section”.

Test Case | Us [m/s] | Flow Angle [°] K Ry | w,| w. | Accessory
TC2D-11 10.0 10.73 ] 0.192 | 0.0142 | 4.51 | 7.17 | Clean

TC2D-12 15.0 15.86 | 0.128 | 0.0142 | 4.51 | 7.17 | Clean

TC2D-13 20.0 20.75 1 0.096 | 0.0142 | 4.51 | 7.17 | Clean

TC2D-21 10.0 10.73 ] 0.192 | 0.0142 | 4.51 | 7.17 | Stall Strips
TC2D-22 15.0 15.86 | 0.128 | 0.0142 | 4.51 | 7.17 | Stall Strips
TC2D-23 20.0 20.75 1 0.096 | 0.0142 | 4.51 | 7.17 | Stall Strips
TC2D-31 10.0 10.73 | 0.192 | 0.0142 | 4.51 | 7.17 | Roughness Tapes
TC2D-32 15.0 15.86 | 0.128 | 0.0142 | 4.51 | 7.17 | Roughness Tapes
TC2D-33 20.0 20.75 1 0.096 | 0.0142 | 4.51 | 7.17 | Roughness Tapes

11
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Chapter 4

Aeroelastic Stability Analysis

This chapter is concerned with the aerodynamic damping results. First, the comparisons for
the blade are presented, between the fully and the quasi-three-dimensional simulations, as
well as for nonlinear simulations and eigenvalue analysis employing engineering-type models
for the aerodynamics. Next, comparisons between the fully three-dimensional and the two-
dimensional simulations are provided aiming at the assessment of the latter ones with respect
to full three-dimensional computations. Then the corresponding two-dimensional simulations
without aerodynamic accessories obtained by CRES and Risg are cross-compared to define a
basis according to which the results for the aeroelastic behaviour in the presence of aerody-
namic accessories will be judged.

4.1 Computational Details

4.1.1 CRES

Three-dimensional Blade

4 elements, 3 active aerodynamically;

66,755 grid nodes in three C—type grids consisting of 257x65, 385x65 and 385 %65 nodes,
which were provided by Risg;

k —w SST turbulence model,;

5000 time steps with 0.001 s interval.

Two-dimensional “Typical Section”

o (C-type grids consisting of 385x129, 513x129 and 385x129 nodes for the clean, the stall
strip and the roughness tapes test cases, respectively, which were provided by Risg;

e k —w SST turbulence model,;

e 10000 time steps with 0.005 reduced time interval.

4.1.2 RISO

Three-dimensional Blade

e 16 elements;

13



e k—w SST turbulence model,;
e 5,242,800 grid cells in 20 blocks of 64x64x64 cells;

e 6000 time steps with 0.001 s interval.

Two-dimensional “Typical Section”
e k — w SST turbulence model,;

e 31000 time steps with 0.0002 s interval.

4.2 LM 19.1 m Blade

4.2.1 Fully-three-dimensional & Quasi-three-dimensional Analysis

In Figure 4.1 the time series of the non-dimensional translations in the flapwise and the
lead-lagwise direction at section C of the LM 19.1 m blade are presented for the mandatory
test cases. In the same figure, the responses of both the fully-three-dimensional and the
quasi-three-dimensional are combined for comparison purposes. Since section C is the most
outboard section defined on the blade, it is expected that the translations will be maximum at
this section. Therefore the stability properties extracted by these series will be representative
of the stability properties of the whole blade.

From the presented distributions it is observed, that both methods produce similar results.
For all wind speeds considered the translation in the flapwise direction is representative of
stable behaviour; whereas the translation in the lead-lagwise direction is nearly periodic. It
is also apparent that the two tools result in different steady-state responses in the flapwise
direction. This is expected since in the quasi-three-dimensional tool, the three-dimensional
induction effects are not modelled.

The differences in the aero-elastic behaviour are quantified in Figure 4.2, in terms of the
logarithmic decrement. This quantity was extracted from the time series of Figure 4.1 by
means of a moving block damping analysis method [24] and/or the modal analysis software
ME’scope VES of Vibrant Technology Inc. The first method employs a FFT calculation on
a block of a response. The block is marched in time, and from the time evolution of the
amplitude of the response at a given frequency the logarithmic damping can be calculated.
Repeating this procedure for each and every time series of the translations at hand, the loga-
rithmic decrement is obtained for the first flapwise and lead-lagwise mode for the whole wind
speed range examined. It is reminded at this point that a positive value for the logarithmic
decrement corresponds to stable behaviour.

The distributions of the logarithmic decrement presented in Figure 4.2 for the two modes
confirm the findings reported so far; both tools predict high positive values for the flapwise
mode and negative, very close to zero, values for the lead-lagwise mode indicating aeroelastic
instability in the absense of structural damping. It is also observed that both tools indicate
stronger instabilities as the wind speed increases; the three-dimensional one with a smaller
rate though. In general the three-dimensional tool is more conservative in predicting instabil-
ities. This can be attributed to the incapability of the quasi-three-dimensional tool to model
induction effects, resulting in blade’s operation at higher angles of attack.

14



0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Flapwise Translation [Z/C]

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Flapwise Translation [Z/C]

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Flapwise Translation [Z/C]

Figure 4.1: Flapwise (left) and lead-lagwise (right) translations at section C. Results from
the full and the quasi three-dimensional aeroelastic tools. Top: Uy, = 10 m/s, middle: Uy, =
14 m/s, bottom: Us

Case TC3D-1, Section C

I RISOE () —— |
‘A‘ CRES (Q3D) ———
L/ i
‘\‘ \ /” \ ,
"“ "“ //,\ /VW\/M
,“ | \/ i
! }) |
00 05 10 15 20 25 30 35 40 45 50
Time [sec]

Case TC3D-3, Section C
N RISOE (30) —— |

CRES (Q3D) —— |

00 05 10 15 20 25 30 35 40 45 50
Time [sec]
Case TC3D-5, Section C
J\ " ‘ RISOE (3D) ——

((\\

/\CR
|

I
I

‘ 7?\ (Q?ﬁ

| |

.
i M

)
)
\

00 05 1.0 15

20 25 30 35
Time [sec]

18 m/s.

3D ——
Q3D ——

100.0
S
— 800
c
[
5
e e00f
[
a
o
£ 400
£
S 200f
o
-
0.0
10.0

Figure 4.2: Aerodynamic damping for the first flap (left) and lead-lag (right) modes of the

125

15.0 17.5
Wind Speed [m/s]

0.02

0.01

0.00
-0.01
-0.02
-0.03
-0.04
-0.05
-0.06
-0.07
-0.08
-0.09

Lead-lagwise Translation [Y/C]

0.02
0.00
-0.02
-0.04
-0.06

-0.10

Lead-lagwise Translation [Y/C]

-0.12

0.02

0.00
-0.02
-0.04
-0.06
-0.08
-0.10

Lead-lagwise Translation [Y/C]

-0.12

2.0

Logarithmic Decrement [%]

2.0 L L L

-0.08 [

15
1.0
0.5
0.0
-0.5
-1.0
-1.5

Case TC3D-1, Section C

05 10 15 20 25 30
Time [sec]

Case TC3D-3, Section C

L 1l ‘ﬁ‘ ~
S
NI TR
AR R A AR A AN L A
SRR ORI T

A
Y I I | I
AL R

| | ‘\‘\\ U‘\ [

- R RRRARRT

00 05 10 15 20 25 30 35 40 45 50

Time [sec]
Case TC3D-5, Section C

Lo LA R
I " | A
J\U\e“\“\ﬂ‘c‘f\eww\\ |
I 1 | LI LT i

LT L
AR

i IR A R R T

i \“‘ | ‘H“U‘J‘\‘\‘v\) ‘\\‘ V| H‘"

! V | |

00 05 10 15 20 25 30 35 40 45 50

Time [sec]

10.0 125 15.0

Wind Speed [m/s]

17.5 20.0

LM 19.1 m blade. Results from the full and the quasi three-dimensional aeroelastic tools.

15



4.2.2 Engineering Models — Eigenvalue Analyses

The information gathered from the fully three-dimensional and the quasi-three-dimensional
tools is also valuable for the assessment of the, very popular in aeroelastic applications,
engineering-type aerodynamic models. Such models are used not only by the partners in-
volved in this work package (Risg usually employs the Beddoes—Leishman [25] model, while
CRES uses the Extended Onera Lift and Drag [26]) but also by other organizations (ECN has
developed such a dynamic stall model [27]) very often. They are very popular because they
are suitable for calculations in beam element type structural models when combined with the
blade element momentum (BEM) theory, relatively simple in formulation and not very time
consuming, especially when compared with a Navier-Stokes treatment of the flow around a
blade (even a two-dimensional).

To this end, the same structural model that was involved in the quasi-three-dimensional
tool is introduced in a stability tool for wind turbine blades [11] and nonlinear integration of
the equations of motion in time was carried out. The necessary aerodynamic profile coefficients
(Cr and Cp) were extracted from three-dimensional Navier—Stokes computations of the flow
around the blade for wind speeds 7, 10, 12, 13, 15 and 17 m/s using a transitional turbulent
model [28]. The equivalent angle of attack has been approximated by means of determining
the reduced axial valocity in the rotor plane [28]. Since the polars have been extracted by
three-dimensional computations, the tip loss is included and there is no need to include it
in the BEM method. On the other hand, the range of the angles of attack covered does not
cover the range needed for the simulations reported herein. So, as depicted from Figure 4.3 the
original profile coefficients were smoothed and extrapolated to cover a wider range of angles
of attack. Evidently, this introduces some error in the stability calculations performed herein.
Nevertheless as a low level a priori check, the smoothed /extrapolated profile coefficients have
been used in predicting the power curve for the NORDTANK 500/41 wind turbine that is
equipped with LM 19.1 m blades. The agreement with the measured curve is very good, only
a slight overestimation is reported, as depicted from Figure 4.4, where the power and thrust
curves for the NORDTANK 500//1 wind turbine are presented.

Apart from the simulations in the time domain using an engineering-type unsteady aero-
dynamic model [26], two linear, eigenvalue-type analyses have been performed employing both
quasi-steady and unsteady aerodynamic modelling (for the latter the same engineering-type
model is used). For the sake of consistency, eigenvalue analysis and simulations in the time
domain share identical input (aerodynamic and structural). Finally, results from the combina-
tion of a structural finite beam element model with a three-dimensional Navier—Stokes solver
in an uncoupled manner are considered [16]. In this method, the modal aerodynamic damping
is evaluated by computing the aerodynamic forces upon a prescribed eigenmode deformation
of the structure, which has been determined in advance by a structural modal analysis.

In Figure 4.5 the lift coefficient loops at section C of the blade are presented for six
wind speeds, as obtained by the quasi-three-dimensional aeroelastic tool. As the wind speed
increases, the blade operates at post-stall conditions (higher angles of attack). In this region,
the advanced aeroelastic tools suffer the limitation of the turbulent model in use to cover
sufficiently separation. On the other hand, the polars introduced in the engineering-type
models exhibit the aforementioned uncertainty in the post-stall regime.

In Figure 4.6 the same with Figure 4.1 non-dimensional translations in the flapwise and the
lead—lagwise direction at section C are presented. In the figure, the corresponding responses
by the nonlinear analysis in the time domain using the engineering-type aerodynamic model
have been included. In Figure 4.7 the logarithmic decrement distributions for the two modes
are presented, as obtained by the two three-dimensional tools (fully and quasi), the nonlinear
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analysis in the time domain with the unsteady aerodynamic model, the two eigenvalue-type
analyses and the prescribed motion method.

In the time series of the translations in the flapwise direction for the engineering-type
aerodynamic model, a high frequency oscillation is observed for the higher wind speeds. It
can be attributed to the poor aerodynamic input for the post stall regime that was filled in
by extrapolating the profile coefficients. The distributions for the flapwise translations show
qualitative similarity (decaying responses with decreasing rate with the increase in wind speed)
for all tools. On the contrary, the lead—lagwise response of the engineering-type unsteady
model is clearly not stable, whilst all other tools predict a nearly periodic response.

These features are reflected in the logarithmic decrement distributions too. All methods
predict the decrease in aerodynamic damping with the increase of wind speeds for the flap-
wise mode, and a minimum value above 15 m/s is observed. Both eigenvalue analyses produce
qualitatively similar results with the advanced aeroelastic tools, the only difference being that
the distributions are steeper for the flapwise mode and in a quasi-steady aerodynamic approx-
imation negative values also appear. A good agreement is also observed in the distributions of
the aerodynamic damping for the lead-lagwise mode with all methods predicting a decrease
of damping with the increase of wind speed. In this case, negative values appear for the
whole range of wind speeds. Again, the results of the eigenvalue analyses correspond to larger
instabilities, in conformity to the time series of the response at the same direction.

In perspective, the uncoupled method (where there is no aerodynamic and structural in-
teraction) results in higher values of aerodynamic damping compared to the three-dimensional
aeroelastic tool. The quasi-three-dimensional tool results in lower aerodynamic damping val-
ues in the higher wind speeds and higher damping values in the lower wind speed regime.
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4.3 “Typical Section”

4.3.1 Fully-three-dimensional & “Typical Section” Analysis

In Figure 4.8 the time series of the translations in the flapwise and the lead-lagwise directions
are presented at section C of the LM 19.1 m blade. The time series presented have been
obtained by the fully-three-dimensional and the two-dimensional aeroelastic tools by Risg; the
latter combined with the two-dimensional counterpart of EllipSys3D. From the computational
point of view differences between the two approaches are restricted in the the selection of the
time step and the quality of the mesh that obviously affect the CFD method. On the other
hand from the modelling point of view, the two-dimensional aeroelastic tool cannot cover
three-dimensional flow effects. In addition, since it is not combined with any actuator disk
method, the induced flow is not modelled and the angles of attack that the blade section
experiences are in turn higher for the same wind speed, when compared to the fully-three-
dimensional. It is also noted that in Figure 4.8 there is an inconsistency for the wind speeds in
the two graphs of the middle row of the figure; the three-dimensional corresponds to 14 m/s,
while the two-dimensional to 15 m/s. It is revealed as difference in the damped frequency
of the obtained translations. There is qualitative agreement between the three-dimensional
and the two-dimensional translations; all responses in the flapwise direction are decaying
oscillations while the ones in the lead-lagwise direction are nearly periodic for both tools.

In Figure 4.9 the logarithmic decrements that correspond to these translations are plotted.
From the comparison of the logarithmic decrements distributions by the two tools, the findings
observed in the translation responses are verified; they both result in high positive values for
the flapwise mode and near zero or negative values for the lead—lagwise mode. A decrease
in damping with the increase in wind speed is also observed (with the exception of 20 m/s
for the two-dimensional tool). The three-dimensional tool is more conservative in predicting
instabilities for the lead-lag mode and more monotonous for the flap mode. It seems that the
three-dimensional effects ‘stabilize’ the flow.

4.3.2 Clean “Typical Section”

In Figure 4.10 the evolution in time of the translations in the flapwise and the lead-lagwise
directions at section C of the LM 19.1 m blade are presented. The time series presented have
been obtained by the aeroelastic tools for the “typical section” by Risp and CRES. Since the
grids used by CRES have been provided by Risg, the differences between the two predictions
are restricted in the selection of the time step and the differencing schemes in the CED methods
and the aeroelastic coupling scheme. In Figure 4.11 the logarithmic decrements corresponding
to these translations are plotted. For the flap mode, both tools result in high positive values
of aerodynamic damping, agreement is better in the lower wind speed (when the section
operates in the linear regime of the lift coefficient polar) which deteriorates as the wind speed
increases. For this mode, results by the CRES tool are monotonous (decreasing aerodynamic
damping with increasing wind speed), while the ones by the Risp tool present a minimum
value at 15 m/s, as already mentioned. As a result of the aforementioned differences, in the
higher wind speed even different steady-state responses are obtained. In the lead-lag mode,
the tools behave differently, with the CRES tool resulting in stable responses (of very low
decaying rate though) whilst the Risg tool in nearly periodic with small negative logarithmic
decrement values. For both modes examined, the Risg tool results in lower aerodynamic
damping values than the CRES tool.
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4.4 “Typical Section” Equipped with Aerodynamic Accessories

In Figures 4.12 and 4.14 the evolution in time of the translations in the flapwise and the lead—
lagwise directions at section C of the LM 19.1 m blade are presented for blades equipped
with stall strips and roughness tapes by the Risg and the CRES tool, respectively. For the
sake of comparison, the corresponding responses for the clean configuration are included. The
corresponding aerodynamic damping distributions are presented in Figures 4.13 and 4.15 for
the Risg and the CRES tool, respectively.

From the comparison of both the translations and the aerodynamic damping distributions
by the two tools for the clean and the roughness tapes configurations, very small differences are
observed for both modes considered. The differences in the responses are bigger in the higher
wind speed, but even in this case the differences in logarithmic decrement are much smaller,
nearly negligible. So, in the presence of roughness tapes, the differences in the responses
and the aerodynamic damping values by the two tools reflect the differences observed in the
corresponding distributions for the clean configuration (see Figure 4.16 and 4.11).

On the other hand, the responses obtained by both tools in the presence of stall strips are
considerably different from the corresponding responses for the clean configuration and the
roughness tapes. So, it appears that the stall strips influence the aeroelastic stability of the
“typical section”. By examining the distributions of the aerodynamic damping predicted by
the two tools, it is observed that both tools predict lower damping values for the stall strips
configurations compared to the clean configuration, even at the higher wind speeds. This
behaviour is opposed to the expectations; as stall strips enhance stability in the penalty of
reduced power and this is the main reason for their application in wind turbine blades. The
inability of both tools to capture the correct physical trend in the stall strips cases is closely
connected to the inability of the adopted, computational, model for stall strips to successfully
predict the corresponding test cases under work package 2 of this project [13]. Apart from
this disagreement with reality, differences appear also between the two tool predictions (see
Figure 4.17). They are severe in the lower wind speeds, where there is no agreement if the
behaviour is stable or not for both modes (when a stable response is obtained by one tool,
an unstable one is given by the other). On the contrary, for wind speeds above 15 m/s both
tools result to similar aerodynamic damping values.
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Figure 4.12: Flapwise (left) and lead-lagwise (right) translations at section C with and without
aerodynamic accessories. Results from the two-dimensional aeroelastic tool by Risg. Top:
Uso = 10 m/s, middle: Uy = 15 m/s, bottom: Us, = 20 m/s.
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Figure 4.13: Aerodynamic damping for the first flap (left) and lead-lag (right) modes of the
LM 19.1 mblade with and without aerodynamic accessories. Results from the two-dimensional
aeroelastic tool by Risg.
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Figure 4.14: Flapwise (left) and lead-lagwise (right) translations at section C with and without
aerodynamic accessories. Results from the two-dimensional aeroelastic tool by CRES. Top:
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Figure 4.15: Aerodynamic damping for the first flap (left) and lead-lag (right) modes of the
LM 19.1 mblade with and without aerodynamic accessories. Results from the two-dimensional
aeroelastic tool by CRES.
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Figure 4.16: Aerodynamic damping for the first flap (left) and lead-lag (right) modes of the
LM 19.1 m blade in the presence of roughness tapes.
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Figure 4.17: Aerodynamic damping for the first flap (left) and lead-lag (right) modes of the
LM 19.1 m blade in the presence of stall strips.
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Chapter 5

Conclusions

The problem of the aeroelastic stability of wind turbine blades is addressed in this report by
advancing the aerodynamic modelling in the beam element type codes from the engineering-
type empirical models (as the Onera or the Beddoes—Leishman) to unsteady, two- or three-
dimensional, Navier—-Stokes solvers. The state-of-the-art in aerodynamic modelling in beam
element type codes before the present project was connected to the use of engineering-type
aerodynamic models, while the user of Navier-Stokes solvers was restricted only in a two-
dimensional basis, to aeroelastic tools developed for the so-called “typical section”. In this
project, structural models for the full wind turbine blade have been combined with two-
dimensional and three-dimensional unsteady Navier—Stokes solvers. The relative disadvan-
tage of the quasi-three-dimensional approach (where the elastic solver is coupled with a two-
dimensional Navier—Stokes solver) is its inability to model induced flow. The luck of a valida-
tion test case did not allow for quantitative comparisons with experimental data to be carried
out; instead the results of the advanced aeroelastic tools are qualitatively cross-compared.

An evaluation of the existing engineering-type aerodynamic model is also attempted by
comparing the aerodynamic damping of the two advanced aeroelastic tools with the aero-
dynamic damping results of the nonlinear analysis in the time domain with an unsteady
aerodynamic model, the aerodynamic damping of two linear, eigenvalue-type analyses and
an uncoupled method, where the modal aerodynamic damping is evaluated by computing
the aerodynamic forces upon a prescribed eigenmode deformation of the structure, which
has been determined in advance by a structural modal analysis. All approaches (eigenvalue
or time integration of the equations of motion) but the ones that use a Navier-Stokes type
aerodynamic modelling are in need of very well defined aerodynamic input (lift, drag and
moment coefficients). Obtaining complete lift and drag distributions for the whole range of
wind speeds covered in this report for the wind turbine blade was not possible, and therefore
only a qualitative comparison between engineering-type models and the advanced aeroelastic
codes was attempted.

All methods predicted qualitatively similar results. They all resulted in positive aero-
dynamic damping values for the flap mode, in a decrease in damping with the increase of
wind speeds and in a minimum value for the damping for wind speed around 15 m/s. The
eigenvalue analyses resulted in steeper distributions for this mode. In a quasi-steady aerody-
namic approximation negative values also appeared. The agreement in aerodynamic damping
decrease with the increase of wind speed is also observed in the distributions for the lead-lag
mode. In this case, negative values appear for the whole range of wind speeds examined.
Again, the results of the eigenvalue analyses correspond to larger instabilities. In perspective,
the uncoupled, linear method results in higher values of aerodynamic damping compared to
the three-dimensional aeroelastic tool. The quasi-three-dimensional tool results in lower aero-
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dynamic damping values in the higher wind speeds and in lower damping values in the lower
wind speed regime.

Apart from the computations for the full blade, two-dimensional computations for the so-
called “typical section” have been carried out. The innovative feature of these computations
lies in the fact that their comparison to their three-dimensional counterpart allows for conclu-
sions to be drawn regarding the ability of two-dimensional tools to provide reliable estimations
of the damping characteristics of a blade, as well as the investigation of the damping char-
acteristics for blades equipped with roughness tapes and stall strips. The two-dimensional
aeroelastic tools resulted in similar aerodynamic damping values (positive for the flap and
zero or negative for higher wind speeds for the lead-lag mode). Qualitative agreement was
better for the lead—lag mode. The presence of roughness tapes has a small, rather negligible
impact on aeroelastic stability as depicted by the results of both aeroelastic tools. On the
other hand, in conformity to the inability of the adopted computational model to successfully
predict the corresponding test cases under work package 2 of the project [13], the aeroelastic
tools are not capable to predict the correct physical trends when the blade is equipped with
stall strips. The resulting decrease in damping in the computations by both tools is not in
accordance with experience.
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