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Abstract:
This report contains results from the EFP2007 project "Program for Research i
plied Aeroelasticity”. The main results from this project are:

The rotor aerodynamics were computed using different types of models
focus on the flow around the tip. The results showed similar trend for all
els.

Comparison of 3D CFD computations with and without inflow shear sho
that the integrated rotor thrust and power were largely identical in the
situations.

The influence of tower shadow with and without inflow shear showed sig
cant differences compared to BEM computations, which gives cause for fu
investigation.

3D CFD computations showed that the flow in the region of the nag
anemometer measured the flow angle in the wake with errors up to as
as 7 relative to the freestream flow angle.

As long as the flow over a blade remains attached there is little differencg
tween 2-D and 3-D flow. However, at separation an increased lift is obseg
close to the rotational axis.

A correlation based transition model has been implemented in the incomp
ible EllipSys2D/3D Navier-Stokes solver. Computations on airfoils and ro
showed good agreement and distinct improvement in the drag predictions
pared to using fully turbulent computations.

Comparing the method of Dynamic Wake Meandering (DWM) and IEC,
IEC model seems conservative regarding fatigue and extreme loads for thg
driving torque and flapwise bending, whereas the loads on tower and
torsion are non-conservative.

An experimental method for measuring transition point and energy spect
airfoil boundary layers using microphones has been developed.

A robust and automatic method for detecting transition based on microp
measurement on airfoil surfaces has been developed.

Transition points and the corresponding instabilities have clearly been obs
in airfoil boundary layers.

Predictions of the transition points on airfoils using ¢Aenethod were in good
agreement with measurements.

The Risg-DTU airfoil design methodology was verified and showed that
foils can be designed with very high lift-drag ratio, insensitivity opfax to
leading edge roughness and differences in turbulence intensity, relatively|
stiffness and high compatibility.
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Preface

The Energy Research Project "Program for Research in Agplieroelasticity, EFP-2007”
was carried out in cooperation between the two institutdeeahnical University of Denmark
(DTU), Risg National Laboratory of Sustainable Energy ¢R3TU) and the Department of
Mechanical Engineering (DTU MEK), from 1 April 2007 to 31 M&r2008. From the onset of
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Apart from the work focused on the milestones, also analgfesrrent problems and further
development of the existing models were carried out.
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list of publications in the project can be found.
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1 Summary

This report contains the results from the Energy Reseammje&r’'Program for Research in Ap-
plied Aeroelasticity, EFP-2007” covering the period froni\pril 2007 to 31. March 2008. The
partners in the project are the two institutes at Technicavérsity of Denmark (DTU), Risg
National Laboratory of Sustainable Energy (Risg DTU) aral Brepartment of Mechanical
Engineering (DTU MEK). The overall objectives of the prdjace to ensure the development
of an aeroelastic design complex, which can create the basike next generation of wind
turbines and make new design concepts possible. The pfojats a strategic cooperation be-
tween Risg DTU and DTU MEK and the wind turbine industry withghasis on obtaining a
suitable balance between long-term strategic researgiedpesearch and technological de-
velopment. To obtain synergy between the different subjaeet! to ensure an optimal, dynamic
cooperation with the industry, while maintaining the cantty of the research, the project is
organized as a research program within applied aeroatgstith a combination of research
activities with specific short-term targets within one yaad general continuous long-term re-
search activities. This research project has been the iteathow of one-year projects, which
has ensured a continuous development since 1997, wheretihigyan this row of projects is
described in [1], [2], [3], [4], [5], [6], [7], [8] and [9].

1.1 Main results from the project

The main emphasis of the activity in the project was put omtilestones which were defined
in the project proposal. Furthermore, there has been patinithe further development of tools
and models in "the aeroelastic design complex” which casgiE 3D Navier-Stokes models,
aeroacoustic models, airfoil- and blade design, aerdelasties and loads, aeroelastic stability,
control and new concepts. Also, there have been investigatdf subjects of fundamental
character, which often constitute long-term research. rareary of the main results for each
milestone from the project is given in the following.

1.1.1 Validation and further development of aerodynamic induction modeling

The distribution of axial induction near the tip of a Betzioml loaded actuator disc has been
investigated using five different computational tools. Tdeling is in itself singular at the edge
of the actuator disc and the corresponding computed inghgtshows comparable behavior
near the tip. All the considered methods captures the tneimtreased induction towards the
tip, and slightly lower induction inboard resulting in arged level for the whole disc close to
axial momentum theorg=1/3. The streamfunction-vorticity model and the disttézlivortex
sheet model compare very closely to each other for the Baimaploading. Loadings with a
more smooth transition to zero at the tip, reduced the olbsigpeak for the constant loading
considerably although the inboard induction remains altyunaffected.

1.1.2 Modeling of flow interaction between rotor, tower and nacelle

In the work package "Modeling of flow interaction betweerorptower and nacelle” a number
of CFD simulations have been carried out on the Siemens 3.6Wh\ turbine for various flow
situations. The influence of shear on the rotor loads wastigeted, and it was found that the
azimuthal variation of the load gave rise to some hysteiedise axial and tangential forces.
The integrated rotor thrust and power were largely idehtmaimulations carried out with
uniform inflow. The influence of tower shadow has been ingaséid for two flow cases, one
with and another without inflow shear. Generally, the CFultsgredicted the tower shadow
by as much as 50% different compared to BEM computations;hwbives cause for further
investigation. Even though the nacelle was not includeche dimulations the flow in the
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region of the nacelle anemometer was investigated, andstfaand that the measured flow
angle in the wake differed by as much asr&lative to the freestream flow angle. As such, for
the flow case where the turbine operated ifi $8w error, the flow angle in the wake of the
turbine measured on averagde @iving a possible explanation to the apparently consistaw
error observed in the Hgvsgre experiment. Investigatidghefvake development downstream
of a turbine operating in shear inflow showed that a rotaticthé wake gave rise to significant
mixing of the low velocity flow from the bottom half of the wakeo the top half. Additionally,
for the flow with large wind direction changes with height thake was largely dissolved only
three diameters downstream of the turbine.

1.1.3 Mapping of 3D effects and modeling of laminar-turbulent transition in bound-
ary layers on rotating blades

A series of computations were made using the commercial G¥l@ ELUENT on a rotating
blade in order to investigate 3-D effects originating mainbm Coriolis and centrifugal forces.
The blade was confined between two concentric cylindersrevheslip boundary condition
was applied that allowed a tangential velocity but no noredcity. This is basically a wall
boundary condition for an inviscid flow. Further, the inleundary condition was specified so
that the geometrical angle of attack was the same along tire éfade. The main conclusion
is that as long as the flow remains attached there is littferdifice between 2-D and 3-D flow.
However, at separation an increased lift is observed clodke rotational axis. For a ratio
between radius and chord, r/c, of 3.2 the computed lift caiefit as a function of the angle
attack is compared to a 2-D calculation and the same 2-D dataated for 3-D effects using
empirical models. It appears that for this position the 3dbrection underestimates the 3-D
effects. The work is still in progress, however a tool hasnbéeveloped that can be used to
investigate some of the assumptions made in quasi 3-D codit® @ompare and tune existing
stall delay models.

Apart from investigating the 3D effects also modeling of laar-turbulent transition in bound-
ary layers on rotating blades has been investigated. A latioe based transition model has
been implemented in the incompressible EllipSys2D/3D Biagtokes solver. Based on a se-
ries of zero pressure gradient flat plate boundary layegmessions for the two missing cor-
relation functions have been determined. Next, the modeblean used to predict the lift and
drag for two wind turbine airfoils, the S809 and NACA63-4&5pectively. Both computations
show good agreement and distinct improvementin the dradjqgirens compared to using fully
turbulent computations. The model was used to succesgféljict transition on a 6:1 prolate
spheroid at zero degrees incidence for four different Relmoumbers, while the model due
to lack of cross-flow by-pass transition capability was rméao predict the correct location of
transition for the spheroid at 30 degrees incidence. Theeinaeds finally applied to the well
known NREL Phase-VI rotor, corresponding the the upwin@sdiom the original blind com-
parison. It was shown how the transition model, throughatemn of the intensity of the inflow
turbulence could improve the prediction around stall, eliile low wind speed and high wind
speed regions were nearly unaffected by the transition mG@merally, one must expect that
the transition process can be very important for predidtirggcorrect aerodynamics of rotors
depending on rotor design and airfoil shape, and that theeptenodel can be a valuable tool.

1.1.4 Modeling and optimization of structural couplings in aeroelastic computa-
tions

The work made under this milestone is not reported this yedrthe work is continued in the
new EFP-2007-11 project. During the project, the necesbailgling blocks have been collected
in order to implement the anisotropic beam element, VAB®, he aeroelastic code, HAWC?2,
and the actual implementation should now be straight fadwafurther, emphasis have been
put on understanding how the structural behaviour of thddsiahould be changed in order to
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improve the aeroelastic response of the wind turbine. Wheset two tasks have been finalised,
conclusions will be made and reported as part of the EFP-2Q@Ydject.

1.1.5 Comparisons of design methods for wind turbines in wake

A new implementation of the Dynamic Wake Meandering (DWM)dabhas been demon-
strated, where all wake sources from the neighboring tesbare included. Production cases
have only been considered and ambient turbulence corrdBppto a terrain class IC (high
wind, low turbulence) has been applied. A comparison of $daetween turbines with a row
distance of 3 and 8 diameters (3D and 8D), respectively has inwestigated with the DWM
model and the method according to the IEC 61400-1 ed 3. stdntlae simulations performed
for very low wind speeds<8m/s) were however excluded in the analysis due to convesgen
problems when negative wind speed occurred on the downsti@ar, which is considered to
be of minor importance to the results.

When comparing the loads between the 3D and 8D configuraterturbine at the 3D con-
figuration never experiences any free flow situation. Anoithteresting observation is that the
tower loads seem more affected at longer downstream positi@n when turbines are close to
each other. This effect is addressed to the meandering etiesing higher states of full, half
and no wake situation when the meandering has had time tdogeve

In the direct comparison between the DWM and the IEC modaheBD case, the IEC model
seems conservative regarding fatigue and extreme loattefgaw, driving torque and flapwise
bending, whereas the loads on tower and blade torsion areoservative. The maximum
tower bending is 20% higher for the DWM model and 55% highettfe blade torsion moment.

For the 8D case, the comparison shows a generally good agredratween the two models
regarding yaw, driving torque and flapwise blade bendin @éviances in the order of 10%.
However, for the tower loads and blade torsion a signifigamitiher load level is seen with the
DWM model. Regarding tower loads the fatigue level is 25%kigvith the DWM model and
the maximum bending moment is 60% higher than for the IEC hadsimilar difference is
also seen for the blade torsion.

1.1.6 Aero-servo-elastic pitch dynamics for blades with large deflections

The modal dynamic of a beam with a large static deflection aadyaed with three different
structural beam models. The coupling between bending arsibtg caused by the deflec-
tion and predicted by the three different models are seegreeagualitatively, except of the
edgewise bending component in the torsional mode.

The effects of large bending deflections under steady spseation of the wind turbine blade
on its stability limits, especially with regards to the farttimit, are analyzed. The investigation
shows no significant change of the flutter limit on the roteeespdue to the blade deflection,
whereas the first edgewise bending mode becomes negatizripetl due to the coupling
with blade torsion which causes a change of the effectivection of blade vibration. These
observations are confirmed by nonlinear aeroelastic stiongusing HAWC?2.

Next, the effect of a free-play in the pitch system is anallyzA linear pitch bearing stiffness
with a free-play is imposed on a 2D wing-section model. Thehpsystem model and the wing-
section model are combined and simulated in time to deterthiarelative inflow speed where
flutter onsets. It is found that this flutter speed decreasvehfree-play is introduced.
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Comparing

DWM and IEC,
the IEC model
seems  conser-
vative regarding
fatigue and ex-
treme loads for
the yaw, driving
torque and flap-
wise bending,
whereas the loads
on tower and
blade torsion are
non-conservative.

Assuming large
deflections shows
no significant
change of the
flutter limit on
the rotor speed,
whereas the
first edgewise
bending  mode
becomes nega-
tively  damped
due to the cou-
pling with blade
torsion.

The flutter speed
decreases when a
free-play in the

pitch bearing is

introduced.



Three airfoils
were tested and
microphones
were surface
mounted and
measured transi-
tion.

The Risg-C2-18
airfoil was tested
and showed to
be in agreement
with the design
objectives which
were e.g. high
maximum  lift,
high lift-drag
ratio and a high
degree of rough-
ness insensitivity

1.1.7 Wind tunnel tests of new airfoil series

Three airfoils were tested in the LM Glasfiber wind tunnelngestigate 1) transition from
laminar to turbulent flow in the airfoil boundary layer, 2etRisg DTU airfoil design method-
ology and 3) the inflow characteristics at small turbulenglé scales and the influence on air-
foil performance. A technique using surface mounted micooes were developed and used
where frequencies between 30Hz and 20kHz were measurecthiBvgvith the microphones
the airfoil models had pressure taps to measure the aerodymharacteristics in terms of
the pressure distributions that were integrated to lifggdand moment. Also, the drag was
measured using a wake rake. To investigate the influencdlofiturbulence on airfoil perfor-
mance two different grids were mounted upstream of theiairfo

A large amount of microphone data has been processed wélerefe to transition detection
and selected results are presented. All results show esghgatues and the method for transi-
tion detection is well established. The only drawback inrttethod is uncertainty with respect
to the accuracy of the detected values near the leading &ugé.cases transition is clearly
observed and also the onset of instability as well as thamlistover which transition develops.

The design of the Risg-C2-18 airfoil was verified in the windrtel and showed that the de-
sign criteria were fulfilled. Thus, the airfoil with cleanrface showed the characteristics as
predicted with the flow simulation tools, however with a bllg lower maximum lift. For ex-
ample the fast movement of the transition point at arogng 1.7 showed to be predicted
well by thee” model in the flow simulation tool XFOIL. Also, an unavoidalbigt acceptable
loss in maximum lift was seen which was at its highest upde=0.15. Furthermore, it was
as expected seen that the drag was not resistant to leadjegr@dghness and an increase in
both maximum lift and drag were seen. Testing the airfoitthwlifferent turbulence intensity
showed an increase in drag and an increase in maximum lifpaoed to the tests at lower
turbulence intensity.
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2 Analysis of induction near tip

Author: Robert Mikkelsen, Helge A. Madsen, Martin Hansen, Wen ZrSBéig @ye

This section seeks to analyze the behavior of the inductaar the tip of a Betz optimal
loaded actuator disc. Several axi-symmetric methods grkealin analyzing the variation of
the axially induced velocities towards the edge of the dotudisc. The purpose of the analysis
is to quantify the difference between models and comparértple axial momentum theory,
which forms the foundation of BEM methods.

2.1 Rotor aerodynamic modeling

Accurate prediction of the induced velocities along théitue blades, is a key factor in ap-
proaching optimally aerodynamically loaded turbines.IBfmr extracting the maximum en-
ergy of the incoming wind and in general to be able to perfocousate predictions of turbine
performance. Aerodynamic modeling using BEM-methodsragsuradially independency of
the annular stream tubes passing through the turbine faois, assuming a loading of con-
stant level results in a corresponding constant level af@tidn. However, due to the expanding
streamlines near the rotor the axial induction increasgarts the tip region whereas near the
root section the higher swirl component in the wake tend®tlhuce the axial component of
induction, see [1]. These effects may be investigated withenadvanced aerodynamic mod-
els like CFD or vortex models. In order to limit the investiga, the present work is focused
on the detailed behavior of the flow field around an axi-symimeictuator disc loaded with
constant normal loading at Betz optimal conditi@=0.89. The study is aimed at describ-
ing and quantifying these effects which could lead to singugections for improving BEM
methods. In order to broaden the picture of the investigative capabilities of five different
tools presently in use for research, are presented in theniolg with the aim of comparing
the features of the Betz optimally loaded actuator disc.mbéhods are:

e Streamfunction-Vorticity, (CFD type)

e EllipSys2D Axi-symmetric, (CFD type)

o FIDAP, (CFD type)

e \ortex sheet, Inviscid, (singular element type)

e \ortex lines, 3D inviscid (singular element type)

A short description of the listed methods are given in thiofihg.

2.1.1 CFD modeling of the wake

The three considered CFD models solve the axi-symmetridei&tokes equations in the
meridional plane by inserting an actuator disc represelnyeal line. The computational grids
are in all cases simple rectangular/Cartesian type grid mibst computational cells concen-
trated around the disc, with cells stretching towards th&déd boundaries. The three methods
handles the solution of the problem in hand differently,foaitn a mathematically point of view
there should be a unique solution to this problem, howerehé numerically representation
deviations are unavoidable. With the Streamfunction4efiytformulation [2] [3] mass conser-
vation is ensured identically whereas EllipSys2D and FIA®based on primitive variables.
The EllipSys2D was extended by W. Shen to cope with axi-sytnneenditions and FIDAP is
a commercial software package. The present investigateksso make an inviscid analysis of
the problem, however, due to numerical diffusion and in ptdetabilize the solution process,
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viscous diffusion is added. An effective Reynolds numberRé/v of 10.000-50.000 ensures
almost independent solution of the viscosity.

2.1.2 Vortex sheet modeling of the wake

A distribution of vortex rings is used to form a vortex shekthe wake, shed from the actuator
disc, elegantly solving the inviscid flow field around a camstoaded actuator disc, see @ye[4].
Figure 1 depicts a sketch of a single ring vortex element aedvbrtex sheet modeled by a
distribution of vortex rings. An analytical inviscid soioih to the single vortex ring element

i
3 Y e " ~ N
, P )
[ mr P v ~
>~ W o7 . -
a (xy)
| = x—
‘ o -] + >l<'»/ )‘( </
I R - < 2 =
2, MRS

Figure 1. Vortex ring element (left) and an actuator disc wai distributed of vortex ring
elements (right).

exists, where the induced velocitigsy, W) are given by
r 1 (&—%—f

Wx_znm 2 (y-ap

E(K) + K(k)) 1)

a.2+X2+y
W= g e e k) @

and whereE (k) andK (k) are given by the elliptic integrals

day

k=P
X2+ (y+a)?

, ¥y=0 3

3 de N
k)f/o e k)f/o V1—K2sin26de (4)

Thus, the wake is discritisized by a distribution of ring teorelements where the strendth
of each element depends on the thiistas

2
2Va,i ’
and the expansion of the wake is given by

Vi =Cr Mo = (Vi1 + y)dx, va’i:u+%(w;+df+w;*d') , dr~0.1R (5)

xO

WO o R —x, 6)

Vr I 0.7r;
where the first term is an approximation or a best guess of @septative velocity ensur-
ing mass conservation at all axial section. The correct wayotnpute the expansion involves
computing the average velocity given by the second term glrew this is far more time con-
suming in the iterative solution process of relaxing the evakumerically, the wake length
is resolved by elements about 10Rflownstream. A far wake correction given by

L/r Yn
Wfarwake: 1+ 7
X < \/1+L/r> 2 "

ensures that the wake stretches to infinity.
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2.1.3 Vortex line modeling

Using vortex lines elements, the trailing vortices fromtindbine blades are resolved by vortex
elements either as a prescribed wake or as a free wake, énd&ihg far more computational
demanding. A prescribed wake modeling is used in the folgwor resolving the trailed tip

and root vortices and the bound blade vortices of the thndgrte blades. It should be noted
that the wake is relaxed as with the ring vortex method, tthes,expansion is a part of the
solution. Figure 2 outlines the wake geometry. Computirdpaed velocities is based on the

Figure 2. Vortex line representation of three blades tuebimake. The expansion of the pre-
scribed wake is based on a representative azimuthal avesrelgeity at r= 0.7r; and the lines
are loaded to @ =0.89. Tip speed ratiod = 3,6,9 are analyzed.

Biot-Savart law given by

I fdsxr
“wf ®
where the strength approximately may be computed as
r=CrmRU(1-a)/A, A=RQ/U 9)

with a representing the axial interference factor. Some devidido be expected since, as
compared to the other models, this is a genuine 3D approach.

2.2 Changed induction towards the tip

Figure 3 depicts the computed flow field represented by stieasin the axi-symmetric plane

around an actuator dis€y =0.89 using the streamfunction vorticity method. Near tthgesof

the actuator disc the streamlines are curved or bend neguitichanged induction compared

to the inboard region. The behavior of this effect is capturg all the considered methods.

The axial induction on non-dimensional form referred toxdalanterferences, is displayed in

figure 4. The well known result from axial momentum theorydices a value 08=1/3 for this

loading, which compares well with average values for théadeg distribution i.e. the slightly

lower inboard level is compensated for by the higher levéboard. The computed level agree

inboard nicely within few percents, but in the tip region @¢ion are larger. All methods predict

significant increased axial interference in the tip regiothwnax levels around 0.4, although 4. predicied

FIDAP predicts a somewhat higher maximum value. The closshgovn outboard compar- induced  veloc-

ing streamfunction-vorticity with vortex rings modelingveal a spot on comparison for this  ities ~ compared
. . S well between the

case showing that two very different methods computes yéael exact same distribution of  jigerent models

induced velocities. The values inserted near the tip, feféhe numerical resolution of the on the inner part

disc i.e. 160 equidistant cells for the streamfunctiontieily computations and 80 points us- glfoge‘e t(’)"t‘:hrre bt‘iJ;

ing the ring vortex method to compute the average velocitgpseceach axial plane. Looking e deviations be-

at the radial velocity component in figure 5, the velocityrgases gradually from the rootto  tween the models

a peak value around /V,=0.4-0.6 at the tip. The comparison with EllipSys2D is getlgr are large.

good and only at the very tip significant difference are appafThe singular behavior inher-

ent in the solutions at the tip for the constant loading, app&ore clear for the radial velocity

Risg—R-1649(EN) 13



Figure 3. Axi-symmetric view of expanding streamlinesufjioand around a constant loaded
actuator disc, @ =0.89. The symmetry line is at the bottom.
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Figure 4. Axial interference computed with Streamfuncinmticity, EllipSys2D using the SIM-
PLE and SIMPLE-C coupling, FIDAP and the ring vortex model.
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Figure 5. Radially induced velocity due to expansion of thesgnlines.

although the same behavior is present for the axial intenigg. The expansion of the wake
is presented in figure 6 showing the limiting streamline pasthrough the edge of the disc.
The predictions at an axial position of 10R downstream vanghly between 1.33-1.38R. The
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Figure 6. Wake expansion, limiting streamline through eofggctuator disc.

trend among the different computation appears to be the aparéfrom the vortex line model,
which follow a different path with a higher rate near the disweling off comparable to the
other methods. A difference in behavior was expected asinptyiously regarding the vortex
line model compared to the other models. The comparisoreafxpansion rate in itself should
be considered of limited importance, as an actual turbirkevgenerally not will be preserved
as long as 10R downstream. It is although, a good indicatar @ode to code comparison.
Figure 7 presents the expansion and axial interference etadpvith the vortex line method.
The trend is comparable to the actuator disc results witmareased induction towards the
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Figure 7. Vortex line modeling of the wake. Expansion (laft)l axial interference at the disc
and in the wake (right).

tip, however, the averaged level at the rotor plane is ar@ex®d36 or 10% above 1/3, although
in the far wake levels at z=10R downstream, settles close2d3an good accordance with

axial momentum theory. In the view of the idealized optinsalding of Betz, one should keep
in mind that actual loadings do not have the singular typeatiei, but tend to have a more
or less smooth transition to a zero loading near the tip. Tieetsof increased induction may,

however, still be present when applying a smooth de-loadirte tip. Figure 8 presents an
artificial type loading which decreases smoothly towards zsing a simple polynomial. The

two considered loadings compared to the Betz optimum, lgileaduces the induction at the
tip, however, inboard the induction appears unaffected.
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All the consid-
ered methods
for prediction
of rotor aerody-
namics captures
the trend in in-
creased induction
towards the tip,
and slightly
lower induction
inboard.
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Figure 8. Effects of smooth load reduction towards the ftYland corresponding induction
near the tip (right).

2.3 Summary

The distribution of axial induction near the tip of a Betzioml loaded actuator disc has been
investigated using five different computational tools. Tdaling is in itself singular at the edge
of the actuator disc and the corresponding computed inohgghows comparable behavior
near the tip. All the considered methods captures the trenttreased induction towards the
tip, and slightly lower induction inboard resulting in asged level for the whole disc close to
axial momentum theorg=1/3. The streamfunction-vorticity model and the disttdalivortex
sheet model compare very closely to each other for the Baimaploading. Considering the
loadings with a more smooth transition to zero at the tipuced the observed peak for the
constant loading considerably although the inboard indneemains virtually unaffected.
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3 The Influence of Wind Shear and Tower Pres-
ence on Rotor and Wake Aerodynamics Us-
ing CFD

Author: Frederik Zahle, Niels N Sgrensen and Helge Aagaard Madsen

This chapter describes a number of flow simulations on a nmogard turbine, where aspects
such as the influence of wind shear, interaction betweendfoe and tower and the nacelle
and wake aerodynamics are investigated. In the simulatlmmactual geometry of the rotor
and tower are resolved together with a fixed ground boundédmy.simulations show that the
azimuthal variation of the forces on the rotor operatingieas flow gives rise to some hystere-
sis effects that are very dependent on the nature of the.Sheapower production is largely
equal for simulations with and without shear. The simulaiturthermore show that the effect
of tower shadow is generally underpredicted compared tBt& methods by as much as
100%. The nature of the flow in the nacelle region is highlyteady with flow angles fluctu-
ating by approximately-20°. The rotation in the wake gives rise to a bias in the prediotib
the flow angle in this case of about’10’he wake development is strongly dependent on the
freestream conditions, and for a case with strong shear mectidnal change in the vertical
direction the wake is largely disintegrated three rotonugers downstream.

3.1 Introduction

In Research in Aeroelasticity EFP-2006 [2] an investigati@s carried out into the influence

of wind shear on rotor aerodynamics using Computationdatiflynamics (CFD) and Blade

Element Momentum (BEM) models. The study showed that theaffind of this flow case is CFD simulations

not straightforward, and a comparison of the advanced floweatsovith various BEM imple- zéztzsiﬂéo ;?:;

mentations did not give any conclusive answers to the cbmethod to be used. Inthisyear's  of shear, tower

Research in Aeroelasticity EFP-2007, this work has beetiraged and another computational ~ Shadow and na-
. . . celle and wake

approach has been taken that allows to include the grounuidaoy more directly in the com-  zerqdynamics

putations, while still modelling the actual geometry of théor.

Another topic that is also relevant to address with comptax fhodels is that of tower shadow,

since little validation with CFD has been carried out prewgiy. Although tower shadow usu-

ally only gives rise to fluctuations in the power of less thae fiercent, it is still important in

order to capture the aeroelastic charactistics of thererborrectly.

A third issue that is relevant is the aerodynamics in the ll@cegion where instruments are

placed to measure rotor yaw and flow speed. This problem leagpisly been addressed com-

putationally and experimentally, and has primarily beecufeed around the estimation of the

wind speed and less so on the estimation of the flow angle. éis, $urther work is needed to

improve the understanding of the flow characteristics is tagion.

This chapter will thus focus both on the continued invesiiogeinto the influence of the veloc-
ity shear on the turbine aerodynamics, as well as on of tras'yeile stones, namely that of
the interaction between rotor, tower and nacelle. In 206¥3surements on a Siemens 3.6MW
turbine were carried out at Hgvsgre Test Station in nortiatland, where a Pitot tube was
mounted at 36 m radius measurering all three velocity corapt This turbine was therefore
used in the present work since the experimental data wagbfduality and could be used for
validation of numerical flow solvers. Details of the expegimhcan be found in [1].

Three computations have been carried out for this work: dmergvthe inflow is uniform, and

two where a given velocity shear is prescribed. Both shaars@uivalent to shear profiles that
occur at night time, that can have very high vertical velpgitadients and where the ambient
turbulence level is very low due to stratification. The filsear is defined from a power law
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Shear profiles
used in simula-
tions are based
on measurements
at Hgvsgre Test
Station

and has no directional change in the vertical direction. $beond shear is extracted from
the measurements at Hgvsgre, and has a strong turning obthefl through the boundary
layer. Although very severe, these types of shears are qoitenon and therefore represent
an important flow case in wind turbine aerodynamics.

Simulations of the type presented in this chapter are quéte in the field of wind turbine
aerodynamics. In traditional Computational Fluid Dynasi{i€ FD) computations on wind tur-
bine rotors non-uniform inflow conditions are rarely incdaiddue to the high computational
cost. Also, including the tower and ground boundary is natradly done due to the added
complexity needed in the code. Flow over isolated wind nelriotors has been investigated
extensively using CFD [see for example 3—7, 16-18]. Moremdg, Sgrensen and Johansen
[15] computed the flow over the rotor designed in connectidh tihe UPWIND project op-
erating in strongly sheared inflow, and showed that conaldlerhysteresis effects are present
due to the non-uniform loading of the rotor. In the in-house/idr-Stokes flow solver Ellip-
Sys3D [9, 10, 13] it has so far only been possible to compwédltv around an isolated rotor.
Recently, Zahle [19] extended the code such that this velatiovement could be modelled
directly providing the basis for simulating the unsteadwfio a domain where the rotor is
allowed to move relative to a stationary ground boundary.

This chapter is divided into six sections: firstly, the congional methods are described; sec-
ondly, the computational domains used in the simulatioesdiscussed; thirdly, the results

regarding the influence of shear, tower shadow modeling acelle aerodynamics are pre-

sented; and finally a discussion and conclusion summahsd#dings.

3.2 Computational Methods

3.2.1 Base Solver

For all computations the EllipSys3D pressure based incesginle Reynolds averaged Navier-
Stokes flow solver written by Michelsen [9, 10] and Sgrend&j is used. The code uses the
finite volume method, solving for the primitive variables/,w, andp, in general curvilinear
coordinates. The variables are stored in a collocated grishgement, and odd/even pressure
decoupling is avoided using the Rhie-Chow interpolatidl][The iterative SIMPLE or PISO
algorithm is used to advance the solution in time using arsg@rder accurate scheme. The
convective terms are discretised using the Quadratic Hastrinterpolation for Convective
Kinematics Scheme, QUICK, and the viscous terms are diserktising the central difference
scheme. The momentum equations are solved decoupled frodmogiaer using a red/black
Gauss-Seidel point solver. To accelerate the convergdribhe pressure-correction equation a
multigrid solution strategy is implemented combined with additive Schwarz method, where
each sub-domain is solved for simultaneously.

The code is fully parallelised using the MPI library with a ltilock decomposition of the so-
lution domain. The block-block communication is done tigbone layer of ghost cells around
each block. The cell vertices are required to coincide ogrfates such that conservation can
be maintained.

For computations of flow over aerofoils and wind turbine kelathe EllipSys3D code uses the
k — w SST model by Menter [8], because of its good performance iih veainded adverse
pressure gradient flows.

3.2.2 The Overset Grid Method

The overset grid method, also known as chimera or compas@ergethod, addresses many of
the limitations of traditional structured grid methods,iltat the same time maintaining their
advantages such as solution strategies and parallefisdtie method allows for the decom-
position of the problem into a number of simpler grids, whislerlap each other arbitrarily. If
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dealing with a multibody problem, appropriate body-fitteiig can be generated around each
component, making it possible to model virtually any confégion. Since each body grid is
independent of the other grids, problems involving relativovement of bodies are naturally
handled.

Important flow features can be resolved by refined mesheshwbgether with the body fitted

meshes can be embedded in background meshes that are sietgesmrsened towards the
farfield where there is no need for high resolution of flow fieas. To accommodate the solid
bodies and refined grids, cells are removed from the backgrgtids where necessary.

In the present implementation by Zahle [19] each group opimonnected blocks is solved
using boundary conditions on the overlapping interfacesetan interpolated values of ve-
locity from neighbouring grids using trilinear interpatat. Since this interpolation is non-
conservative, the lack of mass conservation must be addtess explicit correction of the
conservation error is implemented, since a divergencdifleds required to solve the pressure-
correction equation. The correction is placed in interedlsalong the overset boundaries and
is distributed proportionally to the local mass flux. As sthabove, only velocities are inter-
polated, since interpolation of velocities and pressureld/ead to an ill-posed problem. The
solution of the pressure is thus obtained on the basis of #resrfluxes calculated from the
momentum equations.

The additional cost associated with the overset grid metbh@adused by the need for deter-
mining the connectivity between each block group and coniaation of boundary conditions
between these groups. In EllipSys3D the connectivity ragiare fully parallelised and apply a
stencil jumping technique to locate cells. Likewise, thenaaunication of flow field data must
be carried out in a parallel manner. To minimize communézatatency, non-blocking MPI
calls are used to transfer information between individuatpssors.

Thek — w SST model has not yet been implemented for use on overset giitte it requires
the specification of two zonal functions that are computeily heavy to evaluate on moving
overset grids. As such, only the origidal w model can be used.

3.3 Computational Setup

The model of the Siemens 3.6MW turbine used in the presemtatian is simplified compared
to actual geometry. Firstly, the model does not include #neefle since this would complicate
the grid generation, and as the first step would be too timsuwmoing to set up. Secondly, the
rotor has no coning or tilt due to the fact that the oversesioerof the code at present can
only handle rotation around the z-axis. Finally, the tuebi;assumed to be completely rigid,
since the flow solver is not capable of handling multibodyatyits. As such an approximate
tower clearance was estimated from aeroelastic simukatisimg HAWC2. Figure 9 shows the
turbine configuration and lists the overall dimensions eftilrbine.

In the experiment a pitot tube was placed at a radius of 36 mnenod the blades. Likewise,
a probe was placed in the computational domain at the sanigopo#dditional probes were
placed along the blade and three probes were placed in thexapate position where the
nacelle anemometer is placed. Figure 10 shows the locatialhrdne probes.

In contrast to the standard patched multiblock approachudes O-O grids commonly used
for rotor computations, the overset grid method can hardiedlative movement between the
rotor, tower and ground boundary . In this work a topologyhviite overlapping mesh groups
is used; one curvilinear on the rotor, another curvilinedd ground the tower, a Cartesian
grid resolving the tower wake, a semi-cylindrical domaisalging the near-wake, and another
semi-cylindrical domain for the farfield. This layout retsuin an efficient use of grid cells,
and ensures good compatibility along the overset bourslaftee mesh for the three blades
on the rotor contain 256128x64 cells in the chordwise, spanwise, and normal directions,
respectively, with a 6464 cells 'tip’ cap. To achievg™ values of less than 2 the height of
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Rotor-tower
mesh  contains
174 x 10° grid
cells.

Siemens 3.6MW Dimensions

Rotor Diameter 107 m
Hub Height 90 m

Tower Diameter top 3.0m
Tower Diameter bottom 45m
Tower Clearance 9.0m

Figure 9. Main dimensions and axis definitions of the Sier3esiglW turbine.
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Figure 10. Positions of the velocity probes in the simulasio

the first cell in the boundary layer was<s10-6 m. The tower grid contained 96 cells along
the height of the tower, 256 cells in the cicumferential dii@n, with a 64<64 tip cap. The
tower-wake grid was well-resolved approximately 5 towandéters downstream and the near-
wake grid was well-resolved approximately one rotor disandbwnstream. The volume grids
around the blades and the tower were generated using Hyfl@iidr he total number of cells
in the grid was 1% x 106.
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Figure 11. Domain outline.

Figure 11 shows the domain layout for the modern MW turbirtee inflow boundaries are
coloured in blue and the outlet is coloured in red. On thedmothoundary a symmetry (slip-
wall) boundary condition was applied. Side and rear viewthefmesh are shown in Figure
12.

Figure 12. Side and rear view of the mesh.

Table 1 summarises the computational parameters used isirtheations presented in this
chapter.

Computational Parameters

Time integration PISO
Convective terms QUICK
Turbulence model k—w

Time step 0.002 seconds
Subiterations 6

Grid Size 174 x 10° cells

Table 1. Summary of the computational parameters for thalsimons.

In the present method it is possible to prescribe any inflomdt@n to the simulation without
having to control it in the interior of the domain. This is lbese there is no actual wall condition
at the ground boundary, since, as shown in Figure 11, thengrboundary is represented by
a slip wall. When enforcing a no-slip wall boundary conditia boundary layer will build up
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Figure 13. Detailed view of the mesh showing the individwarapping grids in the region
around the tower.

that is dictated by the Reynolds number of the flow. In the gmesase, this would result in
a turbulent eddy viscosity that would be many orders of ntagiei higher than the molecular
viscosity, reducing the effective Reynolds number seenhleyrbtor. The use of a slip wall
at the ground may not be the best solution since the speedaw lige rotor might be too

high. However, it allows for an easy implementation of aebiy shear flows, while no other
alternative is easily available.

3.4 Effect of Inflow Shear

During night time, turbines have been observed to operatieg¢ars where the velocity can vary
as much as 6 m/s over the rotor disc, suggesting that dyndfeatecan play an important role
in such conditions. Two different inflow shears are used @yttesent computations. In the first
one, the velocity shear profile is modelled as a power law lksife

U (2) = Unub(2/Zub)” (10)

wherezis the height above groundyp is the inflow velocity at hub height, ardis the power
coefficient, here set to 0.55, with no directional changdentertical direction. In the second
one the shear gradient is very similar with a slightly highab height velocity. The main
difference between the two shears is that in the second loa¢yining of the flow up through
the atmospheric boundary layer is also included. The twarshifiles are shown in Figure
14. Both profiles represent typical night time velocity plesfj with very high shear combined
with, in the second case, a strong turning of the flow up thihotlng boundary layer. In the
present computations the inflow is assumed to be laminaghnikijustifiable since the strong
stratification that is usually present at night causes théflew conditions to be essentially
laminar.

Looking firstly at the simulation carried out with the powaw shear profile, Figure 15 shows
the axial and tangential force along the blade plotted far fzimuthal positions normalised
with the force distribution at an azimuth angle of 0 degrddw axial force reduces quite
uniformly along the blade during the rotational cycle, wéees the tangential force is reduced
considerably more on the outer part of the blade at the 18fedeazimuth position. The dif-
ference between the load at the 90 degree and 270 degreetlaziositions is rather modest,
indicating only little hysteresis during the cycle. The teyssis effects are, as might be ex-
pected, clearly stronger on the inner part of the blade wttexréncidence is larger and the
reduced frequency based on the rotational frequency ishigh
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Figure 14. The shear profiles used in the shear computatinis.profiles represent severe, yet
typical, night time situation seen at Hgvsgre test station.
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Figure 15. Normalised blade normal and tangential forceairfazimuthal positions for the
power law shear profile computation.

The power production of the turbine operating in shear waspared to an identical setup
where the inflow velocity was uniform and equal to the velpeat hub height in the shear
computation. The results for the two computations agreé wigh the findings of Sgrensen
and Johansen [15] in that the power and thrust are largehtitte only differing by less than

1%. It should be noted that the shear profile used in the pregenlations is identical to the
one used in Sgrensen and Johansen [15], and as is noted paypigis this behaviour might be
dependent on the actual shape of the shear profile.

In Figure 16 the normalised axial velocity in the verticairsyetry plane at/R=0.79 is shown
for the shear computation compared to the uniform inflow catafon. The flow blockage is
clearly comparable for the two types of inflow, and at thisdvépeed the rotor does not have
any effect on the incoming flow beyond two diameters upstretie rotor.

Figure 17 shows the axial velocity shear profile at varioustpms upstream and downstream
of the rotor. It is evident that the rotor does not have a la&ffect on the flow upstream. The
flow is accelerated considerably below the rotor, due to thegnce of the ground, whereas the
unconstrained flow on the upper part of the rotor is not acatdd as much. The wake expands
considerably more downward than upward, with a subsequemard shift and contraction of
the wake around two diameters downstream.
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Figure 16. Normalised axial velocity along
a line through the rotor plane at/iR=0.79
for the modern MW turbine.

Figure 17. Velocity shear profile upstream
and downstream of the MW turbine rotor.

Secondly, results from the computation carried out withHisesgre shear profile that also in-
cludes a directional change of the flow up through the atmersphoundary layer is presented.
Figure 18 shows the normalised blade normal and tangeatiz f Compared to Figure 15, the
forces are roughly equivalent at the 180 degree azimuthiposwith a large reduction in the
forces on the blades. At the 90 and 270 degree azimuth positi@ forces differ slightly; how-
ever, not in a manner consistent with the first case, wherre thas a lag of the forces at the
270 degree position. Here there is a reduced load on the jrameof the blade and an increased
load on the outer part.
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Figure 18. Normalised blade normal and tangential forceairfazimuthal positions for the
Hgvsgre shear profile computation.

3.5 Rotor-Tower Interaction

In the following two sections the results for the two compiotas where both rotor and tower
is included will be presented where the focus is on the rtmaver interaction.

3.5.1 Turbine in Uniform Inflow

The simulation with uniform inflow was carried out to examthe tower shadow effects in an
isolated manner, and to make a basic comparison to the seshttined with the BEM code
implemented in HAWC?2.

Figure 19 shows a comparison of the rotor thrust and torgee ome revolution computed
using CFD and BEM, respectively. BEM appears to consistenttrpredict the tower shadow
compared to the CFD results by as much as 100% on both the #mdighe torque. EllipSys3D
predicts approximately 1% reduction of the thrust duringdopassages, and an approximate
2% reduction on the torque. BEM predicts these to be 2% andd$pectively. Both CFD and
BEM show a slight lag in the tower shadow. Note that the alisolalues of thrust and torque
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differed by approximately 10% which can be attributed to tilmbulence model used in the
CFD computations.
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Figure 19. Normalised thrust and torque for the turbine agarg in uniform inflow conditions.

Figure 20 shows the normalised tower bottom tilt and roll reats over one revolution only
including forces on the tower. During free flow conditions tiit moment is rather constant,
whereas the blade passages induce a large suction on thefftba tower causing the moment
to approach zero. The roll moment is likewise dominated leylitade passages, with little
influence of the periodic forces caused by tower vortex simedd

The tower bottom tilt moment for the entire turbine, Figude 8hows an approximate 1.5%
reduction during blade passages that span over approxjyd&feazimuth. The tower shadow
is not exactly symmetric in that the recovery is slightlyveo than the entry reduction in
moment.

The local flow angle and relative flow speed were extractedrRt0.68 and compared to BEM
computations, Figure 22 . Note that both the BEM computed &RA flow speed were shifted
to match that obtained using CFD.

The CFD results show an increasing LFA as the blade traveds &n azimuth of zero towards
180 azimuth. This is thought to be due to the slip wall conditioattgives rise to a slight flow
acceleration below the rotor disc, which is not includechia BEM model.

Looking closer at the tower vortex shedding, Figure 23 shthesnon-dimensionalised sec-
tional side force on the tower at three vertical positioms mside the rotor dish{H=0.55),
and two belowj/H=0.27 anch/H=0.16). The side force inside the rotor disc is clearly dic-
tated by the blade passage frequency with high spikes daririgde passage. However, it is
evident that the vortex shedding below the rotor disc is aigshase with the blade passage
frequency, resulting in a Strouhal numbé&t £ fU—D) equal to 0.25. This is quite close to the
natural frequency of a circular cylinder, which is typigall.2, which suggests that a type of
lock-in phenomena could be at play. The simulation has, kewaot run for very long, and

it is well known that vortex shedding can take a long whiledoefit builds up. As such the
shedding frequency could shift if a longer simulation timasvallowed.
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Figure 20. Normalised tower bottom tilt and roll moment oe tbwer for the turbine operating
in uniform inflow conditions.
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Figure 21. Normalised tower bottom tilt moment for the taebirotor+tower) operating in
uniform inflow conditions.

3.5.2 Turbine in Shear Inflow

Figure 14 shows the shear profile prescribed at the inleh®ptesent simulation.

Figure 24 shows the thrust and torque for the CFD and BEM cdatipns. As in the uniform
inflow case, the tower passage gives rise to the largesttiearien both quantities, approxi-
mately 1.5% in thrust and 2% in torque in the CFD computatidhg thrust exhibits a fairly
unsteady behaviour reaching a maximum when blades are ebapyately 40 azimuth (160
and 280 azimuth for blade 2 and 3). A similar behaviour is predictgdiie BEM computa-
tions, although the maximum seems to be reached slightlieetiran for the CFD computa-
tions. The tower shadow is, as opposed to the uniform inflove gaiedicted quite well for the
thrust, whereas there is still a discrepancy on the torque.

Figure 25 shows the tower root tilt and roll moment, that lveHargely as seen for the uniform
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Figure 22. Local flow angle and relative speed AR=0.68 for the turbine operating in uniform
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Figure 23. Tower side force coefficient at three heights fier tiniform inflow case. Note that
the plots for HH=0.16 and iYH=0.27 have been multiplied by two for clarity.

inflow case, with a slightly larger variation between two secutive passages. The blade pas-
sages give rise to a large reduction in the tilt moment andg lascillation of the roll moment.
However, the roll moment has a large degree of variation twéen blade passages possibly
caused by vortex shedding.

Looking at the total tower bottom tilt moment for the rotordatower, Figure 26, there is
again a slightly larger variation than for the uniform inflease, and a similar reduction of ~ Tower  shadow
approximately 2.5% during a blade passage. ?e"éeusctrl'jﬁ tci’fz'f’”z/"

As shown in Figure 27 the local flow angle and relative windespwere as in the uniform ~ moment

inflow case extracted af R=0.68 and compared to HAWC2 computations and the experahent
results. In the CFD computations these quantities wereeted at a position approximately

equivalent to that of the Pitot tube in the experiment, seguié 10. The curves have been
shifted to match the EllipSys3D curve at an azimuth anglesod z
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Figure 24. Normalised thrust and torque for the turbine aggrg in uniform inflow conditions.
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Figure 25. Normalised tilt amd roll moment on the tower foe tiurbine operating in shear

inflow conditions.

The fact that the computations did not include any conindhefrbtor, as well as having as-
sumed the blade to be rigid, is another possible cause foelitd/ely poor agreement. Another
possible cause for the discrepancy is that the u-comporfi¢imé ashear profile was assumed to
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Figure 27. Local flow angle and relative flow speed AR+0.68 for the turbine operating in

shear inflow conditions.

be linearly decreasing towards the ground, resulting ingel@ositive u-component below the
rotor disc. In retrospect, this is perhaps not so realibtigyever, due to time constraints, new
simulations could not be done.

Similar to the uniform inflow case, Figure 28 shows that thetieaal tower side force is dom-
inated by the blade passage frequency inside the rotor Bedow the rotor disc, the BPF is
still visible in the response, however, the vortex shedirdearly not in phase with the BPF.
This suggests that there is no clear lock-in phenomenadaiace most likely due to the fact
that the natural frequency of the vortex shedding is difieedong the span of the tower due to

the strong velocity shear.
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Figure 28. Tower side force coefficient at three heightseNbat the plots for iH=0.16 and
h/H=0.27 have been multiplied by two for clarity.

3.6 Rotor-“Nacelle” Interaction

In the literature earlier works have addressed the issuacHlle aerodynamics using compu-
tational methods [12]. These works, focused mainly on pted the flow velocity and less on
the flow angle, and used an actuator disc model in place of malarepresentation of the ro-
tor. In turn, these works had a very detailed representafitime nacelle. Although the present
computation did not include the nacelle, some observatande made regarding the probable
nature of the flow in the nacelle region since the flow is thatgbe dominated by the rotating
blades and less so by the exact shape of the nacelle. In theifad) the computation including
shear and turning of the flow in the vertical direction is uSéttee velocity probes were placed
at the approximate location where the anemometer is plaseshown in Figure 10 which is
also indicated in Figure 29. The figure shows the axial véamnd vorticity magnitude from
two different perspectives.

As is evident, the flow is highly unsteady in this area, witfiuence from the vortices shed
from the cylindrical region on the blades, as well as the vootices.

Figure 29. (left) Side view showing axial velocity and (tigtop view showing vorticity mag-
nitude in the nacelle region for the turbine operating in ahmflow conditions.

Figure 30 shows the computed flow speed and yaw angle at the phobes for the computa-
tion. The averaged flow speeds measured over 14 revolutidths three probes was predicted
to being 11.62 m/s, 11.56 m/s, and 11.09 m/s, respectivelpgared to the freestream velocity
of 11.29 m/s, the deviation is crearly very small. For thisatinflow case, the turbine operates
at approximately 9yaw measured at hub height. The probes measure a largesaéthe
flow angle of up tat-20°. Taking an average of the measured flow angles, predicts apgie

of —3.40°, —2.43° and—1.89, respectively, for the three probes. A likely cause of thithie
wake rotation, that gives rise to a counter-clockwise aaguelocity, which for this flow case
appears to balance with the inflow cross-flow velocity, rixsglin a greatly reduced yaw angle
measurement.
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Figure 30. Probe flow speed and yaw angle at hub height for ltleaisinflow computation.

If indeed these findings are consistent with observationsmodern wind turbines, further in-
vestigation might give insight into a possible correctidth® yaw error.

3.6.1 Wake Development

The final aspect of this work is an investigation of the depeient of the wake. In this section,
the focus will solely be placed on the two shear inflow compons. Looking firstly on the
case without directional change of the inflow in the vertitie¢ction, Figure 31 shows the axial
velocity at various distances downstream of the turbinee déficit immediately downstream
of the rotor is asymmetric as a result of the combination oif@mn of the load across the rotor
disc and rotation of the wake. Further downstream the asytmrhecomes more pronounced
with an entrainment of low velocity flow that surges upwarsishee wake develops.

Turning to the flow case where the flow direction changes invfidical direction, it is evi-
dent from Figure 32 that the wake develops in a highly thriegedsional manner, caused by
the combination of the azimuthal variation of the rotor limayl the wake rotation and the free
stream transport velocity. Due to the strong cross flow camepothe wake is skewed strongly,
resulting in the wake being largely disintegrated threengigers downstream. The wake ro-
tation causes the low velocity flow from the bottom of the wekée ejected upwards as the
wake travels downstream, as well as seemingly ejectingotiertwake upwards.

3.7 Conclusions

In the present work a number of CFD simulations have beeredaout on the Siemens 3.6MW
wind turbine for various flow situations. The influence of ahen the rotor loads was inves-
tigated, and it was found that the azimuthal variation oflte& gave rise to some hysteresis
in the axial and tangential forces. The integrated rotarghand power were largely identical
to simulations carried out with uniform inflow. However,ghhight well be dependent on the
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Figure 31. Contour plots of axial velocity downstream of thebine operating in a shear
without a directional change in the vertical direction.

shape of the shear and not a general trend. The influence ef shadow has been investigated
for two flow cases, one with and another without inflow shean&ally, the CFD results un-
derpredicted the tower shadow by as much as 100% compareNbd®dmputations, which
gives cause for further investigation. Although the nacelas not included in the simulations
the flow in the region of the nacelle anemometer was investijand it was found that the
measured flow angle in the wake differed by as much ‘aselative to the freestream flow
angle. As such, for the flow case where the turbine operaté@iiyaw error, the flow angle
in the wake of the turbine measured on average <0.68ing a possible explanation to the
apparently consistent yaw error observed in the Hgvsgrergrpnt. The investigation of the
wake development downstream of a turbine operating in ar slosashowed that a rotation in
the wake gave rise to significant mixing of the low velocityflerom the bottom half of the
wake into the top half. Additionally, for the flow with largerhing of the shear in the vertical
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Figure 32. Contour plots of axial velocity downstream of tilndvine operating in a shear with
a directional change in the vertical direction.

direction, the wake was largely disintegrated only thresrditers downstream of the turbine.
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4 Analysis of Rotational Effects in the Bound-
ary Layer of a Wind Turbine Blade

Author: Jens N. Sgrensen and Carlos E. Carcangiu

It is well-known that the boundary layer properties of winahine blades are affected by
rotational and 3-D flow effects. In spite of this, the indisdtdesign approach is based on em-
ploying the blade—element momentum (BEM) theory with liftdalrag forces determined from
2—-D measurements. The results obtained are quite accatateproximity of the design point,
but in stalled conditions the BEM is known to underpredie tade loading, as shown e.g.
in [1]. A likely explanation for the underprediction is thie flow is not adequately modelled
by static 2D airfoil data in the stalled regime. From expeirts and CFD computations it has
been shown that radial flow exists in the bottom of separatedtbary layers on rotating wings
and it is likely that this alters the lift and drag charactticis of the individual airfoil sections.
The physics behind this is that the outflow induces a Corfolise in the chordwise direction
which acts as a favorable pressure gradient that tends &y 8elundary layer separation [2].
Further, the centrifugal force produces a spanwise pumgfiiegt, which results in a thinning
of the boundary layer.

The present work aims at analysing rotational effects inbitnendary layer of a wind turbine
blade using input from computer simulations. However, beefgoing into the details of the
analysis, we here give a brief introduction to former work.

4.1 Former works

Three-dimensional effets in the boundary layer of rotodbkawas firstly described by Him-
melskamp [3] who measured the performance of a propellefand lift coefficients as high
as 3 near the hub (see Figure 33). Later experimental sthaiesconfirmed these early results,
indicating both a delay in the stall characteristics andchaisld lift coefficients. Measurements
on wind turbine blades have been performed by Ronsten [dlyisiy the differences between
rotating and non-rotating pressure coefficients and asadic loads, and by Tangler and Ko-
curek [5], who combined results from measurements with thgseccal BEM method to com-
pute lift and drag coefficients and the rotor power in stattedditions. Recently, the NREL
Unsteady Aerodynamic Experimentin the NASA-Ames wind &ir{eee Schreck [6]) has con-
siderably increased the knowledge of rotational effectsotor blades. In this experiment a 10
m diameter test turbine developed at NREL was placed in therdy 36.6 m (80 ft. x 120 ft.)
NASA-Ames wind tunnel. Most emphasis was put on pressutsldisions over the blade and
a considerable amount of data has been collected. The dagatlnestarting point for an in-
ternational cooperation project, the IEA Annex XX: “HAWT Amlynamics and Models from
Wind Tunnel Measurements” aiming at analyzing the NREL datanderstand flow physics
and to enhance aerodynamic subcomponent models. A simitapEan project was recently
undertaken under the acronym “MEXICO” (Model Rotor Expegints under Controlled Con-
ditions). In this project, a three bladed rotor model of 4.8iameter was tested in the DNW
wind tunnel, with one of the blades instrumented with pressensors at 5 radial locations.
The data from this experiment are now being analysed andomit the basis of an extension
of the aforementioned IEA Annex.

A pioneering work on explaining rotational effects on rotgtblades was carried out by Sears
[7], who derived a set of equations for the potential flow feeldund a cylindrical blade of infi-
nite span in pure rotation. He demonstrated that the spanelscity component only depends
on the 2-dimensional potential flow and that it is independérthe span (this is sometimes
referred to as thindependence principjeLater, Fogarty and Sears [8] extended the analysis to
the potential flow around a rotating and advancing bladey Thefirmed that, for a cylindrical
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Figure 33. Lift coefficients at various radial sections orotating propeller, measured
by Himmelskamp in 1945 [20]

blade advancing like a propeller, the tangential and axd¢idaity components are the same as
in a 2—D motion with the same local relative speed and ind@deA more comprehensive work
was later carried out by Fogarty [9], dealing with numermahputations of laminar boundary
layers on a rotor blade. Here it was shown that the separhtieris unaffected by rotation
and that the spanwise velocity component in the boundamer lsysmall, as compared to the
chordwise component. A theoretical analysis by Banks aratiGEO] focussed on demonstrat-
ing how rotation delays laminar separation. They found thatseparation point is postponed
due to rotation, and that the boundary layer close to the sdoiinpletely stabilized against
separation. McCroskey and Dwyer [11] studied secondascesfin laminar incompressible
boundary layers of helicopter rotor blades, combining nucaéand analytical approaches.
They showed that the Coriolis force in the crossflow directhecomes more important when
approaching the rotational axis. On the other hand, theyfalsnd that the centrifugal pump-
ing effect is weaker than expected. Its contribution, havewmcreases as the magnitude of the
adverse pressure gradient increases.

In the last two decades computational fluid dynamics (CFB)developed tremendously, and
the study of boundary layers on rotating blades has often bagied on through a numeri-
cal approach. Twenty years ago, Sgrensen [12] numeriaziihgd the 3—D the boundary layer
equations on a rotating wing, using a viscous—inviscidradgon model. In his results the posi-
tion of the separation line still appears the same as for Ze@igtions, but near the separation
line the difference between 2—D and 3-D lift coefficientsdmaes more pronounced. A quasi
3-D approach, based on viscous—inviscid interaction wasdoced by Snedt al.[1]. Further,
they proposed a semi—empirical correction of the 2-D lifiveyidentifying the local chord to
radius ratio ¢/r) of the blade section as the main parameter. This resultéas tonfirmed by
Shen and Sgrensen [13] and by Chaviaropoulos and Hansem{idperformed airfoil com-
putations applying a quasi 3—D assumption of the Naviekedtequations. Du and Selig [15]
approached the problem by solving the 3—D incompressibbdgt boundary layer equations.
Their analysis stated that the stall delay mainly dependheracceleration of the boundary
layer,i.e. on the Coriolis forces. Full 3-D Navier-Stokes solutionséndeen carried out by
N.N. Sgrensen et al. [16] who successfully compared RANSxaations with measurements
from the NREL experiment.

Besides the corrections by Smtlal.[1] and Chaviaropoulos and Hansen [14], 3—D corrections
of 2-D airfoils characteristics have been made by Lindeqlpl], taking the local tip speed
ratio into account and introducing a drag force correctéom by Baket al.[19], using the dif-
ferent pressure distributions of rotating and non-rotaéifoils. In both cases the corrections
were compared with experimental data.

36 Risg—R-1649(EN)



4.2 Mathematical and Numerical Modelling

In the present work the CFD code Fluent has been utilizeddorputing the viscous incom-
pressible 3-D flow field around a rotating blade, consideaingn—inertial reference system
moving with the rotor. 3—D and 2-D turbulent flow simulatiamsre performed, with different
angles of attack. The rotational speed is constant for alctimputations. A constant—chord,
non—twisted and zero—pitched blade was used and a non+urificoming flow was consid-
ered (see Figure 34). The geometric angle of attack is kepgtant along the span by speci-
fying the axial flow component 8€2z) /V (z) = const wherez is the radial coordinate ar@d
the rotational speed. The idea is to build a database ofrdiffélow conditions, varying angle
of attack, Reynolds number and radial position. In ordemalyse the output data, an ad-hoc
post-processing tool has been developed to eveluate thmdoniterms in the boundary layer
equations.

Figure 34. Incoming wind velocity profile.
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Figure 35. Reference systems of coordinates, glgh&l z) and local(x,y, z).

4.2.1 Mathematical model

Consider a blade section performing a steadily rotatingaenptwo different reference systems
are introduced. One is a global reference system attachbeé tidade and moving with it. The
other one is a local reference system, still fixed with thedéjebut aligned point by point
with the local tangential and normal directions of the bladdace (see Figure 35). In the first
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A blade with con-
stant chord and
constant twist
consisting of
the NACA0018
airfoil is investi-
gated using the
CFD code Fluent.

system the steady incompressible time—averaged NavakeSequations (se=g.[21]) in a
rotating frame of reference are written as

0.V, =0 (11)

o oo o 1 _
0 (ViVh) +20x Vi 4 Qx Q@ xF == Op+ 0T (12)

whereV; is the relative velocity vectof) is the the rotational speed, apds the density of the
fluid. The stress tensaris defined as

%zv(m\7+m\7T) (13)

wherev defines the viscosity. The Coriolis force is given by the téfn V; and the centrifugal
force byQ x Q x .

The second reference system refers to the boundary layatiens, which will be described
later.

4.2.2 Numerical model and mesh topology

All the computations have been performed using the finitks#ae code Fluent 6.3 with a
steady—RANS approach. An untwisted blade, consisting gfrangetric NACA 0018 airfoil
with constant chord, has been modelled by applying peritydaorresponding to a three—
bladed rotor. The blade geometry was scaled using a corstand lengthC =1 m. The
radius is 2C and 20C at the root and at the tip of the blade, respectively. A coenal
domain enclosed by two cylinders has been chosen, with #uelsitarting at the inner cylinder
and ending at the outer cylinder (Figure 36). The full axideasion of the domain is 2 times
the rotor diameter and is centred on the blade. These diom@nsire the result of a proper
balance between computational efforts and boundary inkpeey.

40 C 40 C

Inlet 20C Rotor Outlet

_____________________________ Rotational Axis

Figure 36. Computational domain (C = chord length).

The grid has been generated modularly with Gambit. It cemsisa C—shaped region around
the blade (Figure 37) blended with a cylindrical externaldil as shown in Figure 38.

The grid consists of about 80 mesh points in the directiomrabto the blade, with 35 cells go-
ing from the airfoil at a normal distance of approximateljfhehord (with a first cell height of
1075 chord length), 120 cells for each side of the profile and 45 @ekthe spanwise direction.
The boundary layer has been solved directly, withtaking values between 1 and 3. Tkew
SST turbulence model by Menter was used for turbulent coatjoms. A low-Re correction
was implemented to damp the turbulent viscosity as the Rdgmumber gets low.

Dirichlet boundary conditions was used for the velocityte inlet, whereas Neumann con-
ditions was imposed for the pressure at the outlet. The iandrouter cylindrical surfaces
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Figure 37. C-mesh around NACA 0018 airf(ll20x35)

Figure 38. Computational grig0.9- 10° volume$

were regarded as Euler—slip walls. In the 3—-D case the stdigdial consists of about one mil-
lion mesh points. A refinement study was performed with twbionis mesh points. To show
differences and analogies the same set-up was used for-bbthrl 3—D computations.

4.2.3 Determination of 3—-D angle of attack

Rotational effects can be studied and identified by compga&+#D rotating blade computations
with corresponding 2—D computations. However, the flow dthoras in the two cases must be
chosen in a consistent manner. In order to compare the w&emmuputations, it is required that
the actual angle of attack is the same. Angle of attack, hewea 2—D concept, defined as the
geometrical angle between the relative flow direction aedtiord of the airfoil. Consequently,
finding an equivalent local angle of attack for 3—D flows is mivial. For a rotating blade the
flow passing by a blade section is influenced by the boundleition on the blade. Moreover,
a further complication arises from the 3-D effects from tifg aoot vortices, which we for
the sake of simplicity neglect in our model. To determineltheal angle of attack from the
computed 3-D flow field two different techniques were congdeThe first technique is the
averaging technique suggested in [22] and then, slightlgtifieal, employed in [23]. The sec-
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Based on the
CFD computa-
tions the different
terms in  the
equations are
postprocessed
and evaluated
to find their
significance.

Figure 39. Computational grid, detail of the blade root

ond technique, which was recently proposed by S#teal. [24] as a method suitable for more
general flow conditions, is based on the determination ofdbal induced velocities created
by the bound vortices. After verifying the agreement betweetput from the two strategies,
the latter was finally chosen for all further investigations

4.2.4 The boundary layer equations and postprocessing

In order to analyse the output data from the N-S computatiansanalysis code has been
developed in Matlab to evaluate the relative importancénefiarious terms in the boundary
layer equations with respect to rotational effects.

The 3—-D incompressible boundary layer equations for a gtesdting flow, based on Prandtl’'s
boundary layer equations (see [20]), read

ou ov ow

o "oy a0 (14)
ou du ou_ 1oap o 0/ ou —
”ax”ay*""az* pax+2chose+Q xcose+ay <Vay uv’> (15)
ow ow ow  10dp oo 0 [ OW ——

uax +vay +Waz Y +2QucoB+ Q2+ 3y (v 3y v’w’> (16)

where(u, v,w) are the velocity components in directioixsy, z), i.e.the axes of the local system
of coordinates, witl® defining the angle between the tangent to the airfoil ancthe plane.

The desired output variables are computed in some propfacgsrof constant radius, extended
to a distance of a half chord length from the blade surfaggu(fei 40). The variables of interest
are sorted in a new order, according to the boundary laygetaral and normal directions (see
the local system of coordinates in Figure 35 and Figure 41).

The derivatives are estimated usind' rder CDS polynomial fitting of the output data for
non-uniform spaced grids.

The boundary layer thickness is determined by checkingettie vorticity magnitude or the
velocity gradient along the normal direction. The last téghe was suggested by Stock and
Haase [25].
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Figure 40. Postprocessing sections of the computationadalo

Figure 41. Grid around the airfoil and new nodes indices

4.3 Results

We here present the outcome of the simulations, focusingeoemgl features in the flow field
around rotating blades and the effects of rotation on pressuefficient distributions and inte-
gral boundary layer characteristics. A number of diffefeaw conditions have been simulated
and analysed, with geometric angles of attack ranging fréorl® degrees. The effective values
of the local angle of attack, however, may exceed 20 degtéab@ard locations, and a large
portion of the blade is dominated by separation phenomemreRigiure 42). As expected, in the
attached part of the blade, the limiting pathlines are &gwith the main stream direction, so
that they can be regarded as in a 2D-alike condition. Thisiesrainly for the outboard part of
the blade, whose behaviour resembles that of an ideal wiirgiofte span. On the other hand,
where separation dominates, the flow pattern shows evid#rsteong radial flow components
in the inboard part of the blade.

In the turbulent flow computations the Reynolds number atbedlade varies between 10°
and 6 10° from root to tip. The radial stations chosen for the analgsislocated at/R = 0.16,
0.54 and 0.75. A pure rotating blade, without inflow and wighazpitch angle, is presented as
a reference case for a laminar flow regime. The laminar vgigeofiles, shown in Figure 43,
look physically correct and the crossflow is seen to domiafter separation, which in this
case occurs at a position of about 80% of the chord length.

In Figure 44 in—plane streamlines around a rotating bladésseand the corresponding 2-D
airfoil are compared in a situation of deep stall. It is chgaeen that rotation stabilizes vortex
shedding and limits the growth of the separated region. b\are the stagnation point moves

Risg—R-1649(EN) 41



The  computa-
tions revealed
differences in
e.g. velocity
profiles at dif-
ferent chordwise
stations and
differences in
separated areas.
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Figure 42. Limiting streamlines on blade suction side fdfedent geometric flow in-
cidences.
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Figure 43. Velocity profiles in the local coordinate systemdifferent chordwise positiong/'€,
plotted against the non-dimensional boundary layer thédenyd and non-dimensionalised
with the values at boundary layer edge (3—PRr= 0.16, AOA =13.4 deg, Re= 10?)

downstream, and separation tends to approach the leadjeg ed

Figure 44. Streamlines around the 3-D rotating blade sectt r/R = 0.16 and the corre-
sponding 2-D case with local incidence2f 9 degrees and Reynolds number abboft

This is confirmed by Figure 45, where 2—D and 3-D pressurdictits are compared. It is
seen that the pressure at the suction side is less flat in he&se, which then modifies the
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overall distribution of the pressure on both the pressucetia suction side of the airfoil.

/R = 16%; AOA = 26.9 deg; Re =1.1-10°
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Figure 45. Pressure coefficient distribution of the 3-D totg blade section at /R = 0.16
compared to the 2—-D case (angle of attack = 26.9 degrees,dRéynumber =10°)

Isoplots of static pressure and vorticity are shown in Fegté and Figure 47, respectively. Dif-
ferent radially spaced slices of the domain around the bdmdeonsidered. These planes are
curved surfaces of constant radius (the value is indicateithi® labels) covering a normal dis-
tance of 1 chord all around the blade surface. The same cafphas been used for all sections.
Since the pressure scales with radius the pressure is nwstyomced at larger distances from
the rotational axis. The outward sections operate at lowgles of attack, leading to attached
flow with lift coefficients resembling the 2D ones.
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5

Figure 46. Contours of static pressure p [Pa], radial slidsng the cylindrical blade, (U=10
m/s)

The vorticity field is depicted in Figure 47. The blue colobat fills almost entirely each
slice is the potential field past the blade, where vortigtgeéro. The boundary layer is clearly
visible as a thin red-oriented belt around the airfoil smwdi The boundary layer, gets thicker
and thicker while approaching the trailing edge. This is hevgent at the suction side, where
strong adverse pressure gradients exist. However, thesghimvide a vivid description of the
different behaviour an airfoil boundary layer flow can exeece. The most outboard section
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The compu-
tations were
postprocessed to
investigate  e.g.
the crossflow
term and the
Coriolis term.

shows an almost symmetric behaviour on the two sides of tfalaihe angle of attack is small
and no separation is seen, so that the two boundary layews $e@oothly the trailing edge and
combines into a common wake structure. Going inward the flmidences increase, trailing
edge separation occurs on the suction side. At a certairt ppinseparation bubbles occur,
one located just after the leading edge and the other ahgatge. In between the separation
bubbles the flow is dominated by complex and unsteady flovetstres (see also Figure 44).
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Figure 47. Contours of vorticity magnitudg[1/s], radial slices along the cylindrical blade,
(U=10m/s)

As an example of the post-processing output, the magnitfidieeoCoriolis and spanwise—
convection terms in the governing equations have been &egluThe outcome is shown in
Figure 48, which depicts the crossflorg)and Coriolis (2) terms, computed from the follow-
ing equations

du
W_
r, = Log % (17)
du du
ugk|+ [Vay
2Qw cosd
r, = Log W (18)
du du
ugk|+ [Vay

When separation occurs both terms increase, with the Cotidm exhibiting the highest
values. The figures are shown at two different positions Jying that the effective angle of
attack and the Reynolds number are different for the twdaest Since the blade is rotating,
different local angles of attack are seen by the blade sextibhe area depicted in Figure 48
is a close up of the boundary layer region with the local ndttoravall coordinate scaled to fit
the computed boundary layer thickness. The very first patti@firfoil section has not been
considered, since the boundary layer is still rather thieh twe processed data are influenced
by curvature effects at the leading edge. A more compreteasialysis on the boundary layer
integral properties is still in progress to determine maezisely the most important effect of
rotation.

An important result of the analysis is the evaluation of taeodynamic coefficients shown in
Figure 49. It is clearly seen that the lift coefficient is ieased when the blade is subject to
rotation, and that this effect is most pronounced near the @xrotation. On the other, the
enhanced lift is associated with higher values of the dragfficient. The results have been
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Figure 48. Relative magnitude of crossflow derivatiledt] and Coriolis term (ight) in the
boundary layer x-momentum equations, in logarithmic scaéparation is marked with a black
dashed line.

compared with a pure 2-D airfoil, showing that 3—D valueshagher for the whole range of
flow angles. However, the 3-D rotating results also diffenfrthe reference at lower angles
of attack and attached flow conditions. A likely explanati®that the 2—D section is isolated,
while the real flow is the result from a three-bladed rotorjsabto cascade effects and at
inbord sections the inviscid flow is dominated by strong aseeurvature effects. Moreover,
despite the magnitude of the domain, boundary condition&lqalay a role in influencing the
flow field. In fact the wind turbine has been modelled as a dodtueted machine, rather than
an open—flow rotor. This problem, however, can be resolvassing the outboard section (e.g.
r/R=0.76) as a reference to the 2-D case.

To check the results, further comparison was carried oublyparing 3—D computations with
the semi-empirical 3—D correction of Snefl al. [1]. The correction, that basically depends
on the square of the ratio of local chord and spanwise positias employed to correct the
2-D data at a radial position of r/R=16%. Under the same inflonditions (AOA, Re), 2-D
computer simulations were run for a NACA 0018 airfoil. Apioly the Snelet al. correction
to the resulting 2—D lift distribution resulted in the pldtasvn in Figure 50. Here, the dashed
line represents the linear trend of the first part of the 2—e&uFrom the figure it is seen that
the computed 3-D results in the linear region is higher thancbresponding 2-D case. The
corrected lift coefficient is seen to be located in betweenptre 2—-D and the 3-D results.
At high angles of attack ( 22 degrees), however, the cordestel computed 3-D results are
almost identical.
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Figure 49. Drag and lift coefficients for the 3-D rotating bk sections atfR = 0.16, 0.56
and 0.76 and the corresponding 2—-D case. In the x-axis isffeeteve angle of attack

4.4 Concluding remarks

Present design approaches for wind turbines are typicafe® on employing the blade—
element momentum (BEM) theory, with lift and drag forcesedetined from 2—D measure-
ments. Although CFD is not a practical design tool, usefggastions for classical design
codes can be derived, based on a quantitative explanatiatational phenomena. The aim of
the present work is to derive the basic tools for studyingifieence of rotational effects on
rotating blades and utilize the results from the study in B&ddes.

In the present work CFD—RANS computations were carried @sotve the flow field past a
rotating blade and to quantify the impact of rotational effan the boundary layer.

A post-processing tool for studying the local velocity plegiand for evaluating the relative im-
portance of rotational terms in the boundary layer equatieere developed and implemented.
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Figure 50. 2D and rotating 3D predicted Gcompared to the Snel et al. correction method
output for the r/R=16% section, Re £

The tools are used to determine integral properties of bagyrdyers in order to derive practi-
cal 'empirical’ corrections for use in the design. Earlyuksfor a simple blade geometry have
been presented, confirming that the loads on a rotating laleslbigher than those appearing
on a corresponding non-rotating case, and that this is moebpinced at inboard sections and
under separated flow conditions.

The work is still in progress and it is expected that the tsdubm the Navier-Stokes compu-
tations can be used both to correct 2-D airfoil charactesistnd to derive integral boundary
layer solvers aimed specifically for rotating blades.
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5 Laminar turbulent transition using the y—Re
transition model

Author: Niels N Sgrensen

When predicting the flow over airfoils and rotors, the lamihabulent transition process can
be important for the aerodynamic performance. Today, thet mimlespread approach is to use
fully turbulent computations, where the transitional s is ignored and the entire bound-
ary layer on the wings or airfoils is handled by the turbukengodel. The main reason for
neglecting laminar/turbulent transition in rotor aerodgmics, is the dependence of most tran-
sition prediction methods on boundary layer quantitiesclvimakes them difficult to interface
to modern parallelized multiblock general purpose flow enlVo compute the boundary layer
quantities on a general 3D object, one needs to determinstéigeation point location, and
track the boundary layer development along the local flowdlion close to the surface. Ad-
ditionally, one will need to transverse the boundary layatien in a direction normal to the
wall surface. Neither the tracking of the local flow directioor the normal direction, are guar-
anteed to follow local grid directions and may additionaltpss the block interfaces, which
makes the logistics of such a method very cumbersome. Orlerimemtation of such a method,
based on the" method was implemented in 2D [1], which has proven to be vecyiate and
reasonably robust. In the same reference, work was ongoiirgglement a similar method
for 3D, work that was unfortunately never finished. As anraki¢ive approach the correlation
based transition model has lately shown promising resaitd,the present chapter describes
the effort of deriving the two non-public empirical corrtans of the model, as well as a series
of applications to rotor and airfoil flows of interest to witarbines. The main advantage of
the model is the fact that it avoids the need to track the bangnidyer flow and evaluate the
boundary layer quantities at each boundary layer statibis & achieved by the use of two
transport equations one for intermittency and one for thadition onset moment thickness
Reynolds number.
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5.1 Nomenclature

dU/ds Acceleration along a streamline

k Turbulent kinetic energy

K Flow acceleration parametgr/U?)dU /ds

Re Reynolds number based on lengtiUre /1A

Rey Momentum thickness Reynolds number,
pBUo/ 1

Rege Critical momentum thickness Reynolds
number

Rexyt Transition onset momentum thickness
Reynolds numbep6;Uo /|

ﬁveet Local transition onset momentum

thickness Reynolds number,
obtained from transport equation

Rr Viscosity Ratiopk/ (jw)

Re, Vorticity (Strain rate) Reynolds
numberpy?S/u

S Absolute value of the strain rat€S; S )%

Sj Strain rate tensog (0u; /0x; + du; /oxi)

Tu Turbulence intensity 1(?(Qk/3)%/u

U Local velocity (U2 + V2 +w?) 2

Uo Local free stream velocity, outside of

boundary layer
Uret Inlet reference velocity
y Distance to nearest wall
yT Distance in wall coordinatyuy /|
0 Boundary layer thickness
€ Turbulent dissipation rate
0 Momentum thickness

Ao Non-dimensional pressure gradie Z,%
sl Molecular viscosity
Eddy viscosity
Ur Friction velocity/(t/p)
p Density
1 Wall shear stress
Q Absolute value of vorticity 2Q;; Qj; )%
Qij Vorticity tensor, 3 (du; /0x; — du; /9x;)
() Specific turbulence dissipation rate

5.2 Introduction

The chapter describes the implementation of a new empaaratlation based transition model
in the EllipSys code. A series of parametric computatioesp@rformed to determine the two
non-public empiric relations needed to make the model cetapbne relation for the Critical
Momentum Thickness Reynolds Number; and one for the Tiansitength Factor. This is
done as described in the original work of Menter et. al. [248hg flat plate boundary layers
and the resulting expressions are given in the present.pagier authors have proposed alter-
native correlations [4, 5], which for unknown reason do rgrea with the present correlations.

Following the initial tuning of the model for flat plates, aigs of typical wind turbine airfoils
are computed comparing the present version of the comaekbtiased transition model with an
existing transition model featuring &l method, a by-pass model and a model for separation
induced transition [1] and experimental data. Generdily, dirfoil computations show good
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agreement with both the existie method and experimentally determined drag and transition
point location. Additionally, it is shown that the model epable of capturing both natural, by-
pass and separation induced transition. Following th&lr2D tests, the model is applied to
the case of flow around a three-dimensional prolate sphefdfdeplin et. al. [6], to illustrate
that the model is capable of predicting the correct tramsitbcation for the zero angle of attack
cases. Finally, the NREL-Phase-VI [7-9] turbine is usedtastcase to verify the applicability

of the model to wind turbine rotor aerodynamics.

5.3 Flow solver

The in-house flow solver EllipSys3D is used in all computagipresented in the following.
The code is developed in co-operation between the Depatinfidhechanical Engineering at
the Technical University of Denmark and The Department ofidEnergy at Risg National
Laboratory (now Risg-DTU), see [10, 11],[12]. The EllipSixscode is a multiblock finite
volume discretization of the incompressible Reynolds+Aged Navier-Stokes (RANS) equa-
tions in general curvilinear coordinates. The code useslacated variable arrangement, and
Rhie/Chow interpolation [13] is used to avoid odd/even pues decoupling. As the code
solves the incompressible flow equations, no equation tf stasts for the pressure, and in the
present work the SIMPLE algorithm of Patankar and Spaldig 15] or the PISO algorithm
of Issa [16, 17] is used to enforce the pressure/velocitpliog, for steady state and transient
computations respectively. The EllipSys3D code is paiaid with MPI for executions on
distributed memory machines, using a non-overlapping dodecomposition technique. Both
steady state and unsteady computations can be performedhe=ensteady computations the
solution is advanced in time using a 2nd order iterative t8t@pping (or dual time-stepping)
method. In each global time-step the equations are solvad iterative manner, using under
relaxation. First, the momentum equations are used as &fetb advance the solution in
time. At this point in the computation the flowfield will notlfiithe continuity equation. The
rewritten continuity equation (the so-called pressurgemiion equation) is used as a corrector
making the predicted flowfield satisfy the continuity coastt. This two step procedure corre-
sponds to a single sub-iteration, and the process is rapaaté a convergent solution is ob-
tained for the time step. When a convergent solution is obthithe variables are updated, and
we continue with the next timestep. For steady state contipnta the global time step is set to
infinity and dual time stepping is not used, this correspaadise use of local time stepping. In
order to accelerate the overall algorithm, a multi-levédl gequence is used in the steady state
computations. The convective terms are discretized usihigdhorder QUICK upwind scheme,
implemented using the deferred correction approach figgested by Khosla and Rubin [18]
and applied along with a MinMod limiter to obtain TVD behavi@entral differences are used
for the viscous terms, in each sub-iteration only the notiexahs are treated fully implicitly,
while the terms from non-orthogonality and the variablewgisty terms are treated explicitly.
Thus, when the sub-iteration process is finished all terrmegaluated at the new time level.
In the present work the turbulence in the boundary layer idetexl by the ko SST eddy vis-
cosity model [19]. The equations for the turbulence modéditae transition model are solved
after the momentum and pressure-correction equation®iy sub-iteration/pseudo time step,
and in agreement with the recommendations of Menter et pla[econd order upwind TVD
scheme is used for the transport equations for turbulengé¢ransition. The three momentum
equations, thé& — w equations and the two transition model equations are saleedupled
using a red/black Gauss-Seidel point solver. The solutich@ Poisson system arising from
the pressure-correction equation is accelerated usindtigndimethod. In order to accelerate
the overall algorithm, a multi-level grid sequence and ldtae stepping are used. For the
rotor computations with uniform inflow a steady state movingsh approach is used [20].
The moving mesh option has been implemented in the EllipSysiver in a generalized way
allowing arbitrary deformation of the computational mefstipwing [21].
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The model is
based on a simple

relation be-
tween Reynolds
numbers and

transition onset

The model con-
sist of two partial
differential equa-
tions

5.4 Transition Model

They— Re correlation based transition model of [2], is a frameworkifoplementing em-
pirical correlation based transition criterions in geherapose flow solvers, that can be used
together with structured, unstructured and paralleliz#dess. The backbone of the model is
two transport equations one for intermitteryand one for the local transition onset momentum
thickness Reynolds numb&ey. Basically, the model relates the local momentum thickness
Reynolds number Reevaluated by Eqn. 19 to the critical value ggeand switches on the
intermittency production when Rés larger than the local critical value.

_ Reymax
-~ 2193

Rey (19)

The transport equation for the intermittency is given by:

opy) , 9pYyy)  , - 0 ) oy
ot * an =R Eeran p.JFO'f 6Xj '

Where the production and destruction terms can be comprgadthe relations given below:

R = FlengtrﬁalpS(VFOHSeao's(l -v).

Ey= Ca2PQyRurb(Cey— 1) .

E __Ra
onsel = 5 193Re. |

S k _(Rr\4
R&%.RTS_&);FIurbe (=)

Fonsee = min(maxFonset , F(fnseﬂ.)a 2).

Rr\°
F0n5e8 - maX(l— (ﬁ) ,O) .

Fonset= max(Fonsefz — Fonses, 0) . (20)

Rege andFength are both functions oﬁeet, and are not given in the original reference due to
proprietary reasons. The empirical relations for thesé lvéldetermined later in the present
paper. Additionally, the model is very simple to use in cartioe with forced transition, as we
can artificially forceFonsetto assume the maximum of the computed value from Eqn. 20 and a
function set to one downstream of the forced transition poin

The transport equation for the transition onset momentuckniess Reynolds numb®&ey, is
given by:

O(pRex) , A(PURex) o . 0

at o] ax; |Co (MR

a?e“eet
GXJ' '
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Where the production term can be computed from the relabefmw:

Py — cat$(Reet — Rey)(L0—Fy) .

. 500
=507
. —(})* Yy—1/Ce 2
Fot = min | max| Fyake€ \3/ ,1.0— (m) ,1.01 .
_Rexp . 15 _ 50Qy Py’
eBL——pU , 0BL = ZGBL,5— ¥ 5BL,RQ0——“ :

Fuake= e_(%)z

The following constants are used in the model:

Ca1=1,c2=0.03,cp=50,0;f =1.0,ce =0.03,05 =2.0.

Additionally, the correction to handle separation indutr@gsition according to [2, 3, 22] is
also implemented:

. Re,
Ysep = MiN <Sl max [0, (m) - 1} Freattach 2> Fet

where:

RT \4
Freattach= e (20" ands; =2.

Yett = maxy, Ysep) - (21)

The empirical correlation needed for the critical tramsitbnset momentum thickness Reynolds
number Re is given by the following relation from [2]:

Rey = 80373[Tu+0.6067 2%2"F (A\g,K) , (22)

where:
F(Ae,K) = 1— [~10.32\g— 894703 — 26551A3e30" , if Ag < O,

F(Ao,K) = 1+[0.096K +0.148?+0.0141K3

(1-eT5 )+ 0.556[1 - e—zs.gxe} eTs ,if Ag >0,
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whereK = K - 108, and the following constraints are used for numerical rofess:

—01< A <01, (23)
-3x10°%< K <3x10°, (24)
Rex >20. (25)

At farfield boundariey is equal to one, while the boundary condition at the wall iDZ&ix.
The farfield value for th&Rey, is set according to Egn.22 assuming the pressure gradient pa
rameter\g to be zero, while the wall boundary condition is zero flux.

The transition model is coupled to the- w SST model through the use of the effective Inter-
mittency from Eqgn. 21, by modifying the production and disdion terms in the k-equation as
shown below:

F~1( = Vefka and,lﬁk = min(max(yeff, 0.1), 1.0)Dk ,

wherePR andDy are the production and destruction term from the turbulémetic energy

equation of the original SST equation. One has to be awat#tdg; blending function needs
to be adjusted in order to be able to treat fully laminar baupdayers, according to [2].
Additionally the limiter used to prevent build up of eddy adsity in stagnation regions is
slightly different from the one originally used, see [23]:

P = min( S, 10Dy) , compared to the original expressidh:= min(y S, 20Dy) ,

and the present author has experienced problems with lpudfiturbulence/eddy viscosity in
the stagnation regions of airfoils using the original fotation, while the first limiter performs
flawlessly.

It is well known that the turbulence will decay from the inletlue, in the case of zero shear
where there is no production in the farfield. To control theslef turbulent kinetic energy at
the boundary layer edge, the farfield value can be estimated Eqn. 26, from [23]:

5

K = et (14 Gniett) " (26)

with B = 0.09 , andB* = 0.0828 .

Thet featuring in the above expression is a time scale, equaktdittance from the inlet to
the location of the geometry divided by the convective vityoc

5.5 Tuning of empirical relations

The two missing correlations, for BeandFength both reported in [2, 3] to be a function of
Rey must be determined before the model can be used. Similaetoripinal work of [2] the
tuning is done for four flat plate boundary layers with zeregsure gradient, namely the T3A,
T3A-, T3B [24-26] and Schubauer and Klebanoff [27] cases,Tsdle (2). Other authors have
proposed alternative correlations [4, 5], which do not egréh the present correlations. The
present author has not been able to verify the correctnetbesé correlations in connection
with the incompressible EllipSys codgengtnh in the model is used to control the length of the
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transition region. As high values &iength correspond to high intermittency production and
thereby shorter transition length as also indicated in Big.in [23], the relation used in [4]
whereRength is proportional to the transition length seems to be wrong.

As the new transition model is very sensitive to insufficigritl resolution, grid stretching
and the differencing scheme it is extremely important tagesshat grid independent results
are obtained in connection with the calibration of the moHBel all four flat plate cases three
levels of grid refinement were used to establish that theltseestere grid independent. The
finest grid had 51% 128 cells in chordwise and normal direction, withya below 0.2 on
the finest grid level. The grid is a simple stretched Cartegréd with constant spacing in the
flow direction and stretching in the cross-flow directioneTlate starts at the edge of the
domain, and a uniform inlet velocity profile is used. Deterimg the empirical correlations
by numerical optimization along with debugging the modelndnds a very large amount of
computations, and it is the hope that other researcher aafirrmothe present expressions by

implementation in other flow solvers.

Table 2. Summary of inlet conditions for the four flat plat tases.

Case FSTI p/u p Tl

% [kg/m°] [kg/ms]
T3B 6.500 100.00 1.2 1.8e-5
T3A 3.500 13.30 1.2 1.8e-5
T3A- 0.874 8.72 1.2 1.8e-5
S&K 0.180 5.00 1.2 1.8e-5
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Figure 51. Verification of the empirical correlations Eqr¥. and 28 using four zero pressure

gradient flat plate cases.

The following procedure was used to determine the two fonetidependencies: First a series
of parametric runs were performed where the critical Reymoumber Rg and the constant
controlling the length of the transition regidisngh Was directly specified. Secondly, having
found the values Rg andFength that gives the optimum agreement with the measured data, a
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second series of runs were performed determining the aurstao that using Rg = aE%t
gave identical results with the previously determinedmpin. Using this procedure, thay,
Rege andFRength can be determined for each of the four cases. The resultingsare listed in
Table 3.

Table 3. The result of the numerical optimization of the mgssorrelations forRey. and Fength
as function oRey.

Case Rey Rey o Rength
T3B 173 80 0.46 > 30
T3A 480 182 0.38 30
T3A- 967 532 055 0.55
S&K 1023 583 0.57 0.20

Comparing the critical Reynolds number from Table 3 detaadiby the numerical optimiza-
tion with the one from Eqn. 22 excellent agreement is obskrsgpporting the correctness of
the implementation of the model. The functional dependénapproximated by the following

expressions:

5-2
Reyc = 0.0005 Rejy +65(1— e~ 1580) 27)
and
Regy —200
Rength= max|270-e 110,200 . (28)

The reason why the expressions do not exactly reproduceathes/from Table 3 is to account
for the feedback in the model due to non-linearities, andeggnts a final numerical optimiza-
tion. The results of using the determined correlation ferftsur flat plate cases can be seen in
Fig. 51, indicating similar agreement as observed in [2, 2B less than perfect agreement of
the laminar part of the skin friction for the T3B case with Bu5% is not due to the correlation
functions used, but shows agreement identical to the basilge solution that can be obtained
using fixed values for Rg and fiengtn, S€€ also [2]

5.6 Verification of transition prediction method

To validate the expressions derived for the two lackingalations and the implementation of
the model especially for applications related to wind epergo airfoil flows were computed,
as well as the flow around the NREL Phase-VI rotor. Additibndhe flow over a prolate
spheroid at zero incidence and 30 degree incidence wererpefl to investigate the behavior
in connection with cross flow instabilities.

5.6.1 Airfoil Flows, S809

The S809 airfoil was used as the first wind turbine relatet] ée&n though the S809 airfoil is
not typical for modern turbines. The fact that the S809 divias used for the NREL Phase-VI
rotor which is used as a rotor test case in the present stualgsrit interesting.

To verify the accuracy of the method, a grid refinement study performed first using a series
of grids based on a full coarsening of a 102812 grid. Theyt of the finest grid (refinement
ratio 4) was~ 0.25 assuring " of approximately 1 on the second coarsest level (refinement
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Figure 52. The order of accuracy of the EllipSys2D code u#irgQUICK scheme for a fully
turbulent computation top, and and a TVD version of the QUKtKeme for a transitional

computation bottom.

ratio 2). Additionally, it was assured that the expansidea nathe normal direction was approx-
imately 2.5 percent at the finest grid level for the first 36@ gnoints, so that the expansion
rate on the second coarsest level was below 10 percent. &r tbdcapture the true order of
the scheme, the grids needed to be sufficiently fine to be iaghmptotic range. For the tran-
sitional case, the fact that the transition point is in faciscontinuity in the equations pose
an additional requirement on the chordwise resolution efghid near the transition point. In
the present computation around 10 cells are used aroundahsition point on the second
coarsest level. In Fig. 52 the outcome of these studies am@rstboth indicating second order

accuracy of the method is obtained already on the secondesidevel. Based on these tests,

. . . . . The model
anq in agreement with the previous work of Langtry [23], tieeessary grid resolution canbe  yeaty improves
estimated. the  agreement

with  measured
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Figure 53. Comparison of computed and measured lift and ,dusing the new correlation
based model, the'anodel and fully turbulent computations for the S809 airfoil

Having verified the numerical accuracy of the method, the vle\/d:ivee based transition model
was compared to an existing transition model featuring"am by-pass and a model for sepa-
ration induced transition developed and implemented byhelgen [1] and was also compared
to existing measurements. The S809 airfoil was computed=ayaolds number of 2 millon,
assuming natural transition. An O-grid of 53228 cells was used based on the grid refinement
study, with a high concentration of cells near the wall tatigt and a low cell expansion rate.
As seen by Fig. 53 the new method agrees well with the existitgnded” method and with
measurements for the low angles of attack. Additionallg, figure shows that the transition
model improves the results compared to a fully turbulentpotation with respect to agrement
with the measurements of Somers [28].
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Figure 54. Comparison of computed and measured lift and ,duaing the new correlation
based model, the"anodel and fully turbulent computations for the NACA 63-4itfoi.

5.6.2 Airfoil computation, NACA 63-415

Next the NACA 63-415 airfoil was investigated, an airfoilttvimore practical relevance for
modern wind turbines. Again an O-mesh of 54228 cells was constructed around the airfoil,
using the HypGrid2D code [29]. The Reynolds number was §ipdcio 3.0 million, and a
turbulence intensity of 0.04 % was used corresponding taraltransition. The angle of attack
was varied between -12 degrees and 16 degrees. In Figuree®bthputed lift is compared
for the new model, the extendefl model by Michelsen, fully turbulent computations and
measurements. Good agreement is observed for all threg ¢fm@mputations, with minimal
changes due to transition modeling. Looking at the compditad, see Figure 54, the effects of
the transition models are more evident. Here the computeglaking any of the two transition
models shows much better agreement with measured datajabpat low angles of attack.

As seen from Figure 55 showing the compuBcindC; distributions, the reason for the large
deviations between the computed drag for the transitionfalhg turbulent computations is
clearly illustrated at 2 and 8 degrees angle of attack, whereskin friction is strongly in-
fluenced by the location of the transition point on both thetism and pressure side of the
airfoil. For the two degree case, the two transition modelsat predict the exact same transi-
tion location, which results in the drag being slightly tagthfor the enhanced' method and
slightly too low for the present model. Even though a smdfedénce exists between the two
transition models, both models do considerably better tharfully turbulent computations,
see Figure 54.

5.6.3 Prolate Spheroid

The 6:1 prolate spheroid has been used for several studisofar, turbulent and transitional
flows. In the present study, the data of Kreplin et al. [6, 3Q}sed to study the performance of
the model in 3D and illustrate the by-pass transition cdjtigsi. As the present version of the
model do not include the effect of cross-flow instabilitisginly the O degree angle of attack
case is used. The 10 and 30 degree cases may eventually Hatesed to calibrate the model
to account for cross-flow instabilities. A single case of 3@alegree case is shown to illustrate
the lack of cross-flow capacity of the model in the presergieer An O-O-grid is constructed
around the spheroid, using 128 cells in the chordwise dinec256 in the cross-flow direction
and a 64x 64 block at the nose and rear of the spheroid, see Figure Hie Imormal direction
128 cells are used, with a minimum cell size of 110~/ the length of the spheroid, giving a
total of 4.7 million cells.

Four cases were computed, corresponding to Reynolds nsrabfs.2, 6.4, 8.0, 9.6] million,
based on free-stream velocity and length of the spheroithéroriginal article [6] the tur-
bulence intensity in the tunnel is reported to be betweefoahd 0.2%, while it is said to
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Figure 55. Comparison of computed pressure and skin fictistributions for the NACA 63-
415 airfoil.

be between 0.3% and 0.4% in other references. After caliloraif the computations for a
Reynolds Number of 8.0 million, all computations were comepufor a turbulence intensity
of 0.25%. The resulting wall shear stress is shown in Fig $i& qualitative agreement with
increasing wall stress for increasing Reynolds numbergaith the forward shift of the tran- ~ The model repro-
sition point is well reproduced. The qualitative agreenisralso good, considering that the ﬂqujfjnﬁ';ﬁ["o”f”t?{g

AC; /Cs = £0.1 is reported in the measurements. transition  point
with  increasing

To illustrate the lack of sensitivity of the model to crossaflinstabilities, a single case of Reynolds number
the spheroid at a Reynolds number 02  10f and 30 degrees incidence was computed. In for the spheroid
Fig 58 the shear stress and pressure coefficient are compahetheasurements at the cross

stream positiorx/2a = 0.05 close to the front of the spheroid. The agreement of thespre

is good both for the transitional and the fully turbulent gorations, while the shear stress is

not well predicted for either the turbulent nor the tramsitil computations. At this location

the measurements indicate that transition is triggereddwy $eparation, which is reproduced

by the transition model and clearly visible by the peak in shear stress arounpl= 140

degrees. in Fig. 58. At the second sectig@a = 0.48 the agreement of the pressure distribution

is still good for both the fully turbulent and the transitadrcomputation, see Fig. 59, while

some disagreement is observed for both types of compusatiih respect to the shear stress.

At this section, the transitional computation fails to potdny laminar region. Looking at

Fig. 60 the boundary layer transition happens just upstr@ims position in the x-direction,
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Figure 57. The measured and computed wall shear stressiiiittns at four different
Reynolds numbers at 0 deg. incidence.

due to natural/bypass mechanisms, in contrast to the cdigamin the measurements. As the
transition process in the measurements at this positioarigr@lled by cross flow instabilities
one should not expect the present method lacking the atulipyedict this type of transition to
give the correct answer. Even though the method cannotqirediss flow instabilities, there
is nothing that prevents this to be included through cotiaia in a new version of the model.

5.7 NREL Phase-VI rotor

The final application of the model is to the well-known NRELaBhB-VI dataset [7, 8]. Here
the upwind cases for zero yaw angle, originally computelg turbulent by the present author
and colleagues in connection with the blind comparison i91[B1] were used. The mesh
used in the present computations explicitly models thetfutl bladed rotor, using 5.2 million
cells with 256 cells around the blade in the chordwise dinectay™ ~ 1 and the farfield
boundary placed 80 meters from the rotor center. The mesprigamusly been used for yaw
computations in [32] where pictures and more details cabed.

The NREL Phase-VI rotor is based on the S809 airfoil, and es pesviously we must expect
that the laminar/turbulent transition mainly affects thidadl characteristics for aoa’s below
10 degrees, corresponding to the low wind speeds for theprasall controlled turbine. At

the high wind speeds/aoa’s the transition even for nattaakttion is located very close to the
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Figure 58. The measured and computed wall shear stress asdyre coefficients at x/2a=0.05
for a Reynolds numbeét.2 x 10° and 30 deg. incidence, where phi( is angle in the cross
stream direction measured from the windward side of the igjithe
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Figure 59. The measured and computed wall shear stress asdyre coefficients at x/2a=0.48
for a Reynolds numbet.2 x 10° and 30 deg. incidence, where php( is angle in the cross
stream direction measured from the windward side of the igjidthe

leading edge and the results are very similar to the fulllpulent computations.

The turbulence intensity in the NASA/Ames tunnel is reporte be around 0.5 % for the
velocity range investigated in the present computatiots 33]. From reference [33] it is not
clear which part of the turbulent spectra is used for thenisitg estimates, and therefore the
turbulence intensity is varied around the reported valuevestigate possible influences on the
results. In the present investigation, the turbulencengitg in percent is set to the following
fourvalues[0.5, 1.0, 1.25, 1.5]. In Fig. 5.7 the variatidthe torque for the different turbulence
intensities are shown. As was also seen in the original lskamdparison, the present CFD solver
over-predicts the torque at 10 m/s for the fully turbulennpaitations. The figure additionally
shows how the torque decreases around stall when the tadauietensity is lowered. For the

L,

Figure 60. Intermittency and limiting streamlines on thefaae of the spheroid at a Reynolds
number of7.2 x 10° and 30 deg. incidence. The flow is from bottom left and the dayikns at
the bottom left indicates laminar flow, while the light gragions indicate turbulent flow.
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higher wind speeds, no influence of the transitional modebierved.
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Figure 61. The low speed shaft torque of the NREL Phase-\dt fior fully turbulent and
transitional conditions all compared to measured values.

For a low turbulence inflow it is well-known that the S809 aitfat low aoa’s has separation
induced transition located around half chord at both sactind pressure side, producing a
pattern similar to the one observed at the 7 m/s transitioasé in Fig 62. When the aoa is
increased above 5 degrees the transition point on the upper side moves texbhedleading
edge. At higher aoa’s not much difference is observed betwiee by-pass transitional, the
'natural’ transitional and the fully turbulent cases, doethie leading edge proximity of the
transition point, which explains the minimal differencéserved in the low speed shaft torque
for high wind speeds. The reason why the inflow turbulencaisity can severely influence the
performance of the rotor close to stall, as observed in Fig&n not directly be explained by
the change in airfoil performance observed in 2D betweansitianal and fully turbulent cases.
This effectis connected to the three dimensionality of the tind the rotation of the blade. For
all cases computed here, even for the fully turbulent casssarated flow is predicted on the
suction side of the blade in the root region. For the 7 m/s,dasetransition of the flow from
laminar to turbulent around half chord is capable of supngsthis spanwise component.
When increasing the wind speed to 10 m/s, the spanwise floenbestronger in the root
region. Depending on the chordwise location of the tramsipioint at sections close to the
root, which is controlled by the inflow turbulence, the flow thie suction side may become
totally separated. For a turbulence intensity of 1.25% thw fiattern for the transitional case
looks similar to the fully turbulent flow as seen in Fig 62.nteal patterns are observed for
turbulence intensity of 1.0% and 1.5%, while the patteraltptthanges when the turbulence
intensity is lowered to 0.5%, where the computations ptet&flow to be totally stalled at the
suction side of the blade.

Additionally, we need to be aware that the intensity is givelative to the free wind speed,
while the turbulence intensity observed by the individualde sections is influenced by the
rotational speed of the blade. The intensity in the compariatwill decrease when moving
towards the tip. Using the rotational speed of the NREL Phéds®tor of 7.53 rad/s, a wind
speed of 10 [m/s] and a turbulence intensity of 1.5% basedeamndgtream velocity the turbu-
lence intensity will vary from 1.20% at 1 meter radius to @38t 5 meters radius. The fact
that in reality the rotationally sampled turbulence spettias seen by the rotating blade will
look completely different from the turbulence spectra obsé by a non-rotating blade, may
change this picture. In the present version the transitiodehcannot account for the length
scale and rotational sampling effects on the turbulen@nsity.

Looking at pictures of limiting streamlines on the bladeface for three wind speeds, the
transitional flow patterns are generally more complicatee @ the presence of laminar sep-
aration/turbulent reattachment regions, which similavkaat is know for typical trailing edge
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stall on rotors has a tendency to spread radially towardbléde tip, see Fig. 62. Addition-
ally, the figures reveal that when the flow speed is beyond 5thd transitional and fully
turbulent flow patterns are very similar. The effects of siian may have a severe effect on
the power production depending on the actual rotor designaénfioil sections, and from the
present investigation this may be especially true for theelowind speeds and near the onset
of stall.

NREL Phase—VI: 7 [m/s], Tu=1.25% NREL Phase-VI: 7 [m/s], Fully Turb

Figure 62. Limiting streamlines on the suction side of thediels. The light gray regions indi-
cates the fully turbulent regions, while the dark regiongha first and the third picture from
top are laminar regions.

5.8 Conclusion

The correlation based transition model of Menter et al. [} been implemented in the in-
compressible EllipSys2D/3D Navier-Stokes solver. Baged series of zero pressure gradient
flat plate boundary layers, expressions for the two missorgetation functions relating Re
andRength to ﬁveet have been determined. Next, the model has been used tothesliift and
drag for two wind turbine airfoils, the S809 and NACA63-4&5pectively. Both computations
show good agreement and distinct improvement in the dratjgirens compared to using fully
turbulent computations. The model was used to succesgfdlyict transition on a 6:1 prolate
spheroid at zero degrees incidence for four different Relsoumbers, while the model due
to lack of cross-flow by-pass transition capability was riiédo predict the correct location of
transition for the spheroid at 30 degrees incidence. Theetnwds finally applied to the well
known NREL Phase-VI rotor, corresponding the the upwin@sdom the original blind com-
parison. It was shown how the transition model, throughatam of the intensity of the inflow
turbulence could improve the prediction around stall, eliile low wind speed and high wind
speed regions were nearly unaffected by the transition mG@merally, one must expect that
the transition process can be very important for predidiireggcorrect aerodynamics of rotors
depending of rotor design and airfoil choice, and that tles@nt model can be a valuable tool.

5.9 Post Scriptum

After the present work was finished, an error was discovere¢ld 3D implementation of the
model. This error caused the transition model to predictaaatid location of the transition
point. The consequence of this error was a excessive satysit inflow turbulence level, as
seen for the NREL Phase-VI rotor computations. Having aecbthis flaw in the model, the
high sensitivity of the shaft torque on the inflow turbulefmee| disappeared, while producing
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results similar to the 1.0 % case shown in the present workufidiulence intensity varying
between 0.1 and 0.5 percent. The model is at the moment beitigef verified, both with
respect to the correlation functions and further appliceti
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6 Verification of Airfoil Design With Focus on
Transition

Christian Bak, Mads Dgssing, Helge A. Madsen, Peter B. AsefgrMac Gaunaa (Risg DTU)

Author: Peter Fuglsang, Stefano Bove (LM Glasfiber)

This chapter presents wind tunnel tests on three differieftila in the LM Glasfiber wind
tunnel, Denmark. The objectives with the wind tunnel tesésemwo fold: 1) To detect the
transition from laminar to turbulent flow on airfoil surfacand 2) to verify the methodology for
designing airfoils with high lift-drag ratio, insensitite surface contamination and turbulence
intensity and showing high bending stiffness.

Approximately 70 microphones were mounted in the surfaceawth of the three airfoils
NACAO0015, Risg-B1-18 and Risg-C2-18 to measure the triansitom laminar to turbu-
lent flow. Information such as the transition point as a fiorcbf the Reynolds number, the
Tollmien-Schlichting frequency building up upstream o thansition point and energy spectra
at different positions of the airfoil surface are availdafoten this measurement technique. Also,
good agreement between measurements anel'ttnensition model was seen.

The Risg-C2 airfoil family is dedicated for MW-size wind bimes. It was designed to have
high maximum lift coefficient, while maintaining high aesgwamic efficiency. Given these
characteristics the airfoil was designed with maximunfret$s. Finally, because of the vary-
ing wind turbine conditions the airfoil was designed to kmgtant to surface contamination and
varying turbulence intensity. The design was carried oth wiquasi 3D multi disciplinary op-
timization tool to take into account the complete blade staaq rotor flow. Thus, the design of
the Risg-C2-18 airfoil was verified and showed good agre¢migi predicted characteristics.

6.1 Nomenclature

AOA  Angle of attack
AOA  Angle of attack relative to zero lift AOA

ay Fourier coefficient

by Fourier coefficient

c Chord length

(o] Lift coefficient

Cq Drag coefficient

Cp Normalized coefficient for the pressure on the airfoil soefa
Cp Normalized coefficient for the wind turbine rotor power

f Frequency

k Fourier index

Ma Mach number
Re Reynolds number

U Flow speed

X Coordinate in chordwise direction
Ve Mean of the power spectra

p Air density

o Standard deviation

6.2 Introduction

The uncertainty of the turbulence intensity for the inflonmtind turbines in the very small
scales makes the performance of wind turbine airfoils uagerAlso, Computational Fluid
Dynamics (CFD) has shown significant differences in the dgramic performance if either
fully turbulent flow or transitional flow are assumed, see |@8a5. Thus, it is important to
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know 1) how the turbulence intensity is in the small scaless 2rhow trustworthy the models
are predicting the transition. This fact motivated Risg Diblstart up an investigation on the
flow behaviour in small scales, i.e. eddies of the size of treeatlength or smaller. This led to
the development of a technique using microphones, whichresasure pressure vibrations up
to 20kHz. This technique was in comparison to e.g. Kulitessemitested in the VELUX wind
tunnel December 2006 and June 2007 to investigate the appiig for this purpose. It turned
out that the microphones were both robust and gave valuataeiation.

From October to December 2007 three wind tunnel test werédaout in the LM Glasfiber
wind tunnel where the Risg-B1-18, Risg-C2-18 and NACAOO&enested. The latter airfoll
was tested because the airfoil is well known and has beeedt@stsimilar tests before [1].
The two former airfoils were tested to investigate the degigilosophy and to investigate how
much the simulation models can be trusted, e.g. in the hdé&sign process. This knowledge
is important because design of tailored airfoils for wintbfoe rotors is essential for the con-
tinuing development of wind turbines. It has been known fecatles that wind turbine airfoils
should differ from traditional aviation airfoils in choicd design point, off-design characteris-
tics and structural properties. The development of windihe airfoils has been ongoing since
the mid 1980’s. Significant efforts have been made by Tarayler Somers [2], Timmer and
Van Rooij [3], Bjork [4] and Fuglsang and Bak [5]. For windline airfoils operating in the
atmospheric boundary layer there is influence from the tertme intensity and contamination
of bugs and dust and the airfoils should show both high peréoice in terms of high lift-drag
ratio and maximum lift resistant to leading edge roughn&ke. Risg-C2 airfoil family was
designed for MW-size wind turbines with variable speed aitchpcontrol and many charac-
teristics from the Risg-B1 airfoil family were inheriteddaise this airfoil family has shown
to be both efficient and to have a high degree of insensitivitgading edge roughness. How-
ever, evaluating the Risg-B1 family has also shown the neethéximizing the stiffness and
thereby maximizing the moment of resistance around thedchgis, i.e. the flap direction.
Furthermore, the new airfoil family was designed to havegh ldegree of compatibility.

Key design objectives for the new airfoil family were twadol1) To maximize the lift-drag
ratio and (2) To have a high max Insensitivity of maximum lift to leading edge roughnesswa
ensured by two additional design objectives: (1) Havingisacside transition from laminar
to turbulent flow in the leading edge region for angles ofckttelose to but belove; max and
(2) Obtaining a higle max With simulated leading edge roughness. Further desigretvgs
ensured good structural and aerodynamic compatibilitwéen the different airfoil sections
and good structural properties for inboard airfolils.

The design was carried out with a Risg in-house multi digedpy optimization tool, AIR-
FOILOPT, that has been developed since 1996 [6], which wesderd to include a complete
blade with its structural surface characteristics andrratyodynamics. The numerical opti-
mization algorithm works directly on the airfoil shape piding a direct and interdisciplinary
design procedure, where multiple design objectives foo@daramics and structure may be
handled simultaneously. This chapter describes the nticnop measurements and the design
and verification of the Risg-C2 airfoil family.

6.3 Measurement set up in LM Glasfiber wind tunnel

The Risg-B1-18, Risg-C2-18 and NACAO0015 airfoils wereddsh the LM Glasfiber LSWT
wind tunnel in Lunderskov, Denmark, see Figure 63.

The tunnel is of the closed return type with a closed testi@eetnd with a cross section of
1.35x2.70 m. The flow speed was between 26.7 m/s to 100 m/s with alamrte intensity of
around 0.1%. The airfoils had a chord length of 900 mm and tléhwin spanwise direction
was 1350 mm. The Reynolds number was betwRer- 1.6x10° andRe= 6.0x 1P, which

is the maximum attainable. The airfoils were mounted on atalole to measure high preci-
sion angles of attack. The absolute pressure was measungdaspressure taps using a PSI
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Figure 63. The LM Glasfiber wind tunnel.

measurement system with a sampling rate of 5Hz. The aerougranaracteristics were ob-

tained from the pressure distributions and from the wake tedversing in spanwise direction

for 50sec. In the airfoil section wake, a wake rake congistih54 pressure probes was posi-  Microphones
tioned. The data acquisition system used was the PSI syses{7]. Microphones of type ;/r:erethe mzli‘r?(t)‘ﬁd
Sennheiser KE 4-211-2 with a linear characteristic from 8@20kHz were surface mounted g rfaces.

in the airfoils from the very leading edge along the chordltse to the trailing edge, see

Figure 64.
The microphone The microphones
mounted at airfoil
leading edge

The microphone in the housing (right)
and amplifiers (left)

Figure 64. The microphones mounted in the airfoil surface.

The data acquisition was carried out using National Instntsm CampactRIO, cRIO-9052
which sampled with 50kHz. Thus, simultaneous samplinglohalrophone signals was carried
out. Besides the microphones in the airfoil surface, alscrophones outside the test section
were mounted to measure the background noise from motars etc

Steady state polar measurements were conducted with keifegeent configurations of the
airfoils, e.g. 1) Clean surface with no aerodynamic devinesinted on the airfoil (Clean) and
2) Leading edge roughness (LER) simulated by 90 zigzag thpeight 0.40 mm and width 3
mm, where the zigzag tape was mounted at the suction sidéicat 0.05 and at the pressure
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side atx/c = 0.10. This is labeled standard roughness. Also, two additioorafiguration with

the same kind of zigzag tapexaic = 0.02 on the suction side and bump tape with height 0.12
mm were used. The different configurations were as well desith two different grids in the
tunnel upstream of the airfoils to generate additionalulebce, see Figure 65. The first grid
(grid1) had a distance between the plates in the grid of 20CGamathe second grid (grid2) had
a distance between the wires of 100 mm.

Inlet with
turbulence grid

Airfoil

Figure 65. The LM Glasfiber wind tunnel including grid upsine of airfoil.

6.4 Method for transition detection

Sections of three different airfoils were equipped with mjghones embedded in the surface,
the Risg-B1-18, Risg-C2-18 and NACAO0015 airfoils. 2D flovojperties were measured at
Reynolds numbers from.60x10° to 6.00x10° and Mach numbers in the range from 0.08 to
0.30%. This corresponds well to the conditions of a full scale homtal axis wind turbine. An
efficient numerical method for automatic detection of tiams was developed and the pro-
cessing of microphone data has been established. Literabaut experimental determination
of transition is very limited and in most cases at too low Reégia numbers. Therefore, a direct
comparison with existing results has not been made. A tlgirpuesentation of the experiment
and data processing is given in the report [8]. A comprelvensét of results is given in the
Appendix reports [9], [10] and [11].

Time series of pressures have been obtained simultaneaualy microphone positions for

a constant angle of attackRe andMa number. The transition is then detected by observing
how statistical quantities varies over the chord. Two gitiast the sample standard deviation
(o) and the mean of the power spectpa)( are especially important. The former is calculated
directly from the sample vectof

Y ={yi. YW}

— — 1 N
o= (yn—Y)2 where Y = — Zyn
Nn:l

M=z

1
an

1Based on incompressible speed of sound = 333m/s
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The latter,uy, is calculated from the power spectruf)(as a raw moment of order 1 about
zero

JoW fpgd f
Jov pyd f

Whereay andby are Fourier coefficients. The integral is calculated nuoadlii using the ap-
propriate relation betwednand frequency . fyy is the Nyquist frequency, i.e. the upper bound
of frequencies in the power spectrum. This formulation isiemjent to normalizing the power
spectrum to a probability distribution and calculating thean. From a physical point of view
higher values ofy means that a larger proportions of the energy at high fretjasmare present
relative to low frequencies. Notice the special definitibthe power spectrum.

My =

Figure 66 shows and plotted against angle of attack)(and relative chordwise position
(X/c) for a clean Risg-B1-18 airfoil aRe= 3.0x10°. o is scaled by the dynamic pressure
(0.5pU?), but it is noted that this is not a sufficient scaling paraematndﬁguz decreases
with increasing Reynolds number. At transitiorincreases and in some regions there is even
a clear peak. In stall there is a substantial increase étose to the trailing edge. In general,

unfortunately, the data is not as easily interpreted asigctise.

W varies in a well defined manner and at transition it increas@sotonically to a near constant  fransiton  can
value. This is true in practically all cases and the only imgat variation is the length in chord- be detected by
wise direction over whicly; is increasing. The latter can be interpreted as the distavee %bcsr:;\/slgg —
which the full transition occurs, but this is not known as et faecause only the initial instabil- mean of Fourier
ity can be determined exactly from observations of Tollra&ahlichting frequency peaks. The  spectra.

exact position of a fully-developed turbulent boundaryelagan not be determined. To enable

a stable numerical analysis the transition poigt)(is defined to be the point of maximum

positive derivative in the chordwise direction. l.e. fotipas

Xtr{x | dis max<%>} (29)

dx

Figure 67 (left) shows the contours of Figure 66 (right).,é@ntours ofi;. There is a clear band
at transition and the center of this correspondstoTransition points calculated in the airfoil
flow simulation code XFOIL [12] are also shown, correspogdim turbulence intensities of
the incoming flow of 0.563%, 0.245%, 0.106% and 0.07%, respdy. 0.07% corresponding
to free transition. The agreement is good exceptifer-5deg, which is typical for the XFOIL
computations. Figure 67 (right) shows the Fourier spedtngagous chordwise positions at
7° angle of attack. The instability around the Tollmien-Schiing frequency is seen as well
as how a broad band of frequencies quickly develops at transDue to humerical issues
there is an uncertainty of approximately 5%>nif detected within 10% of the leading edge,
however in most cases this is not important because theattoamis known to be very close to
the leading edge.

6.5 Results from transition detection

In the following only selected results for the suction sisipliesented and without a turbulence
grid mounted. The turbulence intensity in the tunnel iséxadd to be close to the conditions
that are present at normal operation for wind turbine rotors

Figure 68 shows;, detected on clean airfoils. Despite the uncertainty nealghding edge _

(i.e. at low values of;/c), it is clearly seen at what angle the transition shifts fashe leading ;Tfeoil R';Z;gf;f
edge. The Risg-C2-18 airfoil performs best, with a shifuah8deg aRe= 6.0x10°. The best. The results
transition moves forward with increasing Reynolds numloerdl airfoils, and the forward are dependent on
shift happens at lower angles of attack. Re
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Figure 66. Scaled pressure standard deviation (left) andmaf Fourier spectrum (right) plot-
tet against angle of attack and chordwise position

B118-Re3a, Suction side, Re = 3.0e6 B118-Re3a, Suction side, a = 7.0, Re = 3.0e6
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Figure 67. Contours of Figure 66.right (left) and Fourieresgira ata=7° (right)

Figure 69 shows, detected on airfoils with trip wire/bump tape. The effecsisongly de-
pendent on the Reynolds number. All airfoils are largelyfiewaed atRe= 1.6x10P. At
Re= 3.0x1(f the transitions shifts to the leading edgenatalues 1-2deg lower than in the
clean case. ARe= 6.0x10° this happens at approximately zerodeg angle of attack,whic
is substantially lower than in the clean case for Risg-B=ai@ Risg-C2-18. The Risg-C2-18
airfoil has a visible hysteresis effectRe= 1.6x10° due to the angle of attack being increased
into deep stall and then lowered. This effect is seen in malbt all measurements.

Z7Z90 and LER forces transition at all Reynolds numbers.

6.6 Discussion of the transition detection

The numerical method for transition detection based on E). i§ very stable and has some
nice numerical properties. Contour plotsiaf e.g. Figure 67, gives a clear picture of the tran-
sition process by manual inspection. A major drawback isitimaerical detection of the maxi-
mum derivative which in the 2D case is troublesome near tdimg edge. On full size turbines
the 3D flow properties may affect the numerical stabilityégions away from the leading edge
but this is not yet known for sure. The Fourier spectra can égafirom relatively few samples
(e.g. 4096 measurements of pressure) which can be sampggioximately 0.1 seconds and
corresponds to a rotation of a large turbine of approxingdieleg. It is hoped that flow prop-
erties are relatively constant in this time period, allogvihe properties on rotating turbines to
be measured as function of time/position.

XFOIL predicts the transition point well for the clean RiB&-18 and Risg-C2-18 airfoils,

72 Risg—R-1649(EN)



B1-18. Clean. No grid C2-18. Clean. No grid

\ ——Re = 1.6e+006 ——Re = 1.6e+006

1\ ——Re = 3.0e+006 ——Re = 3.0e+006
0.6 \ ——Re = 4.0e+006 || 0.6 ——Re = 4.0e+006 ||
——Re = 5.0e+006 ~\ ——Re = 5.0e+006
05 ——Re =6.0e+006 || 05k \\\ ——Re =6.0e+006 ||
DO\
S
T 04f T 04 ANEa et
) ) R e
=<~ 0.3 =~ 0.3F
0.2 0.2F
0.1 0.1
0 - 0 . . . . . .
-15 15 20 -15  -10 -5 0 5 10 15 20
al’
Naca0015. Clean. No grid
—Re = 1.6e+006
——Re = 3.0e+006
0.6f ——Re = 4.0e+006 ||
——Re =5.0e+006
05 ——Re = 6.0e+006 ||
I 0.4
L
=<~ 03
0.2
0.1
PPN
0 . N
-15  -10 10 15 20

Figure 68. Transition points on clean airfoils.

with the exception of inflow angles less than -5deg. Thedeilsrare designed in a manner
which can be modeled accurately in XFOIL and the results owortfiis. Only a limited number

of calculations with forced transition has been made andatireement with experimental
data is not known. It is noticed that the effect of tripwireuntp tape depends strongly on
Reynolds number and does not necessarily force transitrahtherefore it is difficult to model
numerically. The agreement between XFOIL and measureditiam for a clean NACA0015
airfoil is not good except 8Re=1.6x10°. For larger Reynolds numbers the calculations are too
optimistic. Details can be found in [11].

Turbulence grids were mounted in the wind tunnel in ordentoéase the turbulence intensity.
This clearly enhances transition but it is difficult to makg general conclusions and the cases
must be studied individually. The turbulence intensityhagirids mounted has not yet been
successfully measured and it is therefore not known if tHeulence intensities are of the same
scale as for full size turbines.

6.7 Method for airfoil design

The airfoil design tool can be divided into a 2D design toal ar8D design tool. The 2D design
tool has been used to design the former Risg airfoil familiegses a direct method where
numerical optimization is coupled with both the flow solvé¥GIL [12], which is a panel code
with inviscid/viscous interaction, and the flow solver giys2D, which is a code based on the
solution of the Navier Stokes equations in 2D [13], [14],][1& number of design variables
form the airfoil shape, which is optimized subject to desippjectives and constraints. Direct
methods, such as the method used, are basically interiliseip and multi-point and they
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Figure 69. Transition points on airfoils with trip wire/buymtape

allow direct use of integrated response parameters sucinfei$ g andcy directly as design
objectives. Also, boundary layer response parameters,skig friction and transition point
location can be constrained or used as objectives. Stalatbaracteristics can be controlled
by constraining the shape in terms of coordinates, grasleamd curvatures.

The 3D tool is developed for the design of the new airfoils aratlels a complete blade with
all its airfoil sections to form the blade surface and corepihie aerodynamic performance
of the rotor. Gradients and curvatures in the direction ftbmroot to the tip were included
to quantify the compatibility. Also, the 3D tool opens up thessibility of maximizing the
rotor power performance in terms of, e.g. the power coefficlp. With the 3D tool follows a
graphical user interface so that information about the gaontan either be extracted for use
in the optimization process or existing blades can be irtspledsually and quantitatively.

6.7.1 Design algorithm

The design variables are changed in an optimization probdeminimize the objective func-
tion. This is done subject to constraints. In this case ttsigdevariables are the control points
that describe the airfoil shape. The constraints are sitleesgor the design variables and
bounds on response parameters from flow and structurallatdtms. A traditional Simplex
optimizer was used with a finite difference sensitivity gsad. This is a simple and robust so-
lution method, which however, is computationally expeadiecause of the large number of
necessary flow calculations. The optimization procesigtitve involving numerous calcula-
tions of flow and structural response parameters where gigrigradually changes to improve
the objective. The calculated flow and structural respoasameters are used to estimate the
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value of the objective function and the constraints. Midtiangles of attack are calculated to
allow off-design optimizations. The combination of flow astductural responses allows mul-
tidisciplinary optimization (MDO).

6.7.2 Geometry description

A smooth shape is important for the optimization results ZB airfoil shape was represented
by a single B-spline defined from the trailing edge aroundiikfeil contour by a set of control
points. The blade shape was represented by cubic B-splixex$ it the top and bottom of
the 2D sections and at the leading and trailing edge. In beiwigese four fixed points at the
sections the splines were distributed evenly along theasarfength. Creation of the blade is
seen in Figure 70, which shows a screen dump from the 3D télettimg the blade planform
at the top with a number of corresponding master airfoilieastwith thick lines. In between
the master airfoil sections are seen thin, grey lines shgwhe interpolated airfoil sections
from the connecting curves from the root to the tip and fogrilre mesh. At the bottom of the
screen dump is seen a 2D airfoil section in the blade.

=lolx|

ES
Bladesections  (14538-0.193)

Figure 70. Screen dump of a window from the design tool shpthie blade planform.

The splines creating the 2D sections and the connectiorgesithe 2D sections form a mesh
from where coordinates, gradients and curvatures can loectstl and used either for inspec-
tion or for use in the optimization process.

6.7.3 Flow analysis

The XFOIL code by Drela was used for the flow calculationsmiyithe optimization [12]. For

a givenAOAandRe XFOIL provides thecp-distribution andt;, andcy. In addition, numerous
boundary layer parameters are calculated. Transition vaatehed by thee” method withn =

9. Prescribing transition to 0.1% after the leading edgehensuction side and at 10% after
the laeding edge on the pressure side simulated leadingredgbness. XFOIL is well suited
for optimization because of the fast and robust viscidigeid interaction scheme. However,
the integral boundary layer formulation is not well suited $eparated flows. XFOIL should
therefore be used with caution @tmax. Others find that it may be necessary to modify or
even tune XFOIL to better match measured results [3], butdingputations seems to compare
relatively well to EllipSys2D computations.
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6.8 Strategy for airfoil design

The desirable airfoil characteristics form a complex nxatfiproperties of which some are in
conflict with others. This has been a topic of discussion éliterature, e.g., in [16],[17] and
[18]. There seems to be consensus on most of the generallestharacteristics. However,
the means of achieving them are strongly related to the desigthod and the philosophy of
the designer. The new airfoils were designed for operatioa wind turbine rotor. The force
that contributes to the rotor power is the tangential fofceyhereas the force that contributes
to the rotor thrust, is the normal forad, As it was the case with Risg-B1 airfoil family can

be used as the objective function, but also the lift-drag rdt/D) can be used. The latter is a
common measure of the airfoil efficiency becausean be considered as the production and
D can be considered as the loss. The new airfoil family wasgdesi with maximunt, — cg
ratio. Figure 71 shows in terms ofcavs. AOAplot the different characteristics that are taken
into account in the design process.

. . High max. lift High lift in post-stall to

= | ensure smooth stall
4/

Transition to turbulent flow close to LE:
Roughness insensitive

\ Design for max. Lift-Drag-ratio

v

oL

Reduced min. lift

¥

Design for high compatibility ‘ Design for high stiffness
between airfoil thicknesses

Figure 71. Sketch of the design strategy for wind turbinéods.

6.8.1 Structure

A wind turbine blade may be divided into the root, mid and tptp. The mid and tip parts are
determined mainly from aerodynamic requirements whergastaral objectives are relevant
mainly for the inboard part of the blade, e.g., fdc > 24%. Thet /cratio is the most important
parameter and also important are the location of the maxithickness on the chord and the
local shape of the airfoil. Another issue is the geometrimpatibility between airfoils of the
same family to ensure smooth transition from one airfoih® dther. Geometric compatibility
was ensured by using the new 3D tool, where two airfoils wyith=15% and 24%, respectively,
designed with the 2D tool, formed the basis for the remaiiinipil sections, 18%, 21% and
30%, by interpolating and even extrapolating between theeairfoils. These interpolated and
extrapolated airfoils were adjusted to maximize the aemadyical and structural performance.
Because of the desire for highmay significant camber was allowed on the pressure side. The
thickness of the trailing edge was kept finite but thin to mmizie trailing edge noise.

6.8.2 Insensitivity of ¢ max to leading edge roughness

Roughness in the airfoil leading edge region formed by aedation of dust, dirt and bugs
is well recognized as a main design driver for wind turbindoéls [16]. The new airfoils
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were designed for minimum sensitivity of max to leading edge roughness by two separate

design objectives: (1) The suction side natural transifiomt was constrained to move to

the very leading edge fakOAaround 3deg below max predicted with forced transition. This

determined the local shape of the leading edge region sa 8ratll pressure rise at the leading

edge caused natural transition to turbulent flow at the fepeige a few degrees bef@rgna.

Premature transition caused by roughness will therefosdibenated close tg) max by a very

forward position of the natural transition point. (2) Thedeof ¢ max resulting from a flow The  Risg-C2
analysis with simulation of leading edge roughness, i.ecdd transition, was constrained to ~ family was de-
a sufficiently high value compared to results from analysts smooth flow. This shapes the isr:ggﬁgiti‘:,"i'tt; h'?:
airfoil suction side so that the pressure recovery regi@sdmt separate prematurely because |eading edge
of an increase of the boundary layer thickness caused byrmsg, which would redu@gmax. roughness.
Even with this constraint massive roughness will inevijaielducec; max. Also, the existence

of minor leading edge roughness will result in an unavoidaetuction in the — ¢4 ratio.

6.8.3 Design C max

The airfoil sections were designed for highnax This was chosen because the airfoil sections
can be used for design of slender blades and in general egsainimum fatigue loads and
extreme loads. However, a disadvantage from this choideei$oss of stiffness for the blade
if the relative airfoil thicknesses are maintained evernutitothe chord distribution is reduced.
Thus, the choice of high maximum lift is closely related te thoice of concept in the blade
design. No matter which concept is used in the blade dedigrinher part of the rotor needs
airfoil sections with both high relative thickness and higaximum lift.

6.8.4 Design objective

A compound objective function was defined as a weighted suon-efcy ratio values result-
ing from multiple angles of attack in the desig®A range. Some were for a clean airfoil
surface whereas others were for flow with simulated leaddgeeoughness to ensure good
performance at both conditions. The airfoil desi&@A-region is also determined from the re-
quirements to the wind turbine off-design operation. Bseaof the stochastic nature of the
wind, turbulence gusts and wind direction changes will gsi@ad to some off-design opera-
tion due to non uniform inflow. However, the degree of offidass mainly given by the power
control principle. In most cases it is desirable that thegieAOA-region is close t@ maxSsince
this enables low rotor solidity and/or low rotor speed. Hbtree new airfoils the design point
region wasAOA € [5°; 14°]. This should lead to an expected highnax at aroundAOA =16°
corresponding t@ max= 1.8 at a lift curve slope of #/rad. The airfoil family was designed
for Re= 6x10°, because this corresponds to the largest blade designs.

6.8.5 The Risg-C2 family

The airfoil family is seen in Figure 72. The airfoils show higpmpatibility between the differ-
ent airfoil thicknesses. Also, a high degree of camber ia st®se to the trailing edge to obtain
high ¢ max

6.9 Verified performance of the Risg-C2-18 airfoil

In the following ¢ vs. cq andc vs. AOA are shown for the Risg-C2-18 and the Risg-B1-18

airfoils which were tested in the LM Glasfiber wind tunnel elesults shown faRe= 6x10F.

The characteristics were computed using XFOIL assumirggfbtransition from the very lead-

ing edge and free transition from laminar to turbulent floigufe 73 show the characteristics goggefgl;eef\zfgé

for the Risg-C2-18 airfoil with clean airfoil surface. Rialy good agreement between the  the measured and
computed airfoil
characteristics.
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Figure 72. The Risg-C2 airfoil family.

wind tunnel test and the computations with XFOIL assumieg firansition is seen. However,
maximum lift seems to be reduced somewhat in the tunnel cordpa the computations. Also,
the transition point compared to the computations is shavehgmod agreement is seen.
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Figure 73. Left: ¢ vs. transition point, Mid: cvs. g, Right: g vs. AOA for the Risg-C2-18
airfoil at Re= 6x 1P with clean surface. Also, computations with XFOIL are shavith the
assumption of free transition (with=a 6 and n= 8) and forced transition from the leading
edge.

Figure 74 shows the aerodynamic characteristics for RBd-& airfoil compared to Risg-
B1-18. It is seen that the characteristics for the two difare similar, however with the
Risg-C2-18 airfoil showing significantly higher lift-dragtio.

x/c [-
] 2.5 180

”s 0 01 02 03 04 oo //\
2y ’ /‘4\ 140 // \\
f\\
&’4‘1 15 120
L5 { f[ — / L/ = 100 \\
3 o] ey Sup /)
0s } | 0.5 / 60 /
\ ! 0 / or /
or \ |\ | %l;ge—CZ—lB,meas. — 20 (
05 . O Yo el e 0 -
0 001 002 003 004 10 5 0 5 10 15 20 0 05 1 15 2
15 AOA [deg] =18

Figure 74. Left: ¢vs. g and g vs. transition point, Mid: cvs. AOA, Right: ¢/cq vs. ¢ for the
Risg-C2-18 and Risg-B1-18 airfoils at Re5x 10f with clean surface.

Figure 75 shows the aerodynamic characteristics for Rd-& airfoil with leading edge
roughness. It is seen that the leading edge roughnesssr@stticreasing drag, but the loss
iN ¢ max iS very limited. Also, the comparisons to the XFOIL compiatas show very good
agreement between the assumption of forced transition fhenleading edge on the suction
side and the aerodynamic characteristics from tests wéttheidding edge roughness.

Comparing the performance of the Risg-C2-18 airfoil with Risg-B1-18 airfoil with leading
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Figure 75. Left: ¢vs. g, Right: g vs. AOA for the Risg-C2-18 airfoil at Re6x 10 with clean
surface and leading edge roughness. The measurementsmapaced to XFOIL computations
assuming fully turbulent flow.

edge roughness, Figure 76, shows a very similar behaviotireotwo airfoils, however with
slightly higherc; — ¢y ratio for the Risg-B1-18 airfoil for; < 1.2, but slightly higheic; — ¢4
ratio for the Risg-C2-18 airfoil for; > 1.2 until ¢ max In general it is seen that tloe— cq ratio
is decreased to a value of around 100, not dependent an they ratio for the clean configu-
ration. This loss irt; — ¢4 ratio is believed to be unavoidable. Thus, the desired siteity to
leading edge roughness for wind turbine airfoils conceriraarily the value ot max.
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Figure 76. Left: ¢ vs. g, Mid: ¢ vs. AOA, Right: ¢/cy vs. ¢ for the Risg-C2-18 and the
Ris@-B1-18 airfoils at Re- 6x10° with clean surface and leading edge roughness.

Figure 77 shows lift and drag for the airfoil with three levef inflow turbulence. Concerning

Ci.max it Seems that it is increasing somewhat with the level ofulebce. However, the drag

is increasing with the turbulence level, which is expec#us results in a lower level of the

lift-drag ratio as seen in Figure 77. The increased turladentensity seems to work as a kind
of vortex generators.

6.10 Conclusions

This chapter presented results from the wind tunnel testhree airfoils in the LM Glasfiber
wind tunnel. Two subjects were described 1) transition c&e and 2) Verification of the
Risg-C2-18 airfoil compared to the Risg-B1-18 airfoil.

A large amount of microphone data has been processed wéherefe to transition detection
and selected results are presented. All results show eeghgatues and the method for transi-
tion detection is well established. The only drawback inrttethod is uncertainty with respect
to the accuracy of the detected values near the leading bdgkt cases contour plots like Fig-
ure 67 shows clearly transition and also the onset of inittabs well as the chord over which
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Figure 77. Left: ¢vs. ¢, Right: g vs. AOA for the Risg-C2-18 airfoil at Re6x 10 with clean
surface. Three different levels of inflow turbulence arensegerms of no turbulence grid in
the tunnel and two different turbulence grids.

transition develops.

The Risg-C2 airfoil family for wind turbines is developedhsidering structural stiffness and
compatibility in addition to excellent aerodynamics. Foistpurpose the airfoil design tool
AIRFOILOPT was used. AIRFOILOPT has a 3D description of tlifods mounted on a
blade and the possibility of computing gradients, cuneguand angles at the surface. Also,
the design tool makes it possible to compute the rotor flonemrms of the Blade Element
Momentum theory. Furthermore, a method of designing awoibfdmily was developed. Two
airfoils were designed without taking the 3D shape into aotoThey were positioned at the
tip, t/c=15%, and closer to the rodt/c=24%. Interpolation and extrapolation of these two
airfoils made initial guesses for the remaining airfoilcltiesses. Based on these guesses the
airfoils were adjusted both aerodynamically and strudtyr@ihe airfoils were developed for
variable speed operation and pitch control of large medasizgd rotors. Design objectives
were used with simultaneous use of airfoil flow simulatiossuaning both free and forced
transition. The main design objective was to maxintgze cq ratio, contributing to the power
efficiency of a wind turbine, over a range of design anglestt#ci along with numerous
constraints on flow and structural response parameterstoen high maximum lift coefficient
and insensitivity of this to leading edge roughness. An irtgrd feature of the Risg-C2 airfoils
is the structural stiffness which is maximized and the highrée of compatibility subject to
the high requirement to the aerodynamic characteristics.

The design of the Risg-C2-18 airfoil was verified in the LM §ilaer wind tunnel and showed
that the design criteria were fulfilled. Thus, the airfoitkvclean surface showed the charac-
teristics as predicted with the flow simulation tools, hoamewith a slightly lower maximum

lift. For example the fast movement of the transition potrgr@undc; = 1.7 showed to be pre-
dicted well by theg" model in XFOIL. Also, an unavoidable but acceptable loss aximum

lift was seen which was at its highest updg=0.15. Furthermore, it was as expected seen that
the drag was not resistant to leading edge roughness andraage in both maximum lift and
drag were seen. Testing the airfoils with different turingle intensity showed an increase in
drag and an increase in maximum lift compared to the testsagriturbulence intensity.
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7 Comparison of Design Methods for Turbines
in Wake

Author: Torben J. Larsen, Helge Aa. Madsen and Gunner C. Larsen

In this paper two different design methods are compareddaggadesign loads for a wind tur-
bine operating in park configuration and thereby accouritingiakes of neighboring turbines.
The first method used for calculating the fatigue and extrie@es is the prescribed method by
IEC61400-1 edition 3, which basically is a method to adjbstihtensity of the natural turbu-
lence according to the park configuration and the load compiombserved. The second method
is completely different since it uses the wind speed deff¢ti® upstream turbine together with
a meandering process in order to simulate the incoming flvfiethe downstream turbine.
The meandering process causes time periods of full, hald evake situation - varying in time

- as a result of large scale natural turbulence. This monecbimplemented modelling of the
physical process has previously been verified by load, inflodr wake measurements. It has
also previously been seen that there are important difte®im the turbine loading depending
of the method chosen [1]. However, a full load base has neiquely been compared regard-
ing fatigue and extreme loads as well as power productioa.mbandering wake method is
implemented in the aeroelastic code HAWC?2 [2] and a casg/giadormed. In this study a
pitch controlled 2MW turbine is investigated for site caatis with low ambient turbulence
corresponding to offshore conditions. The load cases deresil are purely production cases
for which the fatigue and extreme loads are calculated.

7.1 Introduction

This paper is to be considered as an extension of the paperdogéh et. al. [3] where the
dynamic wake meandering (DWM) model, its practical implatagon and comparisons to
measurements and CFD calculation is described. Where Magtsal. [3] has focus on the
model description and validation, this paper addresselb#tconsequences of applying the
DWM model instead of the IEC model. The implementation of IW&M model described
in [3] is identical to the model applied in this paper as is thesen 2MW turbine. The load
differences between the DWM and the IEC model were prewoadtiressed in the paper by
Thomsen et. al. [1] where a comparison of loads between th&AM the IEC model was
performed for mean wind speeds of 10 and 20 m/s and largedliffes were seen especially
regarding the extreme loads for the yaw moment. The diffegemegarding fatigue loads were
generally in the range of 20%, with less deviation for thedblibads and higher deviation for
tower loads. This analysis assumed only influence of one-egust turbine combined with an
assumption of rotationional symmetry and also only onelsstic turbulence seed was used
for each wind direction.

In the present investigation eight surrounding turbinesiacluded in the model (however
downstream turbines are automatically neglected intrivalthe code), and simulations are
performed for all mean wind speeds ranging from 8 to 26 mMuénce of wind direction
is investigated with a two degrees step, and to take influehctatistical uncertainty into
account, six different stochastic seeds are used for eaamgter setting leading to a total of
2760 simulations used for the DWM analysis. Originally, giations covering the mean wind
speeds 4 and 6 m/s were also included, but negative wind speddisuddenly cover the rotor
causing numerical problems in combination with the induttnodel. These low wind speeds
are therefore excluded in the present analysis and they @renieral considered to contribute
only marginally to the total load. More work will be addrassgithis issue in the future.
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7.2 Wind farm configuration

Asiillustrated in Figure 78 a park configuration with equa¥spacing is assumed. Influence of
the 8 surrounding turbines are taken into consideratiomé¥er due to symmetry reasons, only
wind directions from 0O to 44 deg are investigated causing amke influence from the three
left turbines (down wind placed turbines are ignored autirally as mentioned previously).
Two spacing configurations are investigated with 3 and 8 dtandistance, respectively.

S
T S .
et

Wind dir. 45°

Figure 78. The wind farm layout is a quadratic grid with diste of 3 and 8D spacing.

7.3 Methods - the IEC model

The method of equivalent turbulence originally formulabgd=randsen [4] forms the basis of
an informative annex in the recent IEC standard [5]. In th¢hoe of equivalent turbulence,
the effects of all load generating mechanisms are condéntsea modification of the intensity
of the free flow turbulence. The method has primarily beeitrated in order to obtain correct
values for flapwise blade bending fatigue loads. For a umifaind directional distribution,
the effective turbulence intensity can be calculated as:

leff =
Vhub

N m
(1-Npw)o™+ pw.;cr? i‘| (30)

whereVy,y, is the average wind speed at hub height, N is the number ohbeiging wind
turbines,py is the probability density function of the wind directioroffa uniform distribu-
tion, pw = 0.06 is used), and m is the relevant material SN-exporerg.the ambient wind
speed standard deviation, ao is the maximum centre-wake wind speed standard deviation
calculated as:

GT:$&+0—2 (31)

1.5+ 0.3d}y / Yhu

whered; is the distance to neighbouring turbines normalized by therrdiameter, and =
1m/s. More details on the model are given in references [4] and T8 used turbulence
intensities can be seen in Figure 79.

7.4 Methods - the DWM model

The Dynamic Wake Meandering (DWM) model complex is basechercombination of three
corner stones: 1) modeling of quasi-steady wake deficitg, &pchastic model of the down
wind wake meandering, and 3) added wake turbulence. The walkeandering part is based
on a fundamental presumption stating that the transportaddes in the atmospheric bound-
ary layer can be modeled by considering the wakes to act asvpasacers driven by the
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Figure 79. Used turbulence intensities for the DWM and |IEGhoe.

large-scale turbulence structures. Modeling of the me@mgl@rocess consequently includes
considerations of a suitable description of the “carri¢othastic transport media as well as of
a suitable definition of the cut-off frequency defining lasale turbulence structures in this
context. For the stochastic modeling of wake meandering;amsider a wake as constituted
by a cascade of wake deficits, each “emitted” at consecutive instants in agreement with
the passive tracer analogy [6], [7]. We then subsequentygrilee the propagation of each of
the emitted wake deficits, and the collective descriptiothese thus constitutes the wake me-
andering model. Adopting Taylor’s hypothesis, the doweat advection of these is assumed
to be controlled by the mean wind speed of the ambient wind.fi¢lith this formulation the
wake momentum in the direction of the mean flow is invarianthwéspect to displacement.
This is a considerable simplification allowing for a strdi@rward decoupling of the wake
along the wind deficit profile (and its expansion) and the wasrsportation process. As for
the dynamics in the lateral- and vertical directions, eamisiered wake cascade-element is
displaced according to the large-scale lateral- and \&@iicbulence velocities at the position
of the particular wake cascade element at each time ingthatchoice of a suitable stochastic
turbulence field, that in turn defines the stochastic wakespart process, is not mandatory,
but may be guided by the characteristics of the atmosphaticikence at the site of relevance.
These characteristics encompass, in principle, not omlyutance standard parameters such
as turbulence intensity, turbulence length scale and eolcerproperties, but also features like
degree of isotropy, homogenity of the turbulence, Gaugtyiaf the turbulence etc.. The me-
andering mechanism in the DWM model has been successfuiifieeeby correlating DWM
predictions with direct full-scale measurements of theaintaneous wake position obtained
from LiDAR recordings [8].

7.5 Results - influence of wind direction

Results showing selected loads as function of wind diradéshown in Figure 80 for the 3D
configuration and in Figure 81 for 8D. In these figures maim$ofor tower, shaft and blades
are represented.

Starting with the 8D configuration the wake effects are ¢yeseen causing high variations in
loads depending on the wind direction. At wind directionsl@t30 (the free direction) the
turbine experiences no or very limited influence from waKeat§, where a high contribution
to loads are seen especially for half wake situation in thedvdirection interval 5-10and
35-45. The variation in fatigue loads for the tower is a factor & Between the highest and
lowest loaded wind direction, where the same factor is othe of 1.5 for yaw, shaft and blade
loads. When the downstream turbine operates in full wakelition the loads are less severe
than in half wake. The same variation in max-min loads are sén in the statistics shown to
the right in Figure 81, except for the shaft torsion loadsnehibere is less sensitivity regarding
wind direction. The variation in mean level is also showngevehthe most visible variation
is associated with the mean level of the driving torque whilso represents the variation in
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power. A reduction of 30% is seen from free flow to full wakeeThean level variation for the
rest of the sensors are in the range of 10-20%.

Looking at the similar results for the 3D configuration in fig 80 a completely different
variation pattern of the loads are seen. Specifically, héslack of variation that is interesting.
For the flapwise bending moment very little variation is séenthe fatigue loads, clearly
indicating that the turbineever experiences any free flow conditigvhen the wind direction

is 23, which normally is the free flow situation, the wake loadetbine is either in a half wake
situation of the one or the other upstream turbines. Thiscefs only seen because the wake
source is modeled for several turbines simultaneouslyguia same meandering turbulence
field, hence the meandering paths of the individual wakes@related. This (lack of) variation
effect is also seen for the other sensors, but maybe not aspnoed as for the flapwise blade
bending. The variation in fatigue loads, due to the changeiimd direction, is in the size
of 30% for the tower loads and 10-20% for the rest of the send®egarding the max-min
statistics also smaller variations are seen than for thes&e.c

When comparing the results between the 3D and 8D configusafiigure 80 and Figure 81, it
is not surprising that the flapwise blade bending loads aadlenfor the 8D case than the 3D.
Itis especially the wind directions corresponding to freevfthat causes the largest differences
between the two configurations, since the 8D situation heesffow and the 3D does not. The
loads are of the same size for full or half wake operation. Véhanore interesting is that it
seems to be consistent, that togver loads in the longitudinal direction are larger for lger
downstream distance¥his can be seen when comparing the tower loads for the 8CBBnd
case, but also looking only at the 3 or 8D plot there is higbads for wind direction of 35than

5° which is the half wake situation from the most distant tuebift first hand this might seem
unphysical, since the depth of the velocity deficit is muchrenemooth for large distances,
but the reason is the meandering process. If two turbinebasated close to each other, the
down wind turbine will mainly be in permanent full, half or meake conditions, since the
meandering path has hardly had any time to develop. Forrapgeing the meandering path
causes the downwind turbine to be in a mixing state betwdgrhlf and no wake conditions
which is especially damaging to the tower. Clearly theretrbesa distance at which the tower
loads will be reduced, but from this exercise it seems to lyete 8 diameters.

7.6 Results - comparison of loads

The comparison of loads between the DWM and IEC simulatioeshown in Figure 82 and
83 for the 3D and 8D case, respectively. Starting with theiBizaton the loads are comparable
within 30% difference depending on the observed load corapbiThe IEC loads are conser-
vative regarding fatigue and extreme loads for the yawi,inlgivorque and flapwise bending,
whereas the loads on tower and blade torsion are non-caisenThe extreme tower bending
is 20% higher for the DWM model and 55% higher for the bladsitor moment. For all load
components the fatigue loads of the IEC method are highéifir wind speeds, whereas the
DWM model causes large loads at lower wind speeds where wdaseare most dominating.

Regarding the 8D case the comparison shows a generally gpedraent between the two
models with respect to yaw, driving torque and flapwise blagleding with deviances in the
size of 10%. However, for the tower loads and blade torsioig@ificantly higher load level
is seen with the DWM model. Regarding tower loads the fatiguel is 25% higher with the
DWM model and the maximum bending moment is 60% higher tharhe IEC model. A
similar difference is also seen for the blade torsion.

7.7 Conclusion

A new implementation of the Dynamic wake meandering model®en demonstrated, where
all wake sources from the neighboring turbines are incluéedduction cases have only been
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considered and ambient turbulence corresponding to drtegiass IC (high wind, low turbu-
lence) has been applied. A comparison of loads betweemeslwith a row distance of 3 and
8 diameters respectively has been investigated with the DMédel and the method accord-
ing to the IEC 61400-1 ed 3. standard. The simulations peréarfor very low wind speeds
(<8m/s) were however excluded in the analysis due to probleitistiae induction model in
HAWC?2 when negative wind speed occurred on the downstre&n mehich is considered to
be of minor importance to the results.

When comparing the loads between the 3D and 8D configuratierturbine at the 3D con-
figuration never experiences any free flow situation. Anoitieresting observation is that the
tower loads seem more affected at longer downstream positi@an when turbines are close to
each other. This effect is addressed to the meandering efiasing higher states of full, half
and no wake situation when the meandering has had time tdogeve

In the direct comparison between the DWM and the IEC moddaheBD case, the IEC model
seems conservative regarding fatigue and extreme loattesfgaw, driving torque and flapwise
bending, whereas the loads on tower and blade torsion areammservative. The maximum
tower bending is 20% higher for the DWM model and 55% highetife blade torsion moment.

For the 8D case, the comparison shows a generally good agredrmatween the two models
regarding yaw, driving torque and flapwise blade bendindp wéviances in the size of 10%.
However, for the tower loads and blade torsion a signifigdnitiher load level is seen with the
DWM model. Regarding tower loads the fatigue level is 25%hkigvith the DWM model and
the maximum bending moment is 60% higher than for the IEC hadsimilar difference is
also seen for the blade torsion.
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8 Some Nonlinear Effects on the Flutter Speed
and Blade Stability

Author: Morten H. Hansen and Bjarne S. Kallesge

This chapter deals with two different nonlinear effectstomgtability of a blade. This work has
been performed under the milestone “Aero-servo-elasiisk plynamik for vinger med store
udbgjninger” of the EFP-2007 project.

First, the effects of large bending deflections under stestaly operation of the wind turbine
blade on its stability limits, especially with regards te ttutter limit, are analyzed.

Politis and Riziotis [1] have shown the importance of nosdineffects identified by aerody-
namic and aero-elastic simulations on the 5 MW ReferencalWirrbine (RWT) [2]. Their
results show that the curvature of a blade with large flapWweseding under the aerodynamic
loading leads to a coupling of blade torsion to the edgewselimg. The blade torsion, and
therefore the angle of attack along the blade, are increasadthe rated speed by this cou-
pling, which again causes the a higher thrust and mean flepdefiections. Their aeroelastic
simulations also show that the fatigue loads for blade raptfise and edgewise moments are
almost unaffected, whereas the extreme values of the tons@nent are increased.

The coupling of bending and torsion due to large blade bendie also assumed to have
some effects of the flutter limits of wind turbines, as disadin [3]. In the present report,
the aeroelastic blade model suggested by Kallesge [4],haikisimilar to the second order
model used in [1], is used to investigate the aeroelastil#alimits of the RWT blade with
and without the effects of the large blade deflection. Thestigation shows no significant
change of the flutter limit on the rotor speed due to the blaeféection, whereas the first
edgewise bending mode becomes negatively damped due toupérg with torsion. These
observations are confirmed by nonlinear aeroelastic stiongusing HAWC2 [5, 6].

To evaluate the validity of this analysis, the bending-#or€oupling due to pre-bending is
investigated for a simple prebent test blade in the follgvsnbsections by computing the
structural mode shapes using three different structuraleiso

Second, the effect of a free-play in the pitch system is aalyA linear pitch bearing stiffness
with a free-play are imposed on a 2D wing-section model wéhwlise, edgewise and torsional
degrees of freedom, including both dynamic and steady sffsets of pitch changes, suggested
by Kallesge [7]. The pitch system model and the wing-seatimael are combined into an
autonomous system, which is subject to time simulationdédermine steady state conditions.
It is found that the flutter speed decrease when a free-piayrtsduced.

8.1 Effect of bending—torsion coupling due to pre-bending

The edgewise bending—torsion coupling effects of flapwisbent on selected blade modes
are investigated in this section using three different nedeérst, the second order Bernoulli-
Euler (BE) beam theory model by Kallesge [4] used in the syl=et flutter analysis. Second,
the preliminary co-rotational finite beam element modelif@)lemented in HAWCStab2 (new
version of the stability tool HAWCStab [9]). Third, a solidJinite element model set up in
the commercial tool COMSOL. Effects of the flapwise pre-irgdre observed as edgewise
bending—torsion coupling in the edgewise and torsionalerstthpes. Qualitative agreements
are seen for these effects predicted by the three differetets, except that the edgewise
bending component in the torsional mode is significantly lEnén the predictions by the
second order BE model compared to the other two models.
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Figure 84. COMSOL model with 9,236 tetrahedral elements 45d56 degrees of freedom
which are sufficient for convergence of natural frequenaigs mode shapes of the lower order
modes. The 10 m test blade has squared prebent shape wittp2eflgction.

8.1.1 Simple test blade

A 10 m long, prismatic, and isotropic beam is used as a teskebl@he cross-section has a
aspect-ratio of 2, and the height of 0.245 m is selected dathtie straight beam has a natural
frequency of the first flapwise bending mode of 1 Hz with=50 GN/n¥ and Poisson’s ratio
of 0.33 (note that the first edgewise bending mode has a h&tegaency of 2 Hz). The beam
has squared prebent shape with 2 m tip deflection (keepingva tength of 10 m) as shown
in Figure 84, which shows the grid of the solid 3D finite eletnaondel set up in COMSOL.

Comparison of mode shapes The first ten mode shapes of the prebent test blade have been
computed by all three models; however, only the first threpadse bending modes (numbers

2, 4, and 6) and the first torsional mode (number 8) are coregideere, because the remaining
flapwise bending modes are trivial by having no edgewise ingnol torsional components

in their mode shapes. The purely flapwise pre-bending ofasietiade furthermore limits the
comparisons of edgewise bending and torsional componsetause all models agree that no
flapwise bending arises due to edgewise bending or torsisndf prebent blade.

Figure 85 shows the normalized edgewise bending and t@istomponents in the first edge-
wise bending mode. The three models agree on the edgewiggooemt, whereas the second
order BE model predicts a lower torsional component tharother two models. All models
agree on the qualitative behavior that thewvard edgewise motion of downwindbend blade
is coupled to torsion towardewer angles of attack.

Figure 86 shows the normalized edgewise bending and t@ismmponents in the second
edgewise bending mode. Again, there is a qualitative ageaeimetween the three models;
note that the torsional component is most larger for thersg¢@algewise bending mode. The
co-rotational model (HAWCStab?2) predicts a larger toralocomponent than the other two
models, and the smallest torsional component is again &sd¢ksond order BE model.
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Figure 85. Edgewise bending (top) and torsional (bottomhponents in the second blade
mode of flapwise prebent 10 m blade computed by COMSOL ma@al k), HAWCStab2
(1.96 Hz), and second order BE model (2.02 Hz).
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Figure 86. Edgewise bending (top) and torsional (bottomnponents in the fourth blade
mode of flapwise prebent 10 m blade computed by COMSOL mdd&R(iHz), HAWCStab2
(11.67 Hz), and second order BE model (12.45 Hz).

Figure 87 shows the computed normalized edgewise bendihtpasional components in the
first torsional mode. Here, the qualitative agreement isioésd to the HAWCStab2 and COM-
SOL predictions. There are almost no edgewise bending coemdn the torsional mode com-
puted with the second order BE model. This surprising digney to the other two models is
still under investigation.

Figure 88 shows the computed normalized edgewise bendih¢pasional components in the
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third edgewise bending mode. Here, the qualitative (and quantitative) agreement between
the three models is restored, which eliminates higher osffects as explanation for the dis-
crepancy for the torsional mode.
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Figure 87. Edgewise bending (top) and torsional (bottominponents in the sixth blade
mode of flapwise prebent 10 m blade computed by COMSOL mdiéb(Riz), HAWCStab2
(29.67 Hz), and second order BE model (31.25 Hz).
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Figure 88. Edgewise bending (top) and torsional (bottomhnponents in the eighth blade

mode of flapwise prebent 10 m blade computed by COMSOL mdsiéB(Biz), HAWCStab2
(36.15 Hz), and second order BE model (34.87 Hz).
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8.1.2 Stability of the RWT blade

The effect of blade deflection on the aeroelastic stabiiitgrialyzed by comparing the aeroe-
lastic modes of blade motion with and without the blade déflecue to the mean steady state
aerodynamic forces. These aeroelastic modes are compmuteerd pitch angle and a series of
rotor speeds and corresponding wind speeds are analyzetigske 8.1.2). The wind speed at
the different rotor speeds are chosen such that the angiétaok stay low and almost constant.

A nonlinear steady state version (no dynamic terms) of thersg order Bernoulli-Euler model
coupled with a Blade Element Momentum model is used to coengteiady state blade defor-
mations under the assumption of constant inflow (no sheaoweert effects) and no gravity.
The full dynamic nonlinear model is then linearized aboug steady state deformation to
form a differential eigenvalue problem, which gives theoaéaistic frequencies, damping and
mode shapes for the deformed blade (see all details in [4Ril&8, the full dynamic nonlinear
model is linearized about the initial blade, which leaddi®aeroelastic frequencies, damping
and mode shapes for the undeformed blade.

To check the results of the eigenvalue analysis, the sariess#rotor speeds and wind speeds
are also simulated with HAWC2 [5, 6] for zero pitch angle. Tanping of the least damped
mode is then estimated by the exponential decay/growthedifiitial blade oscillation.

Results Figure 89 shows the tip deflection for the different operaionditions given in
Table 8.1.2. The flapwise deflection become relative largafblade length of 63 m as the
rotor speed increase.

Figure 90 shows the aeroelastic frequency for the first fiaeldimodes under the different
operation conditions (Table 8.1.2) for the undeformed agforined blade, and the dominant
frequency of the transient response in the nonlinear agstelsimulation with HAWC2. Fig-
ure 91 shows the corresponding aeroelastic damping, ekmettte first and second flapwise
bending modes which are highly damped and therefore notrshow

The third flapwise bending mode (the fourth mode) becomegtarflmode around 2.35 rad/s
for both the deformed and undeformed blade. This resultatds that the large blade deflec-
tion has no significant effect on the flutter limit.

Rotor speed [rad/s] Wind speed [m/s]
1.0 3.8674
1.1 4.2541
1.2 4.6409
1.3 5.0276
14 5.4144
15 5.8011
1.6 6.1878
1.7 6.5746
1.8 6.9613
1.9 7.3481
2.0 7.7348
2.1 8.1215
2.2 8.5083
2.3 8.8950
2.4 9.2818
2.5 9.6685

Table 4. Rotor speed and corresponding wind speeds used ftutter analysis.
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The second
edgewise bend-
ing mode is
significantly
lower  damped
for the deformed
blade than for
the undeformed
blade.

The second edgewise bending mode (the fifth mode) is significlower damped for the
deformed blade than for the undeformed blade, which can lmmkyxplained by the increased
torsional component in this edgewise bending mode due touhature of the flapwise blade
deflection.

The first edgewise bending mode (the second mode) becomesivedyg damped for rotor
speeds above 1.5 rad/s when including deformations, whdtays positive damped for the
undeformed blade. The HAWC?2 simulations showing the dontiresponse (lowest damped
mode) in its transients agree well with the results from tefodmed blade. Notice the abrupt
decrease of the damping of these transient at the rotor spfe2@® rad/s where the second
order BE model predicts the flutter to occurs, which indisateat the HAWC?2 simulations
also confirms this flutter limit.

To understand the negative aeroelastic damping of the figtwise bending mode for the
deformed blade, the amplitudes and phases for the edgdlamaise and torsional components
of this mode are plotted in Figure 92 and 93 for the undeforametdeformed blade. The phases
between edgewise and flapwise blade motion are seen to igiffas the rotor speed where
the damping of the mode becomes negative. The change of sidpe phase between edgewise
and flapwise blade motion corresponds to a change of thetidineaf vibration as shown in
Figure 94. The coupling of the edgewise bending with bladsida creates an aerodynamic
coupling to between edgewise and flapwise bending througHifthtorsion coupling. The
direction of vibration is related to the aerodynamic dargpand it is assumed that the negative
aeroelastic damping of the first edgewise bending mode ®d#iormed blade is caused by
this phas
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Figure 89. Tip bending deflection and torsion under steadiestonditions versus rotor speed.
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Figure 90. Aeroelastic frequencies of first flapwise (red@3t 8dgewise (black), second flapwise
(blue), third flapwise (magenta), and second edgewise (ym@des versus rotor speed. The
circles (©) denote frequencies for the undeformed blade, and the es0&9 denote results
for the deformed blade. The black box&$ denote the dominant frequency of the transient
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Figure 91. Aeroelastic damping of first edgewise (blackjdtilapwise (magenta), and second
edgewise (green) modes versus rotor speed. The cirgjedefiote frequencies for the unde-
formed blade, and the crosses)(denote results for the deformed blade. The black baxgs (
denote the dominant frequency of the transient respon$eindnlinear aeroelastic simulation

with HAWC?2.
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The pitch system
is assumed to
give a linear
restoring  force
with a free-play
at zero restoring
force

The introduction
of a free-play de-
crease the flutter
speed.

8.2 Effect of Free-play in the Pitch System

The effect of a free-play in the pitch system is analyzed byue of the 2D wing-section model
suggested in [7], which includes the edgewise and flapwisdihg, and torsional degrees of
freedom for the section, and the pitch degree of freedomeopitch system. Figure 95 shows
the wing-section model with location of center of gravitydaslastic axis about which the
section is assumed to rotated in torsion. The stationarydymdmic effects of pitch angle
variations are included in both the structural and aerodyoaodels.

The structural equations of motion is given by

X = fStI’UC(Xa ).(7 Bv Bv BthaVn|Pstruc) (32)

wherep is the pitch angle, and the vector= [x,y,6]" contains the edgewise)( flapwise §),
and torsionalf) deflection of the wing-section, respectively. Model pagsans, such as section
mass, location of center of gravity, etc., are giverPayyc.

The unsteady aerodynamic is described by a dynamic stalehfipd] formulated as
Z = faero(Z, X, X, , X, B, Bv Bth;Vn|Paer0) (33)
wherez = (21,2, z3,4]" are the aerodynamic states, two describing the effect af beicity

(the Theodorsen effect) and two describing the effect otthiéing edge separation. Aerody-
namic parameters, such as lift data, time constants etcgieen byPaero

The effect of the aerodynamic forces and structural motiothe pitch system is described by

B = fpitch(Ba Ba X, ).(75.(|Ppitch> + MB (34)
wherefpitch describes the effect from the wing section on the pitch syskés is the actuator
moment from the pitch system, afich holds parameters describing the transfer function
from wing-section motion to pitch moment, such as stiffrexsd damping.

The pitch system is assumed to give a linear restoring fortte avfree-play at zero restoring
force. Figure 96 shows the pitch moméuhi in a case of 0.2 deg free-play.

Combination of (32), (33) and (34) into one set of equatians, assumption of constant wind
speedsVy, 1], the system is autonomous and can be written as

y=f(yM,P) (35)

wherey = [x,y, 9, B,zl,zz,za,a,k,y,é,B]T holds the states ard holds all model parameters
except for the relative inflow spe&gl

Results For different relative inflow speedg, the autonomous system (35) is simulated until
it reach as a steady state where the amplitude of the ogmilaeither become zero or settles
with a finite amplitude. The flutter speed is assumed to bedlative inflow speed when the
steady state amplitudes are distinguishably larger thamdho amplitudes of the normal steady
state solution.

Figure 97 shows at which wind speeds the amplitude of osiciia of the wing section begins
to increase rapidly, indicating the flutter limit. It is seiyat the introduction of a free-play
decrease the flutter speed.

8.3 Conclusion

This chapter deals with nonlinear effects on the stability wind turbine blade. This work has
been performed under the milestone “Aero-servo-elasiisk plynamik for vinger med store
udbgjninger” of the EFP-2007 project.

First, the effects of large bending deflections under stestaly operation of the wind turbine
blade on its stability limits, especially with regards te ttutter limit, are analyzed. The cou-
pling of bending and torsion due to large blade bending aserasd to have some effects of the
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flutter limits of wind turbines [3]. In the present work, theraelastic blade model suggested
by Kallesge [4] is used to investigate the aeroelastic l#talimits of the RWT blade with
and without the effects of the large blade deflection. Thestigation shows no significant
change of the flutter limit on the rotor speed due to the bladiection, whereas the first edge-
wise bending mode becomes negatively damped due to theieguyith blade torsion which
causes a change of the effective direction of blade vibmalibiese observations are confirmed
by nonlinear aeroelastic simulations using HAWC2 [5, 6].

Second, the effect of a free-play in the pitch system is aalyA linear pitch bearing stiffness
with a free-play are imposed on a 2D wing-section model, satggl by Kallesge [7]. The pitch
system model and the wing-section model are combined andatied in time to determine
the relative inflow speed where flutter onsets. It is found thia flutter speed decrease when a
free-play is introduced.
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