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Abstract

In this report an analysis is made of measured local aerodynamic loads on wind
turbine blades at yawed conditions. The measured loads are compared with
results from the wind turbine design code PHATAS-IV. The aerodynamic model
in PHATAS 1V is based on the blade element momentum model, with correction
formula for yawed conditions. The measured data are also compared with the
results from the newly developed free wake lifting line model AWMS.
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SUMMARY

Thisreport describes an analysis of aerodynamic measurements on wind turbines
at yawed conditions. The analysisis performed within the Dutch national project
"Annexlyse’ in which the measurements from the IEA Annex XVIII project are
investigated. In IEA Annex XVIII local aerodynamic loads (i.e. pressure distri-
butions and the resulting aerodynamic forces) were measured at different radial
position on arotorblade.

The main emphasis in the present investigation was on the analysis of the axial
load distribution over the rotorplane at yawed conditions, i.e. the variation of
the axial force of a blade section with the azimuth angle. This variation is partly
determined by the variation of theinduced vel ocity (and consequently thevariation
of inflow velocity) over the rotorplane, which results from the skewed wake
geometry. Commonly it is assumed that the inflow distribution is sinusoidally
distributed over the azimuth angle, with the maximum value at the upwind side
of the rotorplane leading to a stabilizing (restoring) yawing moment contribution
over the entire blade.

However, the yaw model which is implemented in the PHATAS-1V code is not
based on such sinusoidal distribution. It has used information from wind tunnel
measurements of the inflow distribution in the rotorplane of model rotor. These
measurements showed that at the tip of a rotor blade, the inflow distribution is
more or less sinusoidal with the maximum velocity at the upwind side of the
rotorplane, but near the root the maximum velocity occurs at the downwind side
of therotorplane. Thisled to the expectation that the root of ablade can contribute
to adestabilizing yawing moment. Unfortunately this could not be extracted from
thewind tunnel measurements, wheretheload distribution was not measured. The
advantage of the present IEA Annex XVIII measurementsis that they do provide
direct information on the load distribution.

The most important conclusion from the present investigation is then the con-
firmation, that the root of a blade (i.e. the 30% span location), does show the
maximum forces to appear at the downwind side of the rotorplane, where at the
tip (i.e. at 80% span) the maximum is found at the upwind side of the rotorplane.
Hence the root adds a destabilizing yawing moment contribution, where the tip
adds a stabilizing yawing moment contribution.

Finally alimited comparison has been made with the newly developed free wake
lifting line code AWSM. The AWSM results show a good agreement with the
measurements at the 80% section, but at the 30% section there were considerable
differences. The explanation for these differences have not been found yet.
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SYMBOLS

Quantity | Description Unit
a axial induction factor [-]
B number of blades [-]
c chord [m]
C, normal force coefficient [-]
C tangential force coefficient [-]
Cp.ax axial force coefficient [-]
D rotor diameter [m]
Fax axial force [(K)N]
ibl blade number
Myaw yawing moment [(K)Nm]
n normal (to the chord) aerodynamic force at a blade [N]
section
r radial position (relative to rotor centre) [m]
R radius of the rotor [m]
shear,, difference between wind speed at top
of rotor plane and wind speed at hub height,
defined positiveif wind speed increases with height | [m/g]
shear;, difference between wind speed at bottom
of rotor plane and wind speed at hub height,
defined positiveif wind speed increases with height | [m/g]
t tangential (parallel the chord) aerodynamic forceat a | [N]
blade section
Ui ax axial component of induced velocity [m/s]
b azimuth averaged value of induced velocity [m/g]
V local wind speed at blade section [m/g]
Vax axial component of wind speed in rotor plane [m/g]
V wind free stream wind velocity (usually at hub height) [m/s]
V wind,ax axial component of free stream wind velocity [m/g]
Vwind,tang | taNgential component of free stream wind velocity [m/s]
a angle of attack [deg]
&, azimuth angle [deg]
By yaw angle [deg]
p air density [kg/m?]
Q rotor speed [rpm]
Osip pitch angle [deg]
Uy phase of the nt® Fourier component of the axial [deg]
induced velocity
Indices | Description
30,60,80 | 30, 60 and 80% span
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1. INTRODUCTION

Modelling of yawed conditions is known to be one of the most difficult topics
in wind turbine aerodynamics. In the past, large discrepancies have been found
in the prediction of mechanical loads at yawed conditions and in particular the
prediction of yawing moments (and stability) suffered from large uncertainties,
see[1] and [2].

Inthisreport an investigation on yaw effectsisdescribed. Theinvestigation forms

part of task 3.4 of the Annexlyse project, sponsored by the Netherlands Agency for

Energy and the Environment, NOVEM. The genera objective of the Annexlyse

project isto analyse the measurements which have been collected within IEA An-

nex XVIII. InthelEA Annex XV 111 project (seewww.ecn.nl/wind/other/| EA/index.en.html
and [3]), local aerodynamic loads were measured at different radial positions on
arotorblade.

Other investigations from the Annexlyse project (which mainly focus on the IEA

Annex XVIII measurements at hon-yawed conditions) can be found on the An-
nexlyse Internet site http://www.ecn.nl/extranet/annexlys/index.html and in [4],

[5], [6] and [7].

As mentioned above, the present study focusses on the IEA Annex XVIII mea
surements at yawed conditions. In order to understand these measurements, they
have been simulated with the PHATAS-IV code. The main emphasisin theinves-
tigation was on the analysis of the axial load distribution over the rotorplane, i.e.
the variation of the axial force of ablade section with the azimuth angle. Thisload
distribution determinesthe yawing stability of awind turbine, becauseit yieldsthe
load unbal ance between the upwind and downwind side of therotorplane. Assuch
it is extremely important for the stability of free yawing turbines but obviously
alsofor the prediction of fatigue and extreme loads. Theload distribution is partly
determined by the variation of the induced velocity over the rotorplane, which
results from the skewed wake geometry at yawed conditions. Until now, most
aerodynamic engineering models assume this variation to be sinusoidal as defined
in the EU JOULE projects 'Dynamic Inflow’, see [1] and [2]. Such sinusoidal
distribution yields a stabilizing (i.e. arestoring) yawing moment contribution for
the entire blade.

Within a Dutch national project, see[8], it was shown that this sinusoidal distri-
bution is arather crude simplification. Thiswas found from wind tunnel velocity
measurements, which were carried out in the rotorplane of a model wind tur-
bine. These measurements showed a considerable deviation from the expected
sinusoidal inflow distribution. The deviation is caused by velocities which are
induced by the root vorticity. The results led (under the assumption of linear
aerodynamics) to the suspicion that the yawing moment contribution at the root is
destabilizing whereit is stabilizing at thetip (though less stabilizing than expected
from asinusoidal model).

Thewind tunnel velocity measurementsfrom [8] gave unique information on the
inflow variation at yawed conditions but the resulting load distribution, which is
determinant for the yawing stability and influenced by additional effects, was not
measured. Now, within IEA Annex XV 111 the pressure distribution and resulting
loadsat different radial positionsand different azimuth angles have been measured
and as such these measurements do offer an opportunity to investigate the load
distribution in a direct way. Therefore one of the main objectives of the present
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study is to find direct evidence whether the root section of a wind turbine blade
can contribute to a destabilizing yawing moment where at the same time the tip
section yields a stabilizing yawing moment contribution.

It is important to know that the effects which are investigated at the present
study, i.e. the effects from the induced velocity variation, are mainly notable
at nominal/high axial induction factors. This usually corresponds to moderate
anglesof attack. Assuch they should be distinguished from the yaw effectswhich
are associated to the variations in shed vorticity and which have already been
extensively investigated in other projects, seei.e. [9]. Thelatter are aresult of the
1P variation in angle of attack and they will mainly (though not only) be notable
at high angles of attack in the form of dynamic stall effects.

The present report is structured in the following way: First a historical overview
of yaw modelling is given with a description of the effects which determine the
load distribution at yawed conditions, see section 2. Then the selection of suitable
measurement campaigns for the study is described in section 3. The analysis of
these measurements by means of PHATAS calculations, is described in section
4. The PHATAS code is also used to perform sensitivity studies (among others
on the importance of dynamic stall at the selected campaigns). Finally, section
5 compares a limited number of measurements with calculations from the newly
developed free wake lifting line code AWSM from ECN, see [10]. This code
models the wake and the resulting induced vel ocitiesin a physical way, where the
PHATAS engineering model is mainly empirical.

For a good understanding of the remaining chaptersit is extremely important to
absorb the definitions of yaw angle (¢,) and azimuth angle (¢,), as used in this
report: The blade azimuth angleis defined as zero for the blade pointing down in
vertical position, while the yaw angle is defined positive according to fig. 1.1. It
is noted that the definition of the azimuth angle is different from the IEA Annex
XVII1 definition (whichiszeroat 12 o’ clock’). The present definition isconsistant
with the one from the Dynamic Inflow projects [1] and [2] and the definition used
in [8]. Hence for positive yaw, the upwind side of the rotorplane is between O
and 180 degrees azimuth and for negative yaw it is between 180 and 360 degrees
azimuth.

10 ECN-C-04-097
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blade 3 9

blade 1 blade 2 o

wind,ax

Figure 1.1 Definition of axial induced velocity, yaw angle and azimuth angle
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2. HISTORIC PERSPECTIVE OF YAW
MODELLING

Until the beginning of the 90’'s, most blade element methods modelled yawed
conditions through the advancing and retreating blade effect only. This effect is
explained in figure 2.1 (l€ft).

skewed wake

Fmin (adv. retr.)
max (skewe \

min (skewed wake) /" tip vortices .~
S 0
upwind <=5 downwind
WR u 1 ﬂx‘ u
max (adv. retr.) 1, ax
Vtang/ Vix §
Vwindax v
wind

Figure2.1 Advancing and retreating blade effect (left) and unbalancein inflow induced
by the skewed wake (right)

For positiveyaw, the blade will beretreating in the upper half plane and advancing
in the lower half plane with respect to the inplane wind component (Va,g). This
givesalPvariation of angleof attack and effectiveinflow velocity: Theadvancing
and retreating blade effect is symmetric around zero azimuth. In this conventional
type of modelling therewill only be an aerodynamictilt moment asaresult of yaw,
but, averaged over arotor revolution, not arestoring yaw moment as is measured
inreality.

This deficiency was one of the reasons to perform the JOULE projects’ Dynamic
Inflow’ in which alarge number of European institutes participated ([1] and [2]).
The projectslasted from 1990 until 1995 and one of the objectiveswas to develop
and validate engineering methodsfor yawed conditions. Inthe sequel thesemodels
are referred to as’ Dynamic Inflow Engineering models'. The models devel oped
in these projects did not only include the advancing and retreating blade effect,
but also the effect of the skewed wake geometry on the inflow distribution, see
figure 2.1 (right): The proximity to the rotorplane of the vortices in the wake
strongly influences the inflow. The trailing tip vorticity is on the average closer
to the downwind side of the rotor plane, which according to the Biot-Savart law
results in alarger value of the axial induction velocity u; ... The higher induced
velocity means a lower value of the total axial velocity for the downwind half
of the rotorplane and hence lower blade loads in this part. The resulting load
unbalance yields a restoring yaw moment.

From helicopter aerodynamics the well known expression from Glauert, [11], is
available to model the unbalancein inflow distribution :

Uiae = T+ [1 — ch(%)sinqﬁr] 2.1)

Such asinusoidal inflow distribution isfound from asimple wake model, in which

12
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Historic perspective of yaw modelling

the velocities in the rotorplane are induced by a skewed wake which consists of
trailed tip vortices only. In the expression derived by Glauert the sinusoidal
variation is related to the disc averaged induced velocity ;.

Theformulafor K, in equation 2.1 will depend on the shape of the wake. Several
expressionsfor K. have been developedin helicopter society, see section 6 of [1].
They areall afunction of the yaw angle through the wake skew angle x (theangle
between the wake and the rotor axis):

VwindSin¢y (2 2)
Vwindcos¢y - ﬁ1 .

tany =

For the radial dependancy f(r/R), Glauert proposed a simple linear relation:

()= = 23)

All’Dynamic Inflow engineering models were basically very similar to equation
2.1 but there were differences in the modelling of the radial dependancy (f(r/R))
and the dependancy on the yaw angle (K.). Furthermore, the formula has been
applied on annular ring level instead of rotor disc level. A representative example
of the modelled V. — ¢, distribution at positive yaw from one of the ' Dynamic
Inflow engineering models’ is given in figure 2.2. The figure shows a sinusoidal
variation with the maximum value of V,, (And hencethe minimum value of u; ,x)
at the upwind side of the rotorplane at ¢, = 90 degrees, in accordance with the
expected inflow unbalance sketched in figure 2.1.

40

1/R=50%
1/R=60%

1/R=80%

0 % 180 210 30

é: [°]

Figure 2.2 Qualitative sinusoidal V,, — ¢, behaviour at positive yaw, as predicted by
one of the’ Dynamic Inflow engineering models

In the Dynamic Inflow projects it turned out that the inclusion of a sinusoidal
inflow model, generally spoken, improved the agreement with measured yaw |oads
considerably in the sense that they have become non-zero and of the correct sign
(restoring). Neverthelesslargediscrepancieswerestill possible. Thesewere partly
attributed to the uncertainties in the modelling of the radial dependancy and the
yaw angle dependancy in the formulafor u; .. Thisuncertainty is due to the fact
that inthe Dynamic Inflow projects, measurementsof blade root bending moments
were available only. These moments consist of an aerodynamic and massinduced

ECN-C-04-097
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades

component and they are influenced by the loads over the entire blade spanwise
length. Information about the radial and yaw angle dependancy of the local
aerodynamic loads and the underlying induced vel ocities can hardly be extracted
from such measurements. In order to derive formula for these dependancies
in a more straightforward way, it was realised that direct measurements of the
inflow distribution at several radial positions were required. This resulted in the
Dutch national follow-up project. The project was performed by ECN, where
the University of Delft acted as subcontractor, see [8]. The axial flow velocities,
V.. (perpendicular to the rotorplane) are measured in the near wake of a wind
tunnel rotor with a diameter of 1.2 m. The measurements are done with a hot
wire system, 6 cm (10% R) downstream of the rotor plane at four radial positions
(50% R, 60% R, 70% R and 90% R) at yaw angles of 30 degrees, 45 degrees and
60 degrees.

A representativeresultispresentedinfigure 2.3. Inthefigurethe raw measurement
result is presented, as well as athird order Fourier fit according to:

n=3

Vax(¢r) = Z An,ax . COS(DQST - wn) (24)

n=1

Despitethe scatter in the raw measurement results, it isremarkable to seethe clear
trend in the fitted results at all yaw angles. Thistrend is presented in figure 2.4.

2'0 " " " " l " " " " l " " " " " " " "
0 90 180 270 360

¢: [deg]

Figure 2.3 Measured axial velocity at 30 degrees yaw
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30

increasing r

151 increasing r

ol v
0 % 180 210 360

¢ [deg]

Figure 2.4 Trend of the radial dependancy of the axial velocity at a positive yaw angle

If the resultsfrom the figures 2.3 to 2.4 are compared with the expected sinusoidal
behaviour from figure 2.2 a surprising deviation is apparent:

At theinner part of the blade, the maximum value of V,, isreached at ¢, = 270
degrees. Thisimplies that the maximum axial velocity is at the downwind part
of therotorplane. Probably the same holdsfor the loads by which theinner part
of the rotor is expected to contribute to a destabilizing yawing moment!

At the outer part of the blade, the absolute maximum shiftsto ¢, = 90 degrees
resulting in a stabilizing yawing moment. As a consequence the inflow distri-
bution at the tip becomes more similar to the expected sinusoidal distribution.
Neverthelessat ¢, = 270 degreesalocal maximum s still apparent. This makes
the yawing moment less | ess stabilizing than the yawing moment which results
from a sinusoidal inflow distribution.

The deviation from the expected sinusoidal distribution is explained by root
vorticity effects. The sinusoidal velocity distribution is induced by a wake
which consistsof trailed tip vortices, but obviously the vorticity whichistrailed
at the root also contributes axial velocities at yawed conditions. In figure 2.5 a
calculational result is presented from which the influence of the root vorticity
can be extracted.

80—

—
o
/j* \*\\
7 ¥ N
" //* N e,
= V /et L ey NN e ..
E et N -
% T 1R= i N ety
b 1/R=30%, without rv *\\\ et o
> + 1/R=50%, without rv *\\\ //1//
+ /R=90%, without rv = S
77777777 +
TIR=30%, with rv T
1/R=50%, with rv
1/R=90%, with rv
oL
0 90 180 270 360

é: [°]

Figure2.5 JOULE Dynamic Inflow, Tjageborg turbine: Axial velocity at ¢, = +32 °

calculated with free wake model from NTUA, both with and without root
vorticity

ECN-C-04-097
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades

The figure shows results of the calculated axial velocity in the rotorplane of

the Tjaaeborg turbine (at 30%, 50% and 90% span). They are determined with

a free wake code, developed by the National Technical University of Athens,

NTUA, [12]. To distinguish the root vorticity effects, NTUA performed the

calculations with two different models:

— The complete model (with identification "with rv’). In this model the effect
of the root vorticity isincluded automatically;

— A specia version of the model (with identification *without rv’) in which
root vorticity effects are excluded;

The calculations without root vorticity effects show the expected sinusoidal
distribution, as induced by the tip vorticity. However the calculations, with
root vorticity effects show qualitiatively a surprisingly good agreement with
the DUT measurements. Near the root a maximum at ¢, = 270 degrees can be
observed. At thetip amaximum at ¢, = 90 degrees becomes apparent and the
inflow distribution is very similar to the expected sinusoidal inflow distribution.

On basis of the available velocity measurements, an engineering model for the
axial induced velocity could be developed and validated. The model consists of
a second order Fourier series. The amplitudes and phases are fitted as function
of radial position and yaw angle to the DUT measurements. The amplitudes
are related to an azimuthal averaged induced velocity which is calculated from a
standard blade element momentum calculation.

The new model led in many validation cases, to a considerable improvement in
the prediction of the loads at yawed conditions compared to the previously used
sinusoidal inflow model, although this was again based on indirect blade root
moment measurements, where details on the radial dependancy of the loading
were lost. These details will become available from the present project.

It must be noted that the above given observations about the importance of skewed
wake effects do not hold for low tip speedratios. At these conditionsthe Dynamic
Inflow projects showed that the advancing and retreati ng blade eff ect was dominant
abovethe skewed wake effect. Thisisdueto thefact that [ow tip speed ratios mean
alarger value of V,,, compared to €2 - r. This enhancesthe advancing/retreating
effect, see figure 2.1 (left). At the same time a low tip speed ratio can generally
be associated with low induction which also makes the skewed wake effects less
significant. Hence the inclusion of the skewed wake effects hardly effected the
results at these conditions. At low tip speed ratios the axial blade loading was
found to be maximum at vertical down position in a homogeneous ambient flow
with positiveyaw, dueto the higher effective vel ocity, which apparently dominates
the effect from the lower angle of attack at that position.
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3. SELECTION OF CAMPAIGNS

In order to perform the study on yaw effects, it was attempted to find IEA Annex

XVI1I1 campaigns which fullfilled the following selection criteria:

1. The campaign should be taken at a substantial (mean) yaw angle (say > 15
degrees);

2. The averaged axial induction factor (which obviously only can be derived
from calculations) should be > 0.15. At lower axia induction factors the
loading variation over the rotor plane is mainly determined by the advancing
and retreating blade effect;

3. Thewind shear should be measured. Thisisanimportant requirement because
the loading variation over the rotorplane interferes with the variation which is
caused by wind shear and their effects are difficult to distinguish;

4. Preferably the yawed campaign should be compared with a similar campaign
at (almost) zero yaw. The campaigns should be similar in terms of mean wind
speed, pitch angle and rotor speed. Obviously the uncontrollable atmospheric
conditionsmakesit very difficult to find campaignswhich arefully comparable.
Note that this condition is not strictly necessary since the yawing stability can
be investigated without having a zero yaw campaign.

Then the only campaigns which satisfy these criteria have been measured on the
ECN-facility.

3.1 Selected ECN campaigns

The selected campaigns are listed in table 3.1. The filenames are denoted through
(n)y-rot-e-xxx, where’ny’ identifiesanon-yawed campaign, 'y’ identifiesayawed
campaign and xxx is the sequence number. Furthermore, the table gives arough
estimate of the mean angle of attack at 80% span (as, ), the mean wind speed, the
mean yaw angle, the pitch angle and the rotor speed. The wind shear (derived
from the anemometer signals at hub height and at hub height +/- R) is also given.
shear,,, gives the wind speed difference between the wind speed at hub height
and the wind speed at hub height + R whereshear,,,, givesthe difference between
the wind speed at hub height and the wind speed at hub height - R. It is defined
positive when the wind speed increases with height.

The yaw angles range from very positive to very negative yaw angles, with some
moderate yaw angles in between. For every campaign a reference campaign
is available at more or less zero yaw, which all have an axial induction factor
above 0.15. Despite these high axial induction factors the angle of attack is still
relatively large, (> 10 degrees) by which dynamic stall effects may play arole.
Theinfluence of dynamic stall effectsis assessed in section 4.

ECN-C-04-097

17



Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades

file @50 | Vwind ¢_y E Q shear,, | shearioy,
deg| m/s| deg| deg| rpm [-]m [-]
y-rot-e-001 | 11.84 | 946 | 429 | -5.82 | 37.10 -0.03 1.36
ny-rot-e-005 | 19.44 | 10.97 0.9 -4.6 | 37.81 0.61 1.50
y-rot-e-002 | 17.95| 840 | 398 | -8.83| 37.10 1.06 1.28
ny-rot-e-006 | 19.84 | 8.52 34 -7.0| 370 0.76 0.21
y-rot-e-003 | 21.98 | 850 | 425 | -11.83 | 36.67 0.63 153
ny-rot-e-007 | 25.35 | 9.71 26| -103| 36.7 1.08 153
ny-rot-e-008 | 31.57 | 9.96 04| -126| 36.3 0.79 0.84
y-rot-e-007 | 14.76 | 9.76 | 16.4 | -5.82 | 37.60 0.36 131
ny-rot-e-006 | 19.84 | 8.52 34 -7.0| 370 0.76 0.21
y-rot-e-008 | 22.89 | 818 | 14.2 | -11.83 | 36.87 0.96 131
ny-rot-e-007 | 25.35 | 9.71 26| -103| 36.7 1.08 153
y-rot-e-017 | 17.80 | 8.19 | -30.0 | -5.86 | 38.01 213 2.28
ny-rot-e-006 | 19.84 | 8.52 34 -7.0| 370 0.76 0.21
y-rot-e-018 | 27.54 | 9.04 | -34.0 | -11.86 | 37.24 1.12 1.82
ny-rot-e-007 | 25.35 | 9.71 26| -103| 36.7 1.08 153
y-rot-e-020 | 20.03 | 9.57 | -49.2 | -8.85| 37.32 0.81 2.29
ny-rot-e-007 | 25.35 | 9.71 26| -103| 36.7 1.08 153
y-rot-e-021 | 26.50 | 10.12 | -49.2 | -11.86 | 37.11 1.36 2.00
ny-rot-e-008 | 31.57 | 9.96 04| -126| 36.3 0.79 0.84

Table3.1 Global overview of selected ECN measurement campaigns at yawed and non-
yawed conditions

Campaign N ag0 ago | Cp.ax
n. [-] [-] [-] [-]
ny-rot-e-005 | 0.197 | 0.179 | 0.176 | 0.457
ny-rot-e-006 | 0.301 | 0.299 | 0.272 | 0.685
ny-rot-e-007 | 0.251 | 0.208 | 0.217 | 0.557
ny-rot-e-008 | 0.233 | 0.180 | 0.190 | 0.500

Table 3.2 Calculated axial induction factors and Cp ., for ECN measurement files at
non-yawed conditions

18 ECN-C-04-097



4. ANALY SIS OF RESULTS BY MEANS OF
PHATAS CALCULATIONS

In this chapter, the results from the campaigns y-rot-e-001 and y-rot-e-002 (at

positive yaw, ¢, = +42.9 and +39.8 degrees, see table 3.1) and the results from

the campaigns y-rot-e-017 and y-rot-e-021 (at negative yaw, ¢, = -30 and -

49.2 degrees) are discussed in detail. Thereto these campaigns are simulated

with PHATAS-IV in which the engineering model, described in section 2, is

implemented. The wind input to these PHATAS calculations was prescribed in

the following way:

¢ Thehub height wind speed from table 3.1 was prescribed; Thiswind speed was
assumed to be constant;

e The bilinear wind shear from table 3.1 was prescribed ;

e Theyaw angle from table 3.1 was prescribed. This yaw angle was assumed to
be constant.

Then the local aerodynamic loads at different radial positions are binned as func-
tion of azimuth angle and acomparison is made between cal culated and measured
curves.

Thefigures4.1 and 4.2 show the variation of the normal forceswith azimuth angle
for positive yaw (as amatter of fact the figure showsthe valuesof c,, - V2, (with V
the local velocity at the blade section) which differ from the actual normal force
by the constant 0.5 p c). Theseresults are very representative for the other results
a positive yaw angles (although this is less true for the smaller positive yaw
angles). In thefigures 4.3 and 4.4 the results of the 'normal forces' are presented
as function of azimuth angle for the negative yaw angles. These results are very
representative for negative yaw angles. The corresponding results at zero yaw are
also presented.

It must be noted that the axial (out of plane) loads which determine the yawing
stability are not solely aresult of the aerodynamic normal forces. Theaerodynamic
tangential force along the chord force will, because of the twist and pitch angle,
also contribute to the out of plane direction, but this contribution is very small, in
particular for the present campaigns which are taken at a negative pitch angle.

The complete comparison (not only on basis of normal forces but also on dimen-
sionless ¢, values and inflow velocities) can be found in Appendix A.

ECN-C-04-097
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades
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Figure4.1 ECN campaign y-rot-e-001: n — ¢, at ¢, = 42.9 deg and at a = 0.2; 80%
span (top), 60% span, 30% span (bottom)
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Analysis of results by means of PHATAS calculations
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Figure4.2 ECN campaign y-rot-e-002: n — ¢, at ¢, = 39.8 deg and at a ~ 0.3; 80%
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades
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Figure4.3 ECN campaign y-rot-e-017: n — ¢, at ¢, = -30 deg. and at a = 0.3; 80%
span (top), 60% span, 30% span (bottom)
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Analysis of results by means of PHATAS calculations
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades

The following comments can be made:

e Generally speaking the shapeof then— ¢, curve at yawed conditionsispredicted
very well with the engineering model from PHATAS, but thisislesstrue at the
60% section, where some cases show a large overprediction of normal forces
near the O degrees azimuth for unknown reasons. It should also be mentioned
that already at zero yaw, the calculated normal forces differ from the measured
values. These differences will, most likely, also be reflected in the prediction
of the much more difficult yawed conditions;

e As expected the variation of the normal forces with ¢, (i.e. the amplitude of
n — ¢,) increases with increasing yaw angles. Thisistrue in both calculations
and measurements, in particular at the 80% section;

e Themost interesting observation can be found for the positive yaw campaigns,
seethefigures4.1and 4.2;

— At 80% span, the maximum in normal forceisfound in the upwind side of the
rotorplane (near ¢, ~ 50 degrees). Assuch thetip sectionyieldsastabilizing
yawing moment contribution as expected from the discussion in section 2.
At this spanwise location, there is a good agreement between measurements
and PHATAS calculational results;

— At 30% span, the maximum in normal force is found at the downwind side
of the rotorplane (near ¢, ~ 300 degrees). As such the root section does
contribute to a destabilizing yawing moment indeed! As for the 80% sec-
tion, thereis a very reasonable agreement between cal culated and measured
variation and a destabilizing yawing moment contribution is found both cal-
culations and measurements;

— From the discussion in section 2, the maximum force from the induced
velacity distribution at the tip would be expected to occur at precisely ¢, =
90 degreeswhere it is supposed to be at precisely 270 degrees near the very
root. However the following effects disturb this’idealised’ picture.

* The 30% and the 80% span are close, but not fully at the root and the
tip section. In figure 4.5 the calculated induced velocities are given. |t
isfound that the minimum induced velocity at 30% span occursat ¢, ~
230 degrees and the minimum induced velocity at 80% span occurs at
¢, =~ 105 degrees;

* Theload variation doesnot straighforwardly follow theinduced velocity
variation but it is also determined by the following effects:

- The advancing and retreating blade effect. At positive yaw, this
makesthe maximum loading to appear at 0 degreesand theminimum
loading at 180 degrees. The effect is most notable near the root
sections;

- The wind shear. This makes the maximum loading at ¢, = 180
degrees and the minimum loading at ¢, =0 degrees. As such it
opposes the advancing and retreating blades at positive yaw, where
it enhances the advancing and retreating blade effect at negative
yaw. The effects from windshear will be most notable near the tip
section;

- The structural flexibility;

- The tower shadow;

- The coneand tilt angle;

- The effect from dynamic stall;
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Analysis of results by means of PHATAS calculations

The importance of these additional effects can be assessed from figure
4.6. This figure shows (by means of calculations) the sensitivity of
the normal force variation to the combination of these additional ef-
fects (flexibilities, wind shear, dynamic stall, tower shadow and tilt and
cone angle). Although these are theoretical results, the generally good
agreement between calculations and measurements gives some confi-
dence in the validity of it. The sum of all additional effects turns out
to have a rather large influence on the results (in particular at the 30%
section). Nevertheless the main conclusion remains; With and without
additional effects, the yawing moment contribution is destabilizing at
the 30% section (the maximum normal force is at the downwind side of
the rotorplane) and stabilizing at the 80% section. As a matter of fact,
the neglect of additional effects makesthe destabilizing yawing moment
contribution at the 30% span even stronger because it yields generally
speaking higher normal forces at the downwind side and lower normal
forces on the upwind side. Vice versa, the inclusion of additional ef-
fects tend to stabilize the yawing moment at 30% span. Some further
sensitivity studies showed that this is mainly caused by the stabilizing
effects from the cone angle, flexibilities and dynamic stall.

At the 80% section the neglect of the additional effects tends to neu-
tralize the (stabilizing) yawing moment contribution and vice versa, the
inclusion of additional effects tends to stabilize the yawing moment at
80% span. Thisis mainly caused by the effect of wind shear: At pos-
itive yaw, the wind shear compensates the neutralizing advancing and
retreating blade effect.
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Figure4.5 ECN campaigny-rot-e-001: Calculated u; — ¢, at ¢y = =+42 deg. and at a

~ 0.2; 80% span (top), 30% span (bottom)
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades
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Figure4.6 ECN campaign y-rot-e-001: Calculatedn — ¢, at ¢, = +42deg. and at a ~
0.2, with and without additional effects; 80% span (top), 30% span (bottom)
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Analysis of results by means of PHATAS calculations

e Atfirst sightit would be expected that the results at negativeyaw could befound

from the distribution at positive yaw by 'mirroring’ around the 0-180 degrees

azimuth axis. Hence the maximum normal force at the tip would be expected

to be close to ¢, = 270 degrees where the maximum at the root is expected to
be close to ¢, = 90 degrees. Comparison of the figures 4.2 and 4.1 with the
figures 4.4 and 4.3 shows that thisis not the case:

— At negative yaw, the maximum loading is found near ¢, = 180 degrees
(actually slightly above 180 degrees) and the minimum loading isfound near
¢. = 0 degrees. This correspondsto a neutral yawing moment contribution,
very well in line with the predictions from the PHATAS code;

— A deviation occurs at the 30% section in figure 4.3: The measured yawing
moment contribution is stabilizing where the cal culationsindicate a destabi-
lizing yawing moment contribution. It must be noted that a similar discrep-
ancy is already found at the zero yaw campaign. Furthermore the measured
wind shear for case y-rot-e-017 is extremely large (more than 25% over both
the upper and lower part of the rotor plane) which puts some doubt on the
representativeness of this result.

Now it must be noted that the conditions for the negative yaw cases are close
but still not sufficiently comparableto the conditionsfor the positive yaw cases:
At the negativeyaw casesthe axial induction factor isrelatively low or thewind
shear is very strong. Both effects tend to stabilize the yawing moment. If the
wind speed for the negative yaw caseswould have beenlower, it isexpected that
the same conclusionscould bedrawn asfor the positive yaw cases. Calculations
at negative yaw, at alower wind speed (V=7.12 instead of V=10.12 m/s) show
much moare pronounced effects of the induced velocity distribution, see figure
4.8. A destabilizing yawing moment contribution is found at 30% span and a
stabilizing yawing moment contribution at 80% span. Furthermore, it is found
by means of calculations that without additional effects (i.e. without structural
flexibility, dynamic stall, wind shear etc) the load distributions at positive yaw
is the precise mirror of the load distribution at negative yaw. Hence a possibly
asymetry between positive and negativeyaw is caused by the additional effects.

The sensitivity to the additional effects at negative yaw can be found in figure

4.7.

— Theneglect of additional effects(flexibilities, dynamic stall, tower, tilt) yields
a stronger destabilizing yawing moment contribution at the 30% section
similar tothesituation at positive yaw angleand viceversait can be concluded
that the additional effects stabilize the yawing moment contribution. Further
sensitivity studies showed that thisis mainly aresult from the dynamic stall
effects and to asmaller extent from the cone angle.

— The neglect of additional effects at the 80% section has a limited influence
but it tends to destabilize the yawing moment contribution. Vice-versait can
be concluded that the inclusion of the additional effects tend to stabilize the
yawing moment. Sensitivity studys showed that the wind shear is having a
dlight destahilizing effect (as explained above), but this is compensated by a
slightly stabilizing contribution from all other effects.
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades
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Figure4.7 Calculated n — ¢, at ¢, = =-49 deg. and at a =~ 0.2, with and without
additional effects; 80% span (top), 30% span (bottom)
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Analysis of results by means of PHATAS calculations
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Figure4.8 Calculatedn — ¢, at ¢, = =-49 deg. at Vyinga = 10.12m/sand Vying = 7.12
m/s; 80% span (top), 30% span (bottom)
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5. AWSM CALCULATIONS

Campaign y-rot-e-001 (i.e. the campaign at ayaw angle of 42.9 degrees, seetable
3.1) has been simulated with the AWSM code. AWSM is a newly developed free
wake lifting line model which automatically models the effects from the skewed
wake geometry on the inflow velocity distribution. The codeis described in [10].
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Figure5.1 Wake geometry calculated by AWSM

The results of the normal force distribution at 30% and 80% span are presented
in figure 5.2. The result obtained with the PHATAS code is also given. The
corresponding wake geometry is presented in figure 5.1. It can be observed that
the AWSM results differ considerably at the 30% section, where the agreement
at the 80% section is very well. Part of the deviation at 30% span can be caused
by dynamic stall effects. These effects are not taken into account in the AWSM
model, where they do have some influence, at least according to the sensitivity
study which has been performed with PHATAS, see section 4.

Within IEA Annex XX, i.e. the analysis of the NREL measurements on a 10
m diameter turbine in the NASA-Ames wind tunnel, a more thorough validation
of the AWSM code will be performed, which hopefully sheds some light on the
present puzzling results.
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AWSM calculations
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Figure5.2 ECN campaign y-rot-e-001: n — ¢, at ¢, = 42.9 deg. and at a ~ 0.2; 80%
span (top), 30% span (bottom); Calculated with PHATAS and AWSM
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6. CONCLUSIONS

The most important conclusion from the present study is, that local aerodynamic
measurements along a wind turbine blade show a destabilizing yawing moment
contribution to be possible at the root of a blade, where at the same time the tip
can contribute to a stabilizing yawing moment. The destabilizing effect at the root
can dightly be reduced by structural flexibility, dynamic stall, cone angle etc.

Generally speaking the PHATAS code predicts the shape of the aerodynamic
normal force as function of azimuth angle (and as such the yawing stability)
well and better than the result expected from a conventional Glauert type of
model. Most important isthat PHATAS predicts the destabilizing yawing moment
contribution at the root where at the same time the tip is predicted to contribute
a stabilizing yawing moment. First results from the new free wake code AWSM
are promising but have also led to some unanswered questions.
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blade 1

APPENDIX A. AZIMUTHALLY BINNED
AVERAGED VALUES ON ECN
TURBINE

It isrecalled that the azimuth angle ¢. is defined such that ¢, = 0 degrees means
that the blade is pointing down in vertical position(i.e. 6 0’ clock position), where
the yaw angle is defined positive according to fig. A.1. Hence for positive yaw,
the upwind side of the rotorplane is between 0 and 180 degrees azimuth and for
negative yaw it is between 180 and 360 degrees azimuth.

blade 3 9

W
blade 2 R

wind,ax

Figure A.1 Definition of axial induced velocity, yaw angle and azimuth angle
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Annexlyse: Validation of yaw models, on basis of detailed aerodynamic measurements on wind turbine blades
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Figure A.2 ECN measurements. c, — ¢; at ¢, = 42.9 deg. and at a =~ 0.18; 80% span
(top), 60% span, 30% span (bottom)
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Azimuthally binned averaged values on ECN turbine
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Figure A.3 ECN measurements. V — ¢, at ¢, = 42.9 deg. and at a ~ 0.18; 80% span
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Figure A.4 ECN measurements. n — ¢, at ¢, = 42.9 deg. and at a ~ 0.18; 80% span
(top), 60% span, 30% span (bottom)
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Azimuthally binned averaged values on ECN turbine
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Figure A.5 ECN measurements. c, — ¢, at ¢, = 39.8 deg. and at a ~ 0.3; 80% span
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Figure A.6 ECN measurements. V — ¢, at ¢, = 39.8 deg. and at a = 0.3; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.7 ECN measurements. n — ¢, at ¢, = 39.8 deg. and at a =~ 0.3; 80% span
(top), 60% span, 30% span (bottom)

ECN-C-04-097

41
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Figure A.8 ECN measurements. c, — ¢, at ¢, = 42.5deg. and at a = 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.9 ECN measurements: V — ¢, at ¢, = 42.5deg. and at a = 0.2, 80% span
(top), 60% span, 30% span (bottom)
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Figure A.10 ECN measurements. n — ¢, at ¢y, = 42.5deg. and at a ~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.11 ECN measurements. c, — ¢, at ¢, = 16.4 deg. and at a ~ 0.3; 80% span
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Figure A.12 ECN measurements. V — ¢, at ¢, = 16.4 deg. and at a = 0.3; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.13 ECN measurements. n — ¢, at ¢, = 16.4 deg. and at a ~ 0.3; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.14 ECN measurements. c, — ¢, at ¢, = 14.2 deg. and at a = 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.15 ECN measurements: V — ¢, at ¢, = 14.2 deg. and at a = 0.2; 80% span
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Figure A.16 ECN measurements. n — ¢, at ¢y, = 14.2 deg. and at a ~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.17 ECN measurements. c, — ¢, at ¢y = -30 deg. and at a ~ 0.2; 80% span
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Figure A.18 ECN measurements: V — ¢, at ¢, = -30 deg. and at a ~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.19 ECN measurements: n — ¢, at ¢, = -30 deg. and at a = 0.2; 80% span
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Figure A.20 ECN measurements. c, — ¢, at ¢, = -34 deg. and at a ~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.21 ECN measurements. V — ¢, at ¢, = -34 deg. and at a =~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.22 ECN measurements. n — ¢, at ¢, = -34 deg. and at a = 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.23 ECN measurements. c, — ¢; at ¢y, = -49 deg. and at a ~ 0.2; 80% span
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Figure A.24 ECN measurements: V — ¢, at ¢, = -49 deg. and at a ~ 0.2, 80% span
(top), 60% span, 30% span (bottom)
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Figure A.25 ECN measurements: n — ¢, at ¢, = -49 deg. and at a = 0.2; 80% span

ECN-C-04-097

59
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Figure A.26 ECN measurements. c, — ¢, at ¢y, = -49 deg. and at a ~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.27 ECN measurements. V — ¢, at ¢, = -49 deg. and at a =~ 0.2; 80% span
(top), 60% span, 30% span (bottom)
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Figure A.28 ECN measurements. n — ¢, at ¢, = -49 deg. and at a = 0.2; 80% span
(top), 60% span, 30% span (bottom)
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EXECUTIVE SUMMARY

Yaw measurements and yaw modelling

Modelling of yawed conditions is known to be one of the major deficienciesin
current wind turbine design codes. In the past, large discrepancies have been
found in the prediction of mechanical loads at yawed conditions and in particular
the prediction of yawing moments (and stability) suffered from large uncertainties,
see[1] and [2].

The present report describes an analysis of aerodynamic measurements on wind
turbines at yawed conditions. Among others, a comparison is made with calcula-
tional results from ECN’swind turbine design code PHATAS V.

The measurements which are analysed originate from the database of IEA Annex
XVIII, see

http://www.ecn.nl/wind/other/IEA/index.en.html and [3].

Inthis|EA Annex, the aerodynamic measurement programs of different institutes
were coordinated. In these measurement programs, the local aerodynamic forces
(normal and tangential to the chord) and the associated pressure distributions at
different spanwise locations along a wind turbine blade are measured.

The main emphasis in the investigation was on the prediction of the yawing
stability (or more specific: the variation of wind turbine loads over the rotor
plane). Thisstahility is partly determined by the variation of the induced velocity
over the rotorplane, caused by the skewed wake geometry. The variation in
induced velocities yields a load unbalance between the upwind and downwind
side of the rotorplane and as such a yawing moment.

Until 1990, wind turbine design codes did not predict this load unbalance and
resulting yawing moments at all. Yawed conditions were only modelled through
the so-called advancing and retreating blade effect, which basically adds or sub-
stracts the tangential free wind speed component to the rotational speed. This
results in a symmetric load distribution along the vertical line in the rotorplane.
Such load distribution yields a neutral yawing moment, where it was known from
measurements that the real yawing moment is stabilizing (i.e. restoring).

Thiswas one of the reasons to perform the EU Joule projects on Dynamic Inflow
(see [1] and [2]) in the period 1990-1995. In these projects, the variation of
the induced velocity over the rotorplane, was included, based on models from
helicopter theory. The models basically assumed a sinusoidal variation of the
inflow velocity with the maximum velocity at the upwind side of the rotorplane.
Suchinflow distribution generally led to a stabilizing yawing moment which was
aready a considerableimprovement compared to the previously used ' advancing
and retreating models'.

However, the results of aDutch national project, performed in 1998, showed these
sinosoidal modelsto bedeficient aswell. Inthat project, see[8], amodel rotor was
placedinthewind tunnel of the University of Delft and direct measurements of the
inflow distribution initsrotorplane weremade. The measurementshavebeenused
to improve the yaw model in the PHATAS code. It was found that the real inflow
distribution differs considerably from the expected sinusoidal distribution. This
was in particular true near the root of a blade where the root vorticity even makes
the maximum velocity to occur at the downwind side of the rotorplane. Thisthen
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tends to destabilize the yawing moment. Obviously the inflow measurements
from [8] only gave indirect information on the load distribution. Non-linear
aerodynamic effects, but also the advancing and retreating blade effect as well
as flexibilities, wind shear, tilt angle, etc make the relation between the inflow
variation and the load variation less straightforward. Therefore adirect validation
of the load variation at yawed conditions is extremely useful. The IEA Annex
XVII1 measurements offer the material for such validation. The main aim of the
present analysis has therefore been to investigate whether the root can contribute
to a destabilizing yawing moment where at the same time the tip can contribute
to a stabilizing yawing moment.

Results and conclusions

A number of IEA Annex XVIII measurements have been selected for further

analysis. The campaigns should fullfill the following criteria:

1. The campaign should be taken at a substantial (mean) yaw angle (> 15 de-
grees);

2. The averaged axia induction factor (which obviously only can be derived
from calculations) should be > 0.15. At lower axial induction factors the
loading variation over the rotor plane is mainly determined by the advancing
and retreating blade effect;

3. Thewind shear should be measured. Thisisanimportant requirement because
the loading variation over the rotorplane interferes with the variation which is
caused by wind shear and their effects are difficult to distinguish;

4. Preferably the yawed campaign should be compared with a similar campaign
at (almost) zero yaw.

The aerodynamic normal forces at different radial stations of the selected cam-
paignshavethen been binned on azimuth angleand compared with the resultsfrom
PHATAS-1V. The measurements showed that at the root (i.e. at 30% span) the
maximum force was found at the downwind side of the rotorplane, corresponding
to adestabilizing yawing moment. At thetip (i.e. at 80% span) the maximum was
found at the upwind side of the rotorplane. Generally speaking the PHATASIV
results show a good agreement with the measured results. Most important is that
they also predict the destabilizing yawing moment contribution at the root where
at the same time the tip is predicted to contribute a stabilizing yawing moment.

Finally alimited comparison has been made with the newly developed free wake
lifting line code AWSM. The AWSM results showsavery good agreement with the
measurements at the 80% section, but at the 30% section there were considerable
differences. The explanation for these differences have not been found yet.
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