1 The ART is a variable speed pitch regulated wind turbinel and is an aerodynamically more efficient form
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1, INTRODUCTION
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Figure 1.2 Components of 2 horizontal sds wind turbine [19].



http://en.wikipedia.org/wiki/File:Wind_turbine_blades_in_laydown_yard_Pasco_2009.jpg

21,21 “Vortec wake

Asin the contmuons flow field represntation, the wortices are shed from the trading
edge of the confipuration suface and comvected downstream 1n the AW Sh Aowwr model
as time advances. The blade peometry conmsts of one or more strps that carry a vortex
ring whose bound vortices are located at the quarter chord poation and at the traling
edge. The vortex strengths [ of thess vortex nngs are to be determined. At each
time step At new wortex ringz with these strenpgths are shed from the trailing edge
and pined with the older vortex rings. Thess vortex rings together will form a vortex
lattice. A sketch of the walke geometry for three grips after folr timme steps 15 shovwmn in
figure [ 3 The position of the first shed fres spanwise wortex behind the trading edge
{TE) lies at acme fraction between the current TE position and the wind cormvected TE
position from the presvious time step. Upstream of this pomition, the vortex rings hasye
strength equal to the corresponding vortex ring ot the confipuration The postion of
the downdresm part of the walke 1z detennined at each time Sep by convection of the
walke vortex lattice nodes

shed wartices

4 radnie vorbces

Bigure 2.3 Wake peometry

21.2.2 Twesked varslon of AW S

The pomtion of the wake plays a crucial role 1in AW SM mnce the walke interacts with
the blade mducing effects onit. For each tone sfep, the walke 15 convected downstrearn .




3, LOAD CARSES OF AR WIND TURBINE

there will be a reaction torgque acting on the hub and the low speed shaft and bence in
the drive train. This vibration cen be damped actively in the generator and wmallyr it
is expected to be in OP-11P range [15]. Figure |2 25k shows the collective edge mode on
blades.

(2]

Figure 2,35 ar Collective edre mode on blades, b Beaction less mode on blades.

When the three blades vibrate at 120 degrees phase difference, the reaction torgue 13
gero (reaction-less mode). Becenss of the nature of thiz mode, two comporents are
pres=nt, one in badkoward direction and ore in forwerd direction, the first one 1P lower
than the natural blade frequency and the seoond one 1P kigher than the natural blade
frecquency. In other terma, the rotor center of gravity moves at a frequency edqual to the
blade frequency plus or minus 1F, eround the shaft center [27]. Due tothis, the blade’s
vibration frequency ... trenslates to fg..+1F m the non-rotatmg frame  Figure
shows the reaction less mode on blades.

By looking ab the fore-aft and ade-ways tower bending moment curves, peaks at 1.45F
represents the 1% tower foreaft and side-ways frequency respectively. Pealk ab 6 4P
representa the effect of forward whirling mode on tower, ‘The blade passing frecuency
can be seen in the fore-aft bending morment curve at 3P The peak iz at 2F becauss
3 bladez are conmidersed. Peak at 974F in the side-ways bending rmomernt cirve i3
because of the effect of collective edgewias frequency of blades. Figure [2.26 shows the
natural ard excitation frequendes on the A RT wind tirbine [23] [15]. From the fimre
[E36 it can be seen that the natural frequencies of blades and tower did not coincide
with the important excitation frequencies at rated wind speed during norimeal operating
condition and ths there 1z no resonance.




3.2 Belection of load cases of the AR wind turbine

ECT has modified the blades of the 8 W NEEL wind turbine by changing its chord,
mass and stiffress distribution, details are given in table [B-¥in appendix [B] During
the com plete thesiz work the A BT wind turbine iz used to find the differences between
BEM ancd AN,

3.2 Selaction of load cases of the ART wind turbine

In FOCUS software, complete load zet caloulation of the ART wind turbine was done
according to the [EC standard [Z]. Fatigue and extrame loads on blade and tower
during 20 years of the ART wind turbine cperation are shown in figures 2] and B
respectively. Fatigue and extreme torsional loads in blade root and tower top during
20 years of the ART wind turbine cperation are shown in fiowre 39

After the complete load st caloulation of the ART wind turbine, some load cases
are slected for further analyss in AEROMODULE-SIMPACK couple. The selection
iz done to find out the differences between BELM and ATWSM. The selection iz made
for both fatigue and extrerae loads, red dirdes in figures [L1] B3 and 23] indicate the
aelected load cases. Following critera were moade to sslect the load cases:

1. Large equivalent fatipue and extrerme loads on blade root, tower baze and tower
top.

2. Ewery load case addresses adifferent aspect. Almost all extemal conditions shold
be congidered (like MWE, NTI et ). Effect of wind speed and yaw angle should
alao be address=d.

Table B9 shows the selected lnad cases of the ART wind tirbine. Brief description of
the selected load cases iz given in appendix [B

Table 3.2 Halected load cases of the A BT wind turbine.

Type Cesign load cass (DLCY
Fatigne  Load cases - 0120, 01721, 0122, 2452, 3100 and 4180

Extreme  Load casss- 2677, 2888, 2271, 3280, G001, 6232, 0150 and 6247



4, IMPACT OF MODELLING IN PHYSICAL PHENOMENA

Decreaze in flapwize bending moment i the blade root causes decrernent in fore aft
bending moment in the tower base because of dynamic mteraction between rotor and
tower, Thiz can be seen in figures [ 0 and [£Eb. Both upwind direction of blade and
fore direction of tower are conmdered i the —% axis of the inertial reference systern.
Each titne the notor passes the tower, the power from the wind turbine drops slightly
becanse the wind starts bending away from the tower before it reaches the tower itaelf.
Drop in power means drop in torque (tangential foree). Drop in tangential force has
an effect on the edgewize bending momert in the blade root, and this can be zeen in
ﬁgure Crue to differert mesn value of tangential force at different blades (blades
near and away from the tower), the moment in the tower base chenges. Figure [45p
depicta the effect of tower presshce on tower Side-ways bending meoment in the tower
baze. Thiz change in moment in the tower baze 1z in the podtive direction of 17 axiz
of inertia reference system. Figm&@:l dhows the increas in tower side-ways bending
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Figure 4.9: a: Sketch for effect of tower presence m flapwise bending rmornent n the
blade root and fore-aft bending raoment in the tower base, by Slketch for effect of tower
presence 1 ade-ways bending morment 1 the tower basze.




4.5 Load Clasa-1: Btep Ehl.ﬂi'ﬂ in wind spaad b a r!li;!H:I. AT whind buarbbss

Lo cana-E2 48 -

ool =807 =

Figurs &4 load cass dmulsied in AEROMODULE(EEM) and AEROMOI-
DLE{AWEN

For all these load cass both asodmame and stredural analysis has been done. For
mrndvnas e analyas, angle of attack (o), Lt coefBciens (o), edal ncuced velociky
for two blade statioms, 07K and O81R Aesodyrisvic soomings e done ab o cerbain
Limes dlepa b anslyes all the asoodynam & paramsdars for the com plele blsde lapth. Foc
sroctural analyms, blads and tower momenbs will be disoasesd for the com pleis time
series and for furthes itvestag alioen. Bme wnes s aoomed of particular tise indesvals

3.5 Load Cass=1: Step changs in wind spead in a rigid
ART wind turbine

A step change in wind isomsdered fom 12 m 5 to 16 m /s & Tith secord, snd the wand
i3 pot bucbnderd, Mo surfecs: pougheess 13 oo dered thesefore no wind dhwar, Fipas
d:l:m:tl:n:lap wind in losd case-1 The wind tuobire polor i nob bak=n wath any



3.6 Lioad Clase-1: 8tep change in wind speed in a rigid A RT wind turbhine

Dy namic stall

Dymamic stall iz a non-linear unsteady aerodynamic effect that ocours when airfoils
rapidly change the angle of attack. Rapid change in angle of attack can have ncreasing
or decressing slope. Figure [216] describes the flow physics for a 2D airfoil undergoing
dynamic shall.
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Figure 3.16: Case-1: Flow physics for a two-dimenzsional arfol underming dynamic
shall [ZE].

This rapid change canses a thin layer of reversed flow which develops ab the bottom of
the boundary layer. From the trailing edge of the stalling airfoil, this torngue of reversed
flow starta at the rear of the airfoil and moves forward to the leading-edge region. The
torgue of reversed Ao 1e vortex, develops and then moves back to the trailing edge at
& speed somewhat less than 1/2 00 [2U]. The wortex, containing high-velocity airflows,
briefly increazes the lift produced by the wing, As soon a3 it paszes behind the trailing
edge, the lift reduces dram atizally, and the wing iz in normal stall [5].



4.2 Dy namic inflow

and T Peak in A ERCMODIUILE AWSM) for axial induced welocity is due to dynamic
inflow, and there iz & audden nunp becenze the wale iz disthwrbed due to increasze n
wind speed. Disturbed wake causes large axial induction on the notor, it takes time
for thiz digwarbed wale to move away fiom the rotor and thus there 1z an exponential
decreass in axial induced velocity for A EROWMODULE] AW, this dearly shows how
long it takes for the near wake to stabilize.

In BEM theory there are no vortices, in fi;ure [4.13 bound vortex is considered for BERL
in order to physically define the axial induction which is calculated at each adrfodl.
From the figure (413 it can be seen that in BEM there iz no vortex from trailing

Step change in wind spesd from 12 to 16 m/e
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Figure 4,12: Difference betwesy BEM and A WS

edge le the shed wortex, while in AWSHI it 1z taken nto account. Mow when the
wind speed changes from 12 m f2 40 16 m /3, the strength of bound vortex incresses in
both BER and AWSH. In AWSM due to ingeas in wind spesd the strength of shed
wortex also increases and this has an effect on the adal induced velocity at every blade
shation. Frowa the fiowes .37 it con be seen that AEROMODULE{AWSM) shows a
smaller peak and a gradual change in o, o, &7 and T for the dynamic inflow effect
while both the BEM mociles show a larger peak and steep change. The differences
in AERCWODULE{AWSNM) and both the BEM modules may be becanse of indusion
of shed vortex in AEROMODULE (AW SN ) but not in both the BEM modules. From
figure [4.14, it can be s=en that AEROMODULE(BEM) and FOCTIS({BEM) trends are
close to each other but AEROMODULE(AWSM) is far away ab 0 Z3F blade station.
Dueto change in wind speed at 7oth second, the airfoil at 0.23F, blade station iz in stall.
At inboard region all the modules are trying to converge and both the BERM modules
show large peaks as compared to AEROMODIUTLE(AWSW, thiz is becauss both the
BEM modules have dynamic stell model whereas AEROWMODULE{ AWSLM) doesn’.
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4,1 Thower presence
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Figure 4.2: 3letch of the tower model in BEM and A5 3.

41.5 Comparizon in BEM and AWWIN

Th irvestigate the effect of tower pressnce i all the three modules, wind speed of 12
m /3 i3 congidered. The pitch angle of blades is 4 deerees and are rotating with 12.1
rpm, blades are rigid. Below the tower presence iz explained at 0.23F, and 0.£21F, blade
Fhahions.

From figura[d 3 it can be seen that at 0.81F, blade station, all the three modules alrcst
follow the same trend for o, oy, W and T AEROMODULE{BEM) and FOCUS{BER)
show exactly the same trend becanze both of them are based on same theory, As o iz
not abowe 14 degrees therefore the airfoil ab 0.21F, blade station iz not stalled and thus
oy followes the same trend as o for all the modules.




11

A Basic wind turbine theory

A.ls Stall regime

HWhen the air flow sterts to separate from the upper surface of the airfoil it canzes the
separation of boundary layer. The separated boundary layer fortmed abowe the airfoil
reduces the lift and increazes drag and cauzes the airfoil to stall

The way an airfoil stalls is very dependert on the geometry. Thin aivfoils with sharp

relative
wind

Figure A-5 Mustration of separated flow ower an arfod.

nose 1e. high curvature around the leading edee, tends o stall more abruptly then
thick airfoils. Along the span of the blade, thickness of airfoil decreapes from blade root
to blade tip.

—
a0 Gutbasrd: ble 1818

Mid span; b= 28

.-""#- E‘\ Inboard: > .30

Figure A-6: Thickness varation of different parts of blade i spanwrise direction.

For a stall regulated wind turbine, the stall progresses from inboard to outboard part,
along the span of the blade cauming decreased lift and increaszed drag. For a pitch regu-
lated wind turbine stall may occur near blade root {cplindrical airfoil) bt never ocours
over the com plete blade because the blade is pitched which changes the Acd and thus
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A Basic wind turbine theory

¢ Ultimate load: Mtimate load is the armount of load applied to a com ponerd
beyond which the component will fail. The chances of oocunrence of this load is

wery small.

A wind turbine experiences various types of mechanical loads throughouat itz lifetime,
which can lead to dam age of the differert parts. The three important parts of the wind
turbine are blades, nacelle and tower.

&7 SBources of Mechanical Loads

Loads on a wind turbine are caused by different sources, the nature of these loads are
discuzsed below.

A.T1 Acrodynamic Loads

Aerodynamic loads are caused by the wind and it iz of particualar concem in the strae-
tural design. When the wind turbine rotor 1z rotating, it iz the ift force which creates
the asrodynamic loading of concem while when the tirbine iz steady or gquas steady,
drag forces are of primary concern [18]. Mature of winds can be steady and stochastic.
Steady blowing wind can induce stabic loads on the various parts of a shationary wind
turbine. When wind s stochagic it means it iz turbulent n nature. Stochastic winds
hawve different turbulent scales, wind shear has the highest tirbulent scale. From fipure
wvariation of wind speed at different ammuth angltﬂ can be ssen when a vertical
wind shear omurs This variation suggess that the wind shear is a cogine funchion of
azirnuth. Hence in one complete revolution of rotor, wind shear completes one com plete
cogine cycle, soit is 1PEI sSmaller turbulence scales will take more than one revolution
to oot plete their cycles so they are nP (where n=2, 3.0

t A girnuth angleis sero when the tip of the blade is down and it ineeaszes in the direstion of potation.

It is represerded by .
24 load which raries an intepprsl mamber of tirees in relation to a complete evolution of the rotor

iz Jmown as a ‘Per ver’ load and is gven the sprobal P
1P = Fmg?mq;{}fz} ¥ Al (-1}
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¢ Lilcment by centrifugal foree. [21]

A9 Loads on Tower

Taually tubular towers are used for wind turbines. Tubular towers are conical in shape
ie. their diameter increases towards the base. Loads on tower top differ from loads
at tower base Thwer experiences loads in fore-aft, side-ways and torsion directions.
F‘igmﬂ@shﬂws the fore-aft and side-ways tower motion. Thwer loads are analysed
at tower base and top.

(34 B

Figure A-18: (a) I order foreaft mobion of tower, (ks It order sideways maobion of
tonarer

A.9.1 Foreaft Bending Moment

Tower fore-aft bending motnent results from rotor thrust losding. Wind also canses
drag foree on the tower which resultz in a small fore-afl bending moment about the
tower baze. Miagritude of drag load iz low as compared to rotor loading.

A.9.2 Sideways Bending Moment

Side-ways motion refers to the motion in lateral direction. Side-ways bending moment
iz caumed when:

+ The wind changes direction and the yaw drive s not working propety.

113
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Ot of plane motion 15 also called fapwise motion. Flapwise motion 15 assocated wth

FL PP NG

Figure A-12: Flapping action on blades in the mertial reference syster.

a flap a.nglelﬂ Flapwize forees act on the complete length of the blades, the m axumum
flapwize mom ent ooours ab the blade root. Factors cenming Aapwise forces and m om ents
are dizmazzed beloww,

« Acorodynamic forces: Axial aerodynarmic force on the wind turbine canss the
blades to mowe cut of the rotor plane and it iz deperdent on the relative wind
speed and axial induction factor, the relation can be asen in equation [A-15]

1
dFy = Brpllty(Ciocs d+ Casin dlodr {A-12)

¢ Gravity force Grasity force isone of the im portant forces that act on the blade
rooh. Grasity foree 13 cyclic in nabure and 1t can either ncreass or decreass the
flap angle depending upon the initial state of the rotor. Wind turbine blades can
hawe a.cone angle and the rotor /drive trein cen alao heve atilt angle. Thres cases
can be made depending upon the irtial state of the rotor blades, namely:

1. Clase 1; Inthiscam, rotor blades are only conmdaredto beconed 1.8, thereiz
no it angle. The grasity force has com ponent in the direction perpendicular
to Hlades. Flgme@. deseribes the case 1. Fysing component of gravity
force on lower blade causes the flap angle 'E° to dewreass whereas on the
upper blade it cenzes the flap angle to ncreas. With the rotation of the
rotor blades, the lower blade moves up arnd the upper blade moves down. So
the grasity force component "F, an 7 causes oyrclic flapwise loads on blades,

'Flap angle is the angle that the defrerned blade malkes with the dane of rotation and it is rapre
sented with g
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A Bazic wind turbine theory

+ Ultirmmate load: TMtimate load 1z the amowdt of load applied to a com ponerd
beyond which the cormponent will fail. ‘The chances of cccurrence of thiz load iz

very small.

A wind turbine experiences various types of mechamcal loads throughout itz lifetime,
which can lead to darm age of the different parta. The three important parta of the wind
turbine are blades, nacelle and tower.

&7 Sources of Mechanical Loads

Loads on a wind turbine are caused by different soarces, the natare of these loads are
dizcuzsed below.

A.T1 Acrodynamic Loads

Aerodynamic loads are caused by the wind and 1t isof partioalar concem in the strac-
tural design. When the wind turbine rotor iz rotating, it iz the Lift foroe which creates
the asrodynamic loading of ooncem while when the tirbine is steady or quas steady,
drag forces are of primary concern [18]. Mature of winds can be steady and stochastic.
Steady blowing wind can induce static loads on the variows parts of a stationary wind
turbine. When wind is stochagic it means it i3 turbulent in nature. Stochastic winds
haxe different turbulent acales, wind shear haz the highest turbulent scale. From fipare
variation of wind speed at different ammuth angleﬂ can be s=en when a vertical
wind shear oocura This variation suggess that the wind shear iz a cosine function of
azimuth. Hence in one commplete resolution of rotor, wind shear completes one oom plate
COSine cycle, 01 13 'lF'EI amaller tarbulence scales will take more than one revolution
to com plete their cycles 50 they are nP (where n=2, 3.

b siruth angle is sero when the tip of the blade iz down and it inoresses in the divsstion of rotation.
It is represantad boe o0,

24 losd which razies an inbegral mirnber of times in pelation to a sornplebe pevolution of the rotor
iz Jmown as a Per rev” load and is given the syrabal F.

1P = Freq‘tmﬂg{ﬂz} H a0 (o113




