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Abstract

Wind power is currently one of the most reliable new energyrses serving as an alternative to
fossil fuel generated electricity and is known as a widestrithuted clean and renewable source
of energy. It is now the world’s fastest growing energy seuaad has also become one of the
most rapidly expanding industries.

The aerodynamics of a wind turbine are governed by the flowratdhe rotor, where the
prediction of air loads on rotor blades in different opera#l conditions and its relation to rotor
structural dynamics is crucial for design purposes. Ona®most important challenges in wind
turbine aerodynamics is therefore to accurately predefdinces on the blade, where the blade
and wake are modeled by different approaches such as the Blathent Momentum (BEM)
theory, the vortex method and Computational Fluid Dynanj@BD). Here, the application of
the vortex filament method for wind turbine aerodynamic @enfance is used. Different blade
models such as the lifting line and the lifting surface witkgzribed and free wake models are
studied. The main purpose is to find the proper combinatidniade and wake models for the
aerodynamic loads as well as the computational time in dodéevelop an accurate and efficient
aerodynamic tool. The results of the different approachesampared with the BEM method
and GENUVP code (see the acknowledgments).

Keywords: aerodynamic load, rotor blade, wind turbine, lifting liti&jng surface, vortex lattice
method, prescribed wake, free wake.
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Drag force vector per unit span length
Unit vector

Lift force vector

Lift force vector per unit span length
Normal unit vector

distance vector

Velocity vector

Position vector

Position vector
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Damping factor

Vortex ring length
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Rotational velocity, Vorticity
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Subscripts
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bound
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tot
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Symbols
a
Abbreviations
BEM
CFD
GW
LLPW
MW
NRMSE
PV
RHS
SWPTC
VLFW
VLM
VLPW

Rotational velocity

Velocity potential, Scalar potential
Flow angle

Vector potential

Density

Initial angle

Infinity, Free stream
Axial

Blade

Bound vortex
Circumferential
Effective

Geometric

Induced

Normal direction
Pitch

Tangential direction, Twist, Time step
Trailing edge

Total

Undisturbed

Del operator

Blade Element Momentum
Computational Fluid Dynamics

Giga Watt

Lifting Line Prescribed Wake

Mega Watt

Normalized Root Mean Squared Error
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Right-hand side
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Chapter 1

| ntroduction

1.1 Wind Energy Global Market and Industry

Among clean energy sources that are renewable, wind isdedas less destructive to the en-
vironment. By the exponential growth of wind turbines alband the world, and its general
acceptance among people, the demand and its worthwhilemedsss it apt for research, espe-
cially to enhance its accurate performance.

According to data provided by tHeenewables Global StatusReport in 2013, wind capacity
increased globally by 19%, the increase being 45 GW. Thatresached 283 GW to a record high
despite the uncertainty in the policy in the key markets. tal 85% of the global capacity,
however, is accounted for by only 10 countries even thoughtharket continues to grow. From
2007 to 2013, the growth rate of cumulative wind power cagaeiached on average of 25%.
Forty four countries added capacity during 2012 and 64 predwgreater than 10 MW and 24
less than 1 GW in operation. The EU passed the highest re¢d@doGW in 2012, adding 12
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Figure 1.1: Wind power global capacity, 1996-2012

GW of wind capacity for a total of 106 GW. After solar PV (37%gnking higher in comparison
to natural gas (23%), wind capacity for supplying electyicomes in second (28%). 114% of
the EU electric capacity was supplied by wind by the year end.

The increasing production of electric energy by wind is néd®xof the total production of
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HAMIDREZA ABEDI, Aerodynamic Loads on Rotor Blades

electric energy in the U.S. It now a more successful indusiayn natural gas, supplying power to
15.2 million U.S. homes by 60 GW at year end.

There other countries that have speeded up their investimehis industry. For instance,
China, up to 2011, had installed almost 13 GW, the equivaEBd?% in the world market, even
though it now shows comparatively low installation. Germanstill a giant in the European
market, having the highest number of installation in thédiesade (2 GW), totalling 313 GW.
The U.K may be ranked the second in Europe for the new intitaladding, by this year end,
the 19 GW totalling 84 GW. 45% of the U.K installations are offshore. The leadirgrkets in
Europe are Italy (B GW), Spain (11 GW), Romania (® GW), and Poland (almost® GW),
among which Poland and Romania had record years by incop#ts@ir capacity respectively
55% and almost 100%. India has been also made its name as@péeon by keeping its global
ranking in fifth place by adding about2GW, totalling 184 at year end. Viewing around the
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Figure 1.2: Wind power capacity and additions, top 10 coest2012

world as a whole, one cannot forget the rapid growth in Latinekica, including Brazil, with
1.1 GW adding to its capacity of.2 GW, supplying 4 million households. Furthermore, Mexico
also added @ GW to reach a total of .4 GW, when the region’s largest project (306 MW)
was initiated. In the region, those that added to their dapatclude Argentina, Costa Rica,
Nicaragua, Uruguay, and Venezuela commissioned its firanoercial wind farm (30 MW).

In North America, Canada has had the second best year bygaohdire than ® GW, to reach
a total of 62 GW. In Canada, Ontario, a totalling over 2 GW, and Albertd @uebec, producing
1 GW each, have shown a significant change.

The development is not eye-catching in Africa and the Midgi#st , even though Tunisia
added 50 MW, almost doubling its capacity. Ethiopia hadetito build commercial wind farms
with a production of 52 MW. Several projects have been it@tidn South Africa, totalling more
than 0.5 GW. Elsewhere, Australia as the only country in theifle added a capacity of.49
GW, totalling about & GW. Turkey has also added30GW, for a total of 23 GW. At the end
of 2012, there were only 13 countries worldwide that havelaife wind turbines adding3
GW for a total 54 GW. Among those offshore operating turbines, 90% of theci#pis located
off northern Europe, adding a record21GW for almost 5 GW total in ten countries. It is now
up to 35% over 2011. Owing to the cost considerations, thedtte expand the single projects
continues. In terms of capacity installed, even though titeependent power producers and
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Others 22.6% GE Wind (USA) 15.5%

Mingvang (China)  2.7%

Sinovel (China) 3.2% Vestas (Denmark)  14,0%

United Power (China)4,7%
Goldwind (China)  6.0%

Siemens Wind Power
(Germany) 9.5%

Gamesa (Spain) 6.1% Enercon (Germany) 8.2%

Suzlon Group (India) 7.4%

Figure 1.3: Market shares of top 10 wind turbine manufact 2012

energy utilities are still the most important clients in tnarket, interest in community-owned
wind power projects in Australia, Canada, Japan, the U.8.pamt of Europe is rising. Small-
scale turbines are becoming more trendy to meet the demasreeady both on and off-grid. This
is because of the lower cost grid-connected inverters,ititedost of fossil fuel and governments’
interventions and incentives. Small-scale turbines wadeé reached 73@00 operating at the
end of 2011, producing 576 MW which is 27% over 2010.

At least 26-3% of the global electricity consumption in 2012 was siggpby wind power.
At year end, in Europe, 7% of the region’s electricity congtion was supplied by wind power,
showing a rise from 8% in 2011. The increase can be seen in the higher share cbtméries,
demand being produced by wind, including Denmark (30 % in22Qbp from nearly 26 % in
2011), Portugal (20 % up from 18 %), Spain (366 up from 159 %), Ireland (127 % up from
12 %), and Germany (7 % down from 81 %).

The growth in the demand for turbines worldwide was also cef in the rise of its price
between 2005 and 2009. On the other hand, there are factoesltce the price of turbines,
such as growing scale and greater efficiency, oversupplytiaadike. Reducing prices may
however challenge the industry, and there are also chaefigm increased competition among
the manufacturers. At the same time, there is also competitith low-cost gas production in
some markets, especially those affected by economic ayster

1.2 Wind Energy Technology

The methods for predicting of wind turbine performance analar to propeller or helicopter
theories, where the torque generated by wind turbine blisdemsidered an important parameter
to evaluate. There are different methods for modelling #gredynamics of a wind turbine with
different levels of complexity and accuracy, such as the BiERbry and solving the Navier-
Stokes equations using CFD.

Today, an engineering model based on the BEM method is exédnssed for analyzing the
aerodynamic performance of a wind turbine where it is basethe steady and homogeneous
flow assumption and aerodynamic loads act on an actuatorirmgead of a finite number of
blades. The BEM method is known as the improved model of th&iRa-Froude momentum

3
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theory [1] and|[2], which was the first model to predict infloelacities at the rotor, where it
assumes that the rotor can be replaced by a uniformally tbadtiator disc, and the inflow is
uniform as well. Moreover, Prandtl’s hypothesis is the fdation of the BEM method, assuming
that a section of a finite wing behaves as a section of an iefimihg at an angle equal to the
effective angle of attack. The BEM method is computatigntdkt and is easily implemented,
but it is acceptable only for a certain range of flow condisi¢s]. A number of empirical and

semi-empirical correction factors have been added to tHd BEorder to increase its application
range, such as yaw misalignment, dynamic inflow, dynamit staver influence, finite number

of blades and blade cone angle [4], but they are not relewaall bperating conditions and are
often incorrect at high tip speed ratios where wake disioris significant/[5]. The existence
of these numbers of correction formula leads to unceresntd the BEM method, while the
foundation of such corrections is based on the experimessalts, decreasing the reliability of
the BEM method.

The vortex theory, which is based on the potential, invismd irrotational flow can also be
used to predict the aerodynamic performance of wind tushifidne advantage of vortex flow is
to reduce the flow complexity, and it has been widely used éoodynamic analysis of airfoils
and aircrafts. Although it cannot be used to predict visq@uenomena such as drag and bound-
ary layer separation, its combination with tabulated didata makes it a powerful tool for the
prediction of fluid flow. Compared with the BEM method, thetearmethod is able to provide
more physical solutions for attached flow conditions withuhdary layer corrections, and it is
also valid over a wider range of turbine operating condgioilthough it is computationally
more expensive than the BEM method, it is still feasible asragineering method.

The early vortex method application was introduced by Gig&¢ Prandtl [7] and Goldstein
[8]. In the Glauert theory, instead of a finite number of bedke rotor is modeled as a uniformly
loaded actuator disc and the wake is modeled as a semi-@ndylindrical sheet of vortices that is
shed from the edge of an actuator disk. The Prandtl methoobinted radial inflow distribution,
which leads to the tip-loss factor concept correcting theuagption of an infinite number of
blades. The Goldstein theory represents the inflow by asgumhie trailing vortices of each
blade as a finite number of infinite length coaxial helicoidatfaces but with a finite radius
moving at a constant velocity. Falkner [9] used the vortétida method in 1943 to calculate
aerodynamic forces on a surface of arbitrary shape. Thifadeis still used in engineering
applications because it requires relatively small comjputal time with a considerable level of
accuracy compared with CFD.

In vortex methods, the trailing and shed vortices are gdligeraodeled by either vortex par-
ticles or vortex filaments moving either freely, known asfieake such as work by [10], [11],
[12], or restrictedly by imposing the wake geometry knowrpesscribed wake [13]] [14]. The
prescribed wake requires less computational effort thaa ¥vake, but it requires experimental
data to be valid for a broad range of operating conditionse ffee wake model, which is the
most computationally expensive vortex method, is able édligt the wake geometry and loads
more accurately than the prescribed wake because of theeksistive assumptions.

The vortex method has historically been used for helicegdtes], [16] and[17] to model the
wake and aerodynamic loads for different operational domts. Landgrebe [18] developed a
prescribed wake consisting of a number of filaments shedth@avake from the blade trailing
edge that are rolled up immediately into a tip vortex. An ghiedl approach to predict propellers’
inflow by using lifting line theory, was described by CrimE[[l where the wake is replaced by a
single tip vortex and moved based on the induced velocitg @iering the blade rotation. Several
simplified methods by Brady [20] and Trenkal[21] have beerelimed to model the wake by

4
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vortex rings or vortex tubes. Landgrebel[18], Leishman @#] Sadler [23] also proposed a free
wake model for helicopters, where the wake is modeled by satgd vortex filaments which are
allowed to distort freely. Coton [24], Dumitrescu [25], Koek [26]) and Curinl[27] introduced
the prescribed vortex filament wake model for wind turbinpl@ations in addition to a work by
Gohard[23], which is regarded as a pioneer free wake modelifal turbines.

Figure 1.4: Schematic of the vortex wake behind the rotondse 3]

Finally, CFD, which solves the Navier-Stokes equationsierflow around the rotor blade,
is known as the most accurate but computationally most estpemethod making it an imprac-
tical engineering method for wind turbine applications|east with the current computational
hardware resources.

To overcome this limitation, a combination of Navier-Stelegjuations and an actuator disc
method was proposed by Madsen! [29], where instead of regpthie viscous flow around the
rotor blades, the swept surface of the rotor blade is reglagesurface forces acting upon the
inflow. Another method called actuator line was proposed bgeB8sen [30] where the air load
is distributed radially in the solution domain along theebnrepresenting the blade forces. In
this method, the blade element method and airfoil data aed tes determine the aerodynamic
loads in an iterative method while the wake is simulated byDaN&vier-Stokes solver. The
hybrid CFD-Inviscid method was proposed by Berkman [31],[¥] and Schmitz|/[33] in order
to remove the dependency on the tabulated airfoil data vehdimall region around the blade is
solved by Navier-Stokes equations and a full potentialesomethod is applied for the rest of the
computational domain.
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Chapter 2

Theory

Vortex flow theory is based on assuming incompressibleé = 0) and irrotational [l x V = 0)
flow at every point except at the origin of the vortex, where telocity is infinite [34]. A
region containing a concentrated amount of vorticity idezhla vortex, where a vortex line is
defined as a line whose tangent is parallel to the local utyrtvector everywhere. Vortex lines
surrounded by a given closed curve make a vortex tube witheagth equal to the circulation
I", around the vortex region. A vortex filament with a strength pis represented as a vortex
tube of an infinitesimal cross-section with strengthAccording to the Helmholtz theorem, an
irrotational motion of an inviscid fluid started from restrrains irrotational. Also, a vortex line
cannot end in the fluid. It must form a closed path, end at a dmiundary or go to infinity
implying that vorticity can only be generated at solid boames. Therefore, a solid surface may
be considered as a source of vorticity. This leads to repathie solid surface in contact with
fluid by a distribution of vorticity.

For an irrotational flow, a velocity potentiab, can be defined a¢ = [1®, where in order to
find the velocity field, solving Laplace’s equatidi?® = 0, with a proper boundary condition for
the velocity on the body and at infinity is used. In additienvortex theory, the vortical structure
of a wake can be modeled by either vortex filaments or vortetighes, where a vortex filament
is modeled as concentrated vortices along an axis with alsirity at the center. By introducing
Vp as the tangential velocity (see f[g.{2.1)), the flow for arald@rtex line is given by

Vo= — (2.1)
whereC is obtained by taking the circulation around a given circsteeamline of radius as

r— ?{V.ds:ve(ZTtr)
C

L (2.2)
°7 om
So, by comparing eg.(2.1) aid {2.2), we get
r

whererl is termed the strength of the vortex flow. Equationl(2.3) shtivat the circulation taken
about all streamlines is the same valud as 2niC. Further, eql(Z]2) gives the velocity field for a
vortex flow of strength’. Moreover, according to vector analysis of fluid dynamicsy, 2elocity

7
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Vo

Figure 2.1: Vortex flow

field can be decomposed into a solenoidal part and a rotapanig|5] as
V=0OxY+0Ob (2.4)
whereW is a vector potential and is a scalar potential. Curl of ef.(2.4) yields
OxV =0x(Ox W) +0x O (2.5)
Vector identity gives
0°W =0(0-W)—Ox (Ox W) = —Ox (Ox W) (2.6)

whereld (O- W) = 0 sinceW is a solenoidal vector field (also known as an incompressittor
field) with divergence zero. From eds.(2.9), 12.6) and thiindion of vorticity, the Poisson
equation for the vector potential is derived as

Y =-Q (2.7)

whereQ denotes the rotational velocity] x V = Q). The solution of the Poisson equation is

1 Q(x)
w(x)_ﬁ/|x_xl|dvol 2.8)

wherex anddvol denote the point where the potential and the vortex filamehirwe are com-
puted, respectively. A prime denotes evaluation at thetmdimtegrationx’, which is taken over
the region where the vorticity is non-zero, designatedlisgl. Therefore, the induced velocity
field is obtained by taking the curl of €q.(R.8) as

1 x—X)xQ

Similarly, the velocity induced by a straight vortex filanhean be determined by the Biot-Savart
law as

(2.10)
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Vind

Figure 2.2: Schematic for the Biot-Savart law

which can also be written as
L (r1+r2) (I’]_ X r2)
AT riro+rq-ro
wherel™ denotes the strength of the vortex filament andr, are the distance vectors from the
beginning A, and endB, of a vortex segment to an arbitrary po@itrespectively (see fi§.{d.2)).
The Biot-Savart law has a singularity when the point of exabn for induced velocity is
located on the vortex filament axis. Also, when the evaluagoint is very near to the vortex
filament, there is an unphysically large induced velocitshat point. The remedy is either to use
a cut-off radiusp [35], or to use a viscous vortex model with a finite core sizertiplying a
factor to remove the singularity [22].
The modified Biot-Savart law based on the cut-off radius cawbtten as

_ L (r1+r2) (I’]_ X r2)
4TIr1r2+r1~ ro+ (5L)2

(2.11)

Vind =

ind (2.12)
whereL is the length of the vortex filament. The advantage of theofutaethod is that, when the
evaluation point moves toward the vortex filament, the imdlsxelocity smoothly goes to zero. A
cut-off radius value can be varied between 0.0 and|0.1 [4].

The Biot-Savart law correction based on the viscous coreecton model can be done by
introducing a finite core size&, for a vortex filament/[36]. Since the induced velocity fielash
a significant effect on the wake geometry and rotor aerodyméoads, a suitable viscous core
model thus increases the accuracy of the entire flow fieldreTaee two general approaches rep-
resenting the induced velocity using the desingularizgdlaiaic profile, i.e., a constant viscous
core size which is used extensively in engineering applinatbecause of its simplicity and a
diffusive viscous core size where the core size grows witietbased on the Lamb-Oseen model
[3€]. The Rankine model is considered the simplest modeheswirl velocity inside a viscous
vortex with a finite core and is defined as

Vg (1) = (2.13)
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wherer =r/r¢, andr is the viscous core radius, which is defined as the radizuligt from the

vortex axis to the position of the maximum swirl velocity.
A general form of a desingularized algebraic swirl-velpgtofile for stationary vortices is

proposed by Vasitas [37] as

r r
Vo (1) = — 2.14
b(r) 2n<(rgn_|_r2n)l/n> (2.14)
Moreover, the Lamb-Oseen vortex model for the swirl velpigtrepresented as
r (1-eo”
Vo (T) = 2.15
b (T) e ( - ) (2.15)

This is a solution of the 1D laminar Navier-Stocks equatjoms, an axisymmetric solution for
the swirl velocity by assuming that the axial and radial eéles are equal to zero. In this model,
the viscous vortex core radius grows with timergQ) = v/4avt wherea = 1.25643,v, t are
constant, air kinematic viscosity and time, respectiveigure[Z.B shows the effect of different
vortex viscous core models on the tangential velocity. Asloa seen, there is good agreement
for the swirl velocity between the Vasitas model foe 2 and the Lamb-Oseen model.

Ve/(I"/21wc)

%3 2 -1 o0 1 2 3

r/re
Figure 2.3: Tangential velocity of ideal vortex, Lamb-Oserodel and Vasitas modeb—:
Ideal vortex; : Lamb-Oseens----- ‘n=1,------ n=2,------ ' n=3, : Vortex core

In addition, Bagail[38] suggested the velocity profile baseeq.[2.1¥) fon = 2 for the rotor
tip vortices. In order to take into account the effect of wiss vortex core, a factor &, must be

added to the Biot-Savart law as

I (r1+r2) (I’]_X r2)
Ving = Ky— 2.16
nd = N A riratry 1o (2.16)
where "
Ky=——— 2.17
v (rgn+h2n)1/n ( )

10
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andh s defined as the perpendicular distance of the evaluation as (see figl{2]12))

_\rlxrz\

h= T (2.18)

FactorKy desingularizes the Biot-Savart equation when the evanainint distance tends to zero
and prevents a high induced velocity in the vicinity regidthe vortex core radius.

11
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Chapter 3

Application

The rotor inflow distribution is a key parameter in studiemefodynamic loads on rotor blades
and is highly dependent on the wake geometry. Hence, pneglitte geometry of trailing wake
vortices and their strength makes it possible to analyze wirbine aerodynamic performance.
In other words, suitable modeling of the blade and trailirakevhas a great influence on the
prediction of inflow at the rotor blade.

This chapter presents three different applications forehod the blade and wake by vortex
filament method, i.e., lifting line prescribed wake, vorattice prescribed wake and vortex lattice
free wake. In these methods, the blade is modeled by eiftiaglline or lifting surface, and the
wake is modeled by either trailing horseshoe vortices otexaring elements. Each engineering
model is constructed on the basis of some assumptions. Siimese are discussed here.

In the prescribed wake model known as rigid wake, the upstiftav is uniform, both in time
and space, and it is perpendicular to the rotor plane (@htalthe rotating axis), whereas, in the
free wake model, it can be either uniform or non-uniform yuag both in time and space).

For both prescribed and free wake methods, blades are adgonhe rigid, so the elastic
effect of the blades is neglected. Also, because of the leirgalation gradientsdl /dr) near
the tip and the root of the rotor blade, it is suggested to bsecosine rule for the blade radial
segmentatiori[4].

In the prescribed wake model, the wake that is shed from tdetirailing edge follows the
helix equation which consists of a helical sheet of voifie@ipproximated by a series of points
connected by a straight vortex filament with a constant diamend pitch. Hence, there is no
wake expansion, and the wake elements move downstream wiinstant velocity including
free stream and axial induced velocity, where the intepadbetween the vortex wake filaments
is ignored. In the free wake approach, a finite number of xoxigke elements move freely based
on the local velocity field, allowing wake expansion as wekch vortex wake element contains
two points, one at the head and another at the tail, whichreo@k as Lagrangian markers, where
the induced velocity components are calculated using the &avart law, and their movements
make the wake deformation. For both the prescribed and g@awake models, which are based
on the incompressible and inviscid, it is assumed that ikrg wake vortices extend to infinity.
However, since the effect of the induced velocity field byfdravake is small on the rotor blade,
the wake extends only to three or four diameters downstrddaheavind turbine rotor plane.

As stated before, the vortex flow is known as incompressibteiaviscid flow. The viscous
effect is taken into account by using 2D airfoil data applegdly for the lifting line prescribed
wake approach, where the powrand thrustT, are calculated based on the lift and drag forces.
In both vortex lattice methods, prescribed and free wakes power and thrust are calculated

13
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based on the potential lift (no viscous drag force) whereyaneral, the lift coefficienC, is a
function of the angle of attacki, = 2m, according to the thin airfoil theory.

14
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3.1 LiftingLinePrescribed Wake

Control point

Trailing edge ‘

Figure 3.1: Schematic of prescribed lifting line model

The lifting line theory, originally proposed by Prandtl i®21, is valid for a wing with an
aspect ratio much greater than one. It is also suitable &dgr and planar or slightly curved
blades|[35]. In the lifting line prescribed wake based onRhendtl lifting line theory, the blade
is divided into one or more sections that are replaced by avgiga varying strength straight
(it is not straight for a twisted blade) vortex filamdntcalled a bound vortex, which is located
at 1/4 of the chord line (downstream of the leading edge) alongstien. The control points
storing the bound vortex strength (circulation), the iretligelocity (generated only by the wake),
the free stream and the rotational velocities are locatetieamiddle of the bound vortex of
each spanwise section. In this approach, the trailing agstare generated by spanwise bound

D l—‘i+1 rn

Circulatio distribution

Control point\

Leading edge

Bound vortex

Oe ) ) )
f o X e e e Trailing wake
/ (Horseshoe vortices)

Trailing edge
PR GRS GRS QRS G
-1y L-Ti r

Figure 3.2: Blade and wake modeling in prescribed wakendftine

circulation difference where they originate from the bladend vortices. They emanate from alll
points along the blade, making a helical vortex sheet foh éade with a constant diameter and

15
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pitch [39] behind each rotor blade. This helical vortex sleguces the velocity field around the
rotor blade, reducing the angle of attack seen by each bkxtm®s.

In the prescribed wake, an iterative method is used to finditia® wake configuration, so
the solution is started by an initial wake geometry such asl& land an initial bound vortex
distribution along the blade in order to determine the gjtierof the trailing wake vortices. An
initialization of circulation distribution can be done by alliptical wing circulation distribution
defined as

r 2
M =max|1— (VZ) (3.1)

where the blade tip position is equal 4b/2, and the blade root radius is equal-tb/2 and
Imaxis an arbitrary value. Another way to initialize the cirduda distribution is to combine the
Kutta-Jukowski theory with the lift coefficient. The Kutfiakowski theory is used to calculate
the lift force per spanl() of each blade element as

L' = thOt x (32)

whereV, I andp denote the velocity vector seen by the blade section, aiticud and air density,
respectively. The lift coefficienCy, is expressed as

L/
CL=——
- pV2c
wherec denotes the chord length of the blade section. A combinatiegs [3.2) and (3 3) gives
a correlation for circulation at each blade section as

1
r = éCVundCL(ageon‘D (34a)

Viund = Voo + Qr (3.4b)

whereVng, Vo, Q, I andageomdenote undisturbed velocity vector, free stream veloaitg-v
tor, blade rotational velocity, vector position of the aamhfpoint and geometric angle of attack,
respectively.

It is worth mentioning that, since the wind turbine rotord#ais often constructed by the
number of different airfoil types in the spanwise directiarorder to avoid a jump for the lift
and drag force values between two adjacent different &rfthe calculated lift and drag forces
should be interpolated.

The geometric angle of attack is calculated by

(3.3)

\%
undt
Vundn = Vund- €n (3.5b)
Vundt = Vund- & (3.5¢)
whereg, ande are defined as (see fig.(B.3))
AB
& =— (3.6a)
| AB |
CD
q=—— 3.6b
D] (3.6D)
e xe |
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The wake geometry based on the helix equation is initiala=ed

—\ | poi /
//\C\Z\c\)ntro poni\E/

/
/

/

Leading
edge

-

1 Trailing ed
Cﬁord line railing edge

Figure 3.3: Schematic of normal and tangent unit vectors

X =rcos(Qt + 6p)
y =rsin(Qt + 6p) (3.7)

wherer, Q, V., 8p andt denote the rotor section radius, rotor blade rotationalcig}, free stream
velocity, blade initial angle and time, respectively. Thregeribed trailing vortices are divided
into a number of straight segments where the segmentataonis based on the azimuthal angle.
The accuracy of the velocity field induced by the wake depemdhe number of segments per
blade rotation, where a coarse segmentation gives a potitygiee the induced velocity field
leading to an incorrect load estimation. It will be shownhe tesults that 10 degrees of azimuth
segmentation satisfy both the accuracy and computatiomal ¢fficiency. Once the wake is
prescribed, the velocity fieldying, induced by all equally segmented vortex filaments of the
wake is calculated for all control points located at the bladund vortex by the Biot-Savart law.
The undisturbed velocity is modified as

Viot = Vund+ Vind (3.8)

Theoretically, the effective angle of attack is definedias; = 0geom— Qind. Knowing the values
of aeft for each blade section and using the aerodynamic t&hleQp vs. a) give the lift and
drag forces per blade span, and the torque and power of treetwiibine are then computed by
tangential and normal forces with respect to the rotor pleaspectively.

V
Qeff=tan ! (ﬂ) (3.9a)
Viott
Viotn = Viot - €n (3.9b)
Viott = Viot - & (3.9¢)



HAMIDREZA ABEDI, Aerodynamic Loads on Rotor Blades

The updated value for the circulation is given by

1
= EC\AotCL(O(eff) (3.10)

Using a damping factof3j prevents the solution from diverging, so the updated tatan dis-
tribution for the next iteration can be expressed as

M =Toig+B(Meft—Told) (3.11)
The circulation convergency criterion for each controlnas

‘ rnew— rold ‘

<0.001 (3.12)
Nold

When the criterion is fulfilled by all control points, then wee able to update the wake geometry.
This is done as
X = rcos(Qt + 6p)

y =rsin(Qt + 6p) (3.13)
Z=tan@efQrt

wherer, Q, 6g, @1 andt denote the rotor section radius, rotor blade rotationadaigj, blade
initial angle, flow angle and time, respectively, and theetie flow angled.+¢) is defined as

@eff=deff+ 6 +6p (3.14)

whereoett, 6; andBp represent the effective angle of attack, the blade seatical twist and the
blade pitch, respectively (see f[g.(8.5)). Recall that icheigeration, the circulation distribution

Control point Chord line

_)
Vcirc 77777777777777777777777777
A o510 v Rotor plane
P
_)
V
ax

Figure 3.4: Schematic of velocity triangle

of the trailing vortices is updated hence the induced véldigld at the control points is changed,
resulting in the updated released emission angle of tHenggaiortices (see fid.(315)).
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Wake release
direction

Control point

[ JCECY ¥— Rotor plane

Figure 3.5: Schematic of wake emission angle

Using the 2D airfoil data to calculate the lift’) and drag D’) forces per span at each control
point based on the effective angle of attack yields

1

L' = Epc\/@,tc:L(cxeff) (3.15a)
1

D' = 5pCVaCo(de 1) (3.15b)

In order to calculate the torque and the thrust of a wind tebihe lift and drag forces must be
projected into the normal and tangential directions wigpeet to the rotor plane thus according

to fig.(3.8), we get

l

n

Chord line

Rotor plane

Control point

Figure 3.6: Decomposition of the lift and drag forces witbpect to the rotor plane

Fn = L'cogp+ D'sing (3.164a)
R = L'sing— D’cosp (3.16b)
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By assuming a linear variation for the normal and tangefarakes [3] stored at the control points
between two adjacent radial positionandr;. 1, we get

Trailing
edge

Bound vortex

Control point

Figure 3.7: Schematic of blade segmentation

Ri=Ar+Bi (3.17)
where
A = Rivi—hi (3.18a)
lip1—Ti
B — Rific1— Rl (3.18b)
lig1—1rj

The generated torque for an infinitesimal part of the bladermdthdr is defined as

dM = rFydr = (Ar? +Bir) dr (3.19)
where, by integrating aiM betweerr;, 1andr;, we get
i 1 1

Mt = A (ris+1—ri3)+§'3i (rfea—rP) (3.20)

By summation over all blade sections and multiplying by thiational velocity of the blade, the

total power is calculated as
k-1
P=0ON, ZMH“ (3.21)
i=

whereN, and k denote the number of rotor blade(s) and the number of blageesats (see
fig.@31)). The thrust of each blade section is calculated as

T =Foji (s —1i) (3.22)
and the total thrust is obtained by
k-1
T=N § T} (3.23)
5
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The convergency criterion is set based on the generatedrmatbat the power difference be-
tween two consecutive iterations must satisfy the belotean as

‘ I:)new— I:)old

|< 0.001 (3.24)
Poid

and the iteration procedure is repeated until[eq.(3.24tisfeed.
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3.2 Vortex Lattice Prescribed Wake

Trailing edge

Trailing vortices

Figure 3.8: Schematic of vortex lattice prescribed wake

The vortex lattice method (VLM) is based on the thin liftingrieice theory of vortex ring
elements|[40], where the blade surface is replaced by vpdarls that are constructed based on
the airfoil camber line of each blade section (seeffid.(318)prder to take into account the blade

Blade surface

\

Bound vortex filament ;
Leading edge  Bound vortex Camber line

Camber line

Trailing edge

Figure 3.9: Lifting surface and vortex panels construction

surface curvature, the lifting surface is divided into a twemof panels both in the chordwise and
spanwise directions, where each panel contains the vangxith strengthj; in whichi and
j indicate panel indices in the chordwise and spanwise diestrespectively. The strength of
each blade bound vortex ring elemdny;, is assumed to be constant and the positive circulation
is defined on the basis of right-hand rotation rule.

In order to fulfill the 2D Kutta condition, the leading segmeha vortex ring is located at the
1/4 panel length (see fi§.(3110)) and the control point of eafepis located at the/d panel
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Leading edge

Vortex ring

Camber line i+2

Figure 3.10: Numbering procedure

length meaning that the control point is placed at the ceofténe panel’s vortex ring. Also, to

Figure 3.11: Blade panels (blue line) and vortex ring elem@niack line)

satisfy the 3D trailing edge condition for each spanwiséisecthe strength of the trailing vortex
wake rings must be equal to the last vortex ring row in the diwise direction [1.e. = Nwakd
(see figl[3.1R)). The normal vector at each control pointtrbesdefined in order to apply the
zero normal flow boundary condition across the blade, wheegrding to fig[(3.13), the control
point and the normal unit vector are defined as

1
Xep= 7 (Xi,j  Xig1,j -+ Xi j+1+ Xit1,j+1) (3.25)

n=axb (3.26)

Similar to the previous approach in section 3.1, an iteeamethod is used in the prescribed
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Control point

Trailing wake vortices

Figure 3.12: Kutta condition at the trailing edge

vortex lattice model, where an initial helical wake geométased on ed.(3.7) is constructed and
the trailing vortices are divided into a number of small segts.

Figure 3.13: Normal vector definition

Generally, the wake vortices are modeled as vortex ring eésthat are trailed from the
trailing edge and induce the velocity field around the blade fig[[3.14), part ). The upstream
flow in the prescribed vortex lattice method is assumed totddy (no time variation), so the
blade bound vortices’ strength does not change in time; amaegjuence, the strength of the
trailing wake vortices remains constant for each blade@@abeaning that the wake vortex ring
elements are converted to the horseshoe trailing vorticesas to the prescribed lifting line
approach (see fig.(3.114, part 1l1)). As mentioned in the theection, the vortex flow is known
as an incompressible, irrotational and inviscid flow whéeegolution of Laplace’s equation with
a suitable boundary condition gives the velocity field. Teéguired boundary condition is zero
normal flow across the blade surface(® + ®.,) - n = 0, where® and®., denote the velocity
potential due to the solid boundary and free stream flow,eesgely [40]. This means that the
sum of the wall-normal velocity components at each contoat including the induced velocity
by the bound and trailing wake vortices as well as the fresagtrand rotational velocity, must be
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Leading edge

Trailing edge

Trailing vortices

Figure 3.14: Schematic for trailing vortices, Plarabove, Partl : middle, Partll : bottom
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zero, i.e. (Vind?boun(pL Vindwake+ Ve + Qr) -n = 0. By applying this condition at each control
point on the blade surface, a system of equations is constras

a1 a2 -+ aim M —(Voo +Qr) Ny
a a; ! r —(Veo+Qr)-n
uail R I (3.27)
mi am2 - amm Mm —(Ve+Qr) - -ny

wherea;; andn; denote the influence coefficient of th& blade vortex ring on thé" blade
control point and the unit vector normalidt blade control point, respectively. Here, the influence
coefficient is defined as the induced velocity of a vortex fnth a strength equal to one on an
arbitrary blade control point. Therefore, the influencefticents of all vortex ring elements
(blade surface and wake) on an arbitrary control point asdueted.

This procedure is repeated for all control points on the dlath anM spanwise and aN
chordwise section whenma = M x N. The solution of ed.{3.27) gives the strength of all vortex
ring elements on the bladg, j, where the strength of the last vortex ring row of each blade
section determines the wake vortex ring strength, whichasdkpossible to calculate the wake
induced velocity on the blade control points.

~_

//I:ift collocation point \

Lifting vortex

s Control Leading edge
e Bound\go'”t
/Mund vortices Normal vector

Trailing
edge

Trailing wake vortices

Figure 3.15: Lift collocation point

The Kutta-Jukowski theorem is applied at the mid point offtbat edge of each blade vortex
ring (see figl{3.15)) and gives the potential lift force whdhre lift force of each spanwise blade
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section is calculated by summing up the lift force of all darsdong the chord. The lift force for
each blade panel except the first row near the leading edgenputed by

Li,j = PVioti,j x (Tij—icyj) Ayi,; (3.28)
and, for the blade panels in the vicinity of the leading edge[3.28) can be written as
L1j=pPViot,sj X M1,jAy1j (3.29)
whereVigt . j Is computed as
Viot,i,j = Vundi,j + Vind.wakei,j + Vind,boundi, (3.30)

The total lift of each blade section in the spanwise directian be written as

L :-iLi’j (3.31)

whereN denotes the number of spanwise sections. Decompositidre dift force for each blade
spanwise section into the normal and tangential directwitis respect to the rotor plane (see
fig.(316)) gives the effective angle of attack for eachisect

Oeff =tan *(R/Fn) — 6 —8p (3.32)

whereoett, R, Fn, 8; and 8, represent the effective angle of attack, tangential fonogmal
force, blade section twist and blade pitch, respectively.

3 A
} —_
i — Fn Chord |
i ord line
ot :
_—
R
9‘4 0. —  Rotor plane
+
pT Yt ¢
o
7
Viot

Figure 3.16: Potential load decomposition

Since the velocity field induced by the blade bound vortiaes the vortex wake elements
on the rotor blade change the lift force distribution oves tilade in each iteration, the wake
geometry can be updated by

X = rcos(Qt + 6p)
y =rsin(Qt 4 6p) (3.33)
Z=tan@efQrt
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wherer, Q, 6p, @ andt denote the rotor section radius, rotor blade rotationadaig}, blade
initial angle, flow angle and time, respectively, and theetie flow angled.+¢) is defined as

Qe =tan 1 (R/Fn) (3.34)

It is worth mentioning that the forces acting on the rotodelsrepresent the integral effect of
the induced velocity where it alternatively can be used tomate the flow angle of the trailing
edge. Since the tangential and normal forces along the ldadege with respect to the lift
variation due to updating the wake geometry, the power andgtlare calculated in each iteration
like the prescribed lifting line by using eds.(321) ahd?@. The generated power is set as
the criterion for fulfilling the convergency criterion, wiii means that the difference value of
calculated power between the two consequent iterations lneuswer than @001, as ed.(3.24)
and the iteration procedure are finished when the conveyggiterion is satisfied.
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3.3 Vortex Lattice Free Wake

Trailing edge
Trailing vortice —

Shed vortices

Figure 3.17: Schematic of vortex lattice free wake

This method is similar to the vortex lattice prescribed waklkeere the blade is represented
as the lifting surface constructed on the basis of the cafienf each blade airfoil profile and
consists of a number of vortex ring elements both in the spand the chordwise directions,
including a control point inside of each vortex panel. Thgandifference between the free
wake vortex lattice method and the prescribed vortex ltthethod is that the wake geometry is
not prescribed and the wake elements are trailed and shed basthe time-marching method.
Similar to the prescribed vortex lattice method, the solubf Laplace’s equation with a proper

Control point
Leading edge

Normal vector

Trailing

edge Shed
vortices

"o

Trailing wake vortices

Figure 3.18: Schematic of blade and wake vortex panels

boundary condition gives the inflow around the blade resglin an aerodynamic load calcula-
tion, generated power and thrust of the wind turbine. In tbe tvake vortex lattice method, there
is a small difference when setting up the system of equafmmsalculating the blade bound vor-
tex circulation in comparison with the prescribed vorteti¢e method. To find the blade bound
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vortices’ strength, the flow tangency condition at each éleaintrol point must be specified by
establishing a system of equations. The velocity comp@egrgach blade control point includes
the free streaniV.,), rotational(Qr), blade vortex rings self-induce®ing pound) and wake in-
duced(Vinawake) Velocities. The blade self-induced component is known tisénce coefficient
g;j and is defined in a way similar to that in the prescribed voldéice method as the induced
velocity of a jt" blade vortex ring with a strength equal to one onitfidlade control point. If
the blade is assumed to be rigid, then the influence coeftxi@m®e constant at each time step,
which means that the left-hand side of the equation systerongputed only once. However,
if the blade is modeled as a flexible blade, they must be catiedlat each time step. Since the
wind and rotational velocities are known during the winine operation, they are transferred
to the right-hand side of the equation system. In additibeaah time step, the strength of the
wake vortex panels is known from the previous time step, sarttiuced velocity contribution by
wake panels is also transferred to the right-hand side.€efbie, the system of equations can be
expressed as

a1 a2 - am M1 RHS
a1 ap - @ M RHS

R I I = (3.35)
dmi 42 °° Amm Mm RHSn

wherem s defined asn= M x N for a blade with arM spanwise and aN chordwise section
and the right-hand side is computed as

RH& = — (Voo +Qr + Vind,wake)k Nk (3.36)

whereVe, Qr andVing wake are the velocity components by the wind flow, the blade rotati
and the wake panels induced velocities, respectively, whare known at each time step. The
blade bound vortex strengthi(;) is calculated by solving e@.(3135) at each time. At the firse

Trailing edge

Wake vortex ring
corner points

Figure 3.19: Schematic of generation and moving of wake Igateach time step

step (see fid.(3.20)), there are no free wake elements. Tévegsh of the blade vortex rings is
determined by applying the zero normal flow boundary coaditin all blade control points. At
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the second time step (see fig.(3.21)), when the blade isnmgtdhe first wake panels are shed.
Their strength is equal to the bound vortex circulation & kast row of the blade vortex ring
elements (Kutta condition), located at the trailing eddeha previous time step, which means
that FWZ =I1E. 1, Where theW andT.E. subscripts represent the wake and the trailing edge,
respectively. At the second time step, the strength of thddobound vortex rings is calculated
by specifying the flow tangency boundary condition wheregddition to the blade vortex ring
elements, the contribution of the first row of the wake parseto®nsidered.

This methodology is repeated, and the vortex wake elemeatsaled and shed at each time
step, where their strengths remain constant (Kelvin thapend their corner points are moved
based on the governing equation (EQ.(B.37)) by the locatiglfield, including the wind velocity
and the induced velocity by all blade and wake vortex ringe (#.[3.2R) and fid.(3.23)). The

Control point

Leading edge Normal vector

First time step

t1: 0

Figure 3.20: Schematic of wake evolution at the first time ste

governing equation for the wake geometry is

dr
=V r{t=0=ro (3.37)

wherer, V andt denote the position vector of a Lagrangian marker, the tehcity field and
time, respectively, and the total velocity field can be \entas

V = Vo + Vind blade+ Vind.wake (3.38)

Different numerical schemes may be used folleq.(3.37) ssithesexplicit Euler method, the
implicit method, the Adams-Bashforth method and the PtediCorrector method. The numer-
ical integration scheme must be considered in terms of tberacy, stability and computational
efficiency. The Euler explicit method is the first-order goleestated as

M1 = rH—V(rt)At (339)
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Control point
Leading edge Normal vector

Second time step

t2=At

Trailing edge
‘/Q\ Trailing wake
vortices

Figure 3.21: Schematic of wake evolution at the second tiee s
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Figure 3.22: Schematic of wake evolution at the third tinegpst
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Control point
Leading edge Normal vector

N T =
Trailing wake Wity
vortices

Fourth time step

t4=3At

Figure 3.23: Schematic of wake evolution at the fourth titeps

According to the linear stability analysis done by Guptd [#ie Euler explicit method is consid-
ered to be an unstable integration scheme. Small time stepbeused to improve the stability
of this scheme, but the very fine wake discretization, fongxa 2— 6 degrees of azimuth, makes
the free wake method computationally expensive.

The implicit scheme for a rotor wake application is defined as

M1 =re+V(re) At (3.40)

which is a stable numerical method. Since this method negdemation from the current time
step, a set of linear equations must be solved in each tirpewtech makes it computationally
too expensive and impractical for the free wake method.

Higher order accurate schemes may be also used, such d¥ trel@r Adams-Bashforth

1
M2 = ft+1+§ (BV (rtr1) =V (re))At (3.41)

Similar to the Euler explicit method, this scheme is nunadlycunstable for rotor wake applica-
tions [41].

The predictor-corrector scheme is well known as a numesiclaéme that improves the sta-
bility of the explicit method. In the predictor step, the Biukxplicit method is used to get an
intermediate solution for the Lagrangian markers’ positidhe velocity field in the corrector
step is calculated on the basis of the position of Lagrangiarkers computed in the predictor
step. Mathematically, the predictor step is defined as

Tt41 ="t +V (rt) At (342)
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and the corrector step becomes
M1 =re+V (Te1) At (3.43)

The drawback of the predictor-corrector scheme is thaguires two velocity field calculations
in each time step.

In each time step, when the position of all the Lagrangiarkeraris calculated, we are able
to compute the velocity field around the rotor blade wherea @&®nsequence, similar to the
prescribed vortex lattice method, the lift force can be wlalied according to the Kutta-Jukowski
theorem (see eq§_3148,3.79,73.30 Bndl3.31). Decompositithe lift force of each spanwise
section with respect to the rotor plane is used to find thect¥ie angle of attack according to
eq.[33P). Further, the generated power and thrust arendieted by eqsl(3.21)[{3.23).

The convergency of the time-marching free wake is obtaimethe basis of the steady state
wake geometry known as the periodic solution. To reach agersolution, the free wake should
run for many time steps. However, a periodic solution mayhb®achieved for some upstream
flow conditions|[42].

34



CHAPTER 3. APPLICATION

Control point
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Figure 3.24: Schematic of wake strength at each time step
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Chapter 4

Results

As stated before, the proper combination of the blade andcewaddels in the vortex method
application for the performance of a wind turbine is crucidere, the different parameters for
both the blade and the wake are studied, where there shoalddasonable balance between the
accuracy and the computational time.

In the lifting line prescribed wake model, since the bladeefgesented as a vortex line, only
the number of spanwise sections must be investigated. lmagtnin the vortex lattice prescribed
wake and the vortex lattice free wake, since the blade is teddes a lifting surface, the number
of both spanwise and chordwise sections must be studiedalFire different approaches, the
wake geometry is divided into a number of straight vortex avalements, where it has a great
influence on the flow field. Therefore, the number of vortexrigat segments (wake azimuthal
angle) per wake revolution must be studied. Another parantleat must be studied is the wake
length. Recalling that the vortex method is based on thenpatdlow, which means that, in the
absence of the viscosity, the trailing wake vortices aredmssgtipated and they extend to infinity.
For computational efficiency, the computations are donaonited wake length.

Finally, the different approaches are compared with the Ba&hod, GENUVP'[12], and
the NREL technical report [43]. TheMBV reference wind turbine [43] is used, and the operating
conditions for all computations in this chapter &g = 8.0 [m/s] andQ = 1.0032[rad/s| as the
uniform and steady free stream and constant rotationatitgleespectively. More information
about the blade properties of th®18V reference wind turbine can be found ini[43].

4.1 LiftingLinePrescribed Wake

This section presents the effect of the number of blade sigarsections, the number of the wake
segmentations and the wake length for the lifting line pibed wake. Calculations are made
based on one wake revolution and 10 degrees of azimuth ségtmeenfor the first two. The
effect of the wake length is evaluated based on the conclwithe first two parts.

4.1.1 Blade spanwise section

Table [4.1) shows the comparison between the generated poehe thrust for different num-
bers of equally spaced blade span wise sections. The ertbe gienerated power and the thrust
for 25 sections is around 2% and01%, respectively which may be seen as a suitable resolutio
with regard to the accuracy and computational time effigieBy increasing the number of span-
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No. of spanwise sectionPower [MW] | error [%] | Thrust [kN] | error [%0]
10 1.927 7.136 405.66 0.014
15 1.978 4.674 401.95 0.005
25 2.032 2.088 399.61 0.001
35 2.064 0.546 400.12 7.78E-6
45 2.074 0.024 400.29 4.33E-4
50 2.075 — 400.12 —

Table 4.1: Power and thrust error for the different numbdslafie spanwise sections

wise sections, the generated power and the thrust erroreatex; however, the fine resolution
increases the computational time.

Figure [41) shows the distribution of the circulatidr) @long the blade for the various num-
bers of the blade spanwise sections. It can be seen that giersmmber of the spanwise sections
gives poor result for the circulation. At least 25 spanwisatisns seem to fulfill the accuracy and
the computational time efficiency requirements.
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Figure 4.1: Distribution of the circulation along the blagde—: 10 sections;s——: 15 sections,
: 25 sections;----- : 35 sections;----- : 45 sections;----- : 50 sections

The distribution of the tangential force along the blade #rednormal force per span length
is shown in figs[{412) and{4.3), where they are convergeth®®5 blade sections and more. As
can be seen in fid.(4.4), the distribution of the angle ofchteong the blade is highly dependent
on the number of spanwise sections, and many spanwisersetgead to a smooth distribution of
the angle of attack.

It is concluded that at least 25 sections along the bladeilsis¢d equally is enough for
both the accuracy and computational time efficiency. Howesecause of the large circulation
gradient near the root and the tip of the blade, especialy tie tip, it is recommended that the
number of spanwise sections be refined there. The refineraenbe done on the basis of the
Cosine method. This prevents the sudden jump in the ciionl@nd increases the accuracy of
the strength of the trailing wake vortices and the inducddoity field.
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39



HAMIDREZA ABEDI, Aerodynamic Loads on Rotor Blades

Wake azimuthal angle [deg]Power [MW] | error [%] | Thrust [KN] | error [%0]
2 2.064 — 402.386 —
5 2.052 0.056 401.373 0.252
10 2.032 1.542 399.612 0.689
15 2.009 2.661 397.600 1.189
20 1.986 3.746 395.628 1.679
30 1.938 6.104 391.274 2.762

Table 4.2: Power and thrust error for the different wake atiral angles

4.1.2 Wakeazimuthal angle

Table [4.2) represents the power and the thrust by diffesakie segmentations from the finest
resolution, 2 degrees, to the coarsest, 30 degrees, inithatazl direction. In both accuracy and
computational time efficiency, 10 degrees shows an accepg@nerated power and thrust error
rate compared with the 2 degrees of azimuth segmentationdata in table[{412) are extracted
on the basis of the one wake revolution and 25 equally spdeele spanwise sections.
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Figure 4.5: Distribution of the circulation along the blade—: 2 deg; : 5 deg; : 10
deg,------ : 15 deg,------ : 20 deg,------ : 30 deg

Figure[45 shows the distribution of the different wake agimal angle discretizations where
the trailing wake vortices are divided into a number of gfinhivortex filaments. By increasing
the number of wake segmentations, the accuracy of the iddeedecity field is increased. How-
ever, the calculation of the Biot-Savart equation is insesbdramatically which makes the model
computationally expensive. The 10 degrees of azimuthuésolseem to be enough for the wake
discretization.

The error rate of different wake azimuthal angle segmesnatis calculated on the basis of
the normalized root mean squared error (NRMSE) which is ddfas

Xref,max— Xref,min \ N;<

05
1 10 2
NRMSE= (— Zi (Xret,i — Xmodeli) ) (4.1)
&
wherere f andn denote the reference values and number of samples, rasggcti
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Figure 4.8: Distribution of the angle of attack along thedela——: 2 deg; : 5deg :
10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg
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Wake azimuthal angle [degINRMSE (') | NRMSE (k) | NRMSE (F,) | NRMSE (AoA)
2 _ _ _ _—
5 0.005 0.012 0.002 0.008
10 0.016 0.034 0.007 0.022
15 0.026 0.057 0.012 0.037
20 0.038 0.079 0.017 0.051
30 0.061 0.122 0.028 0.081

Table 4.3: Normalized root-mean squared error for the iffewake azimuthal angles

Wake length [m]| Power [MW] | error [%] | Thrust [KN] | error [%)]
1D 2.032 13.109 399.612 5.986
2D 1.877 4.483 384.882 2.080
3D 1.830 1.856 380.301 0.864
4D 1.811 0.799 378.447 0.373
5D 1.802 0.321 377.605 0.150
6D 1.796 — 377.041 —

Table 4.4: Power and thrust error for the different wake fbeag

Figures [4.b) and{4l7) show the tangential force and thenabforce per span length along
the blade. The results for the different wake azimuthal@sgbmentations are converged where,
according to table[{413), the NRMSE of the tangential andnabrforces for 10 deg of wake
azimuth is negligible.

The effective angle of attack for the different wake diseagton is shown in figl{418), and
the findings are similar to the previous results, where tieegpod convergency for the different
number of vortex wake elements.

When the generated power and the thrust errors are less ¥hdse2 tablg412), the NRMSE
of different evaluated parameter is less thadb((see tablE"4l 3), which satisfies the accuracy and
time efficiency.

4.1.3 Wakelength

To decrease the computational time and inflow approximati@assumed that the trailing wake
vortices are truncated after a specified length, which isnatly measured based on the rotor
blade diameter. Tabl€{4.4) shows the thrust and the getkepatwver for different wake lengths,
where the blade consists of 25 equally spaced spanwis@sgend the wake segmentation is
equal to 10 degrees of azimuthal segmentation.

Figure [4.9) represents the circulation variation alorgtitade where, by increasing the wake
length from one diameter Q) to five diameters (B), the circulation values are converged to a
certain value.

The tangential and normal forces along the blade are shofigs{4.10) and[{4.11). The
effect of the wake length is obvious, as it gives quite a gaedligtion for £ length and longer.
As can be seen in fi§L.{4.]12), afteD4vake length, the effective angle of attack does not change
and, according to tabl€(4.5), the NRMSE is arour@ilO
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Wake length [m]| NRMSE (I') | NRMSE (R) | NRMSE (F,) | NRMSE (AoA)
1D 0.146 0.258 0.046 0.170
2D 0.052 0.095 0.016 0.060
3D 0.023 0.040 0.007 0.025
4D 0.010 0.017 0.003 0.011
5D 0.003 0.007 0.001 0.004
6D — — — —

Table 4.5: Normalized root-mean squared error for the iffewake lengths
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It seems that the@ wake length may be a good estimation for the wake truncatonhie
purpose of decreasing the computational time in paralléi iacceptable accuracy.

4.1.4 Modeding features

For the lifting line prescribed wake, different parametaush as number of blade spanwise sec-
tions, wake element discretization and the wake length steidied. 1t can be concluded that the
25 blade spanwise sections with fine resolution near thel@pjegrees in the azimuthal direc-
tion for the wake element segmentation af2lwake length satisfy both the accuracy and time
efficiency. The results of the simulation are shown below.
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Figure 4.13: Lifting line prescribed wake. Wake geometnydoe blade normalized by the blade
radius

Figures[4.1IB) [{4.14) and{4]15) represent the wake canatligen by the lifting line prescribed
wake for one blade. As can be seen, the wake moves forward@&&kD, which means that the
induced velocity field generated by the wake vortex filamesiisrds the wake motion compared
to constant velocity equal to the upstream flow. It is obvitha all the trailing vortices are not
moving downstream with the same axial velocity (here thaladirection is parallel to the axis)
which means that all the control points along the blade doseate the same induced velocity
and it varies from one control point to another. Accordin§ds.(4.16) and{4.17), the tip vortex
travels faster than the root vortex, implying that the inetligelocity field is larger near the blade
root than the blade tip and that it increases in the bladarddiection.

Note that there is no wake expansion in the blade radial inesince the wake travels
downstream with constant radius in the prescribed wake mode

The tip and the root trailing wake vortices are compared thiéhhelix geometry in figil(4.18).
The effect of velocity field induced by the trailing vortiasobvious. The axial induced velocity
prevents the wake from moving as fast as the upstream flovdspetthe circumferential induced
velocity makes the wake rotate faster. This means that tleeiefield induced by the trailing
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Figure 4.14: Lifting line prescribed wake. Wake geometnydoe blade in thex— z plane nor
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Figure 4.15: Lifting line prescribed wake. Wake geometnydoe blade in theg — z plane nor
malized by the blade radius
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Figure 4.16: Lifting line prescribed wake. Tip and root voes for one blade normalized by the
blade radiuss——: Tip vortex, : Root vortex

Figure 4.17: Lifting line prescribed wake. Tip and root voes for one blade normalized by the
blade radiuss——: Tip vortex, : Root vortex
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Figure 4.18: Lifting line prescribed wake. Tip and root voes compared with the helix for one
blade in thex — z plane normalized by the blade radius;---: Tip vortex, : Root vortex,

: Helix

vortices shrinks the wake in the axial direction and amiffee wake rotational velocity. The
reason for this is that the induced tangential velocity edpiced in reaction to the torque, which

is in the opposite direction of the blade motion.
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No. of chordwise section Power [MW] | error [%] | Thrust [KN] | error [%)]
1 1.670 19.731 257.448 | 30.750
2 1.853 10.947 302.463 18.642
4 1.989 4.400 340.349 8.451
8 2.066 0.716 365.766 1.614
11 2.057 1.131 363.390 2.267
16 2.081 — 371.768 —

Table 4.6: Power and thrust error for the different numbédslafle chordwise sections

4.2 \Vortex Lattice Prescribed Wake

Similar to the previous section, the parameters influentiegaccuracy and the time efficiency
of the blade and the wake modeling in the vortex lattice pileed wake are studied. For all

cases, the number of blade spanwise sections is assume@%obtn fine tip resolution (Cosine

method) based on the conclusion drawn from the lifting lirespribed wake model. The calcu-
lations for the number of blade chordwise sections are dasedon one wake revolution with
10 degrees of segmentation in the azimuthal directionjfemiake discretization effect, they are
done for only one wake revolution. Finally, the effect of theke truncation is studied where the
wake is discretized by 10 degrees in the azimuthal dired¢todifferent wake lengths.

4.2.1 Blade chordwise section

In the vortex lattice prescribed wake, since the blade isefeatlas the lifting surface and the
circulation distribution[", over the blade is obtained by satisfying the zero normal Bowndary
condition, the resolution of the blade surface discrebrain the chordwise direction must be
studied.

Table [4.6) shows a comparison of the generated power arttirihngt for the different num-
ber of equally spaced blade chordwise sections. The maxicaloulated error for 8 and more
chordwise discretization is about 2%, which means thattin@ase curvature plays an important
role for the blade circulation distribution (see also Egl®)).

Figures[[4.20) and{4.21) show that the inadequate resalofithe blade chordwise sections
can influence both the tangential and normal forces overlueb The results are consistent with
table [4.6), since the generated power and the thrust azelatd by the tangential and normal
forces, respectively.

The effective angle of attack is also affected by the numbkelaale chordwise sections where,
in agreement with the circulation, tangential and normedds, 8 panels seem to be sufficient to
take into account the blade surface curvature.

Table [4.¥) shows the NRMSE of the different number of chasévsections on the circula-
tion, angle of attack and forces, which are in agreement thghrelated figures.

To sum up, the blade chordwise discretization has a signtfietiect on the wind turbine
performance parameters and is directly connected to thie ldiaculation distribution. This dis-
cretization must be examined, especially for highly carabexirfoils.
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Figure 4.22: Distribution of the angle of attack along thadd,——: 1 section, 2
sections; : 4 sections;----- : 8 sections;----- : 11 sectionss----- : 16 sections

No. of chordwise section NRMSE (') | NRMSE (k) | NRMSE (F,) | NRMSE (AoA)
1 0.705 0.430 0.469 0.333
2 0.342 0.204 0.200 0.199
4 0.139 0.078 0.081 0.099
8 0.025 0.012 0.015 0.020
11 0.035 0.020 0.020 0.028
16 — — — —

Table 4.7: Normalized root-mean squared error for the giffenumber of blade chordwise sec-
tions

Wake azimuthal angle [deg]Power [MW] | error [%] | Thrust [KN] | error [%]
2 2.081 — 367.288 —
5 2.076 0.238 366.790 0.136
10 2.066 0.734 365.770 0.415
15 2.055 1.259 364.670 0.712
20 2.044 1.801 363.530 1.024
30 2.020 2.957 361.030 1.703

Table 4.8: Power and thrust error for the different wake attiral angles
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4.2.2 Wakeazimuthal angle

The velocity field induced by trailing wake vortices may haviarge contribution to the perfor-
mance of a wind turbine inflow condition. As we know, the enmangahelical trailing vortices
are modeled by straight vortex filaments where, in order ¢tosiase the accuracy of the induced
velocity field over the blade, they are divided into a numbesroall segments. In this part, the
effect of the different wake segmentations is studied. Basethe conclusion drawn in the pre-
vious section, the calculations are done for the blade stingiof the 8 panels in the chordwise
direction and 25 sections in the spanwise direction.

Table [4.8) shows how the power and the thrust of the windierare changed due to the
wake discretization.
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Figure 4.23: Distribution of the circulation along the daed——: 2 deg,
10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg

. 5 deg, :

According to fig[4.2B), the circulation values along thad® are converged by refining the
wake segmentation in terms of the azimuthal angle. In amditable [[4.B) shows that 10 degrees
of azimuthal segmentation may be referred to be enough éowtke discretization.
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Figure 4.24: Distribution of the tangential force with respto the rotor plane——: 2 deg,
: 5 deg, : 10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg
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Wake azimuthal angle [degINRMSE (') | NRMSE (k) | NRMSE (F,) | NRMSE (AoA)
2 _ _ _ _—
5 0.003 0.005 0.002 0.003
10 0.008 0.014 0.006 0.009
15 0.014 0.024 0.011 0.015
20 0.020 0.034 0.016 0.022
30 0.032 0.054 0.026 0.036

Table 4.9: Normalized root-mean squared error for the iffewake azimuthal angles

Wake length [m]| Power [MW] | error [%] | Thrust [KN] | error [%]
1D 2.195 10.273 376.941 5.051
2D 2.058 3.392 364.867 1.686
3D 2.018 1.371 361.268 0.683
4D 2.002 0.545 359.793 0.272
5D 1.993 0.135 359.061 0.068
6D 1.991 — 358.817 —

Table 4.10: Power and thrust error for the different wakgtes

It is also obvious from figd.{4.24), (4125]), (4126) and ta@l&) that very fine wake discretiza-
tion only increases the computational time and the NRMSE dat change a great deal.

Similar to the lifting line prescribed wake, the error of thenerated power and the thrust
along with the NRMSE of the different factors imply that ti&degrees of azimuth is well suited
for the trailing wake vortices” segmentation.

4.2.3 Wakelength

In the vortex theory, which is based on the potential flows isupposed that the trailing wake
extends to infinity. For computational reasons, the flow figlchlculated only for a limited wake
length. To study the effect of the wake length, it is assurhatthe blade surface in the chordwise
section is divided into 8 equally spaced panels. 10 degrfessmuthal discretization is also used
for the vortex wake elements.

Table [4.11) shows how the power and the thrust of the wintinerare affected by the wake
length. It can be seen that the power and the thrust errothéofD wake length are less than
1%, which is similar to the lifting line prescribed wake medh

The circulation of the blade is shown in fig.(4.27) where adjoonvergency can be observed
for 4D wake length and more.

Increasing the length of the wake more than four blade diaraetoes not change the forces
and the effective angle of attack, as can be seen in[figs)(42Z&9) and[{4.30). In addition, table
@.11) is in agreement with the corresponding figures.

It is clear that the effect of wake truncation afté wake length on the blade is fairly small.
This fact supports the conclusion drawn in the lifting limegxribed wake approach.
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------ : 6D

95



HAMIDREZA ABEDI, Aerodynamic Loads on Rotor Blades

8 :
5.4f
7,
5.2
o o
O 6 [3)
k=) o
3 3
25 I 48
4+ 4.6
‘ ‘ ‘ 4.4 ‘ ‘ ‘ ‘ ‘ 1
3.2 0.4 0.6 0.8 1 0.96 0.965 0.97 0.975 0.98 0.985 0.99
a) r/R[-] b) r/R([-]
Figure 4.30: Distribution of the angle of attack along thadd, 1D, . 2D, ——:
3D, ------ 4D, ------ : 9D, ------ : 6D

Wake length [m]] NRMSE (') | NRMSE (R) | NRMSE (F,) | NRMSE (AoA)
1D 0.075 0.151 0.040 0.113
2D 0.026 0.053 0.014 0.039
3D 0.010 0.022 0.006 0.016
4D 0.004 0.009 0.002 0.006
5D 0.001 0.002 0.001 0.002
6D — — — —

Table 4.11: Normalized root-mean squared error for thedsfit wake lengths
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4.2.4 Modeding features

Different parameters, such as number of blade spanwis®sgecivake element discretization
and wake length, were studied for the vortex lattice préscriwake where 25 blade spanwise
sections with the fine resolution near the tip, 8 equally sgddade discretization in the chord-
wise direction, 10 degrees of azimuth for the wake elemepieatation and @ wake length
fulfill the accuracy and the computational time efficiencyneToutcomes of this model can be
discussed as the following.

1-
0 217 1
= 0- T
S )
-1
-1

Figure 4.31: Vortex lattice prescribed wake. Wake geomgryone blade normalized by the
blade radius

The trailing vortices constructed by the vortex ring eleteeior one blade are shown in
figs.(431), [([432) and{4.B3). Similar behavior shown foe tifting line prescribed wake is
repeated here where the vortex wake elements are not pedrnittravel downstream with the
same velocity of the upstream flow because of the inducediglfield. In addition, figs[(4.34)
and [4.3b) show that the induced velocity varies along thddkince all the trailing vortices do
not travel with the same axial velocity. The root vorticesuaaore slowly than the tip vortices,
which means that there is a larger induced velocity field oherblade root section than the tip
region.

Comparison of the tip and root vortices with the helix seefigrfd.38) reflects the effect of
the induced velocity field, which shows that the wake is sgedean thez direction but that it
rotates faster in reaction to the blade torque. This meatghk axial induced velocity is against
the wind flow, but its circumferential component enhanceswhke rotational velocity. Finally,
no wake expansion is realized as a result of the prescribkd.wa

57



HAMIDREZA ABEDI, Aerodynamic Loads on Rotor Blades

0
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Figure 4.32: Vortex lattice prescribed wake. Wake geomfaryone blade in thex— z plane
normalized by the blade radius

Figure 4.33: Vortex lattice prescribed wake. Wake geomfaryone blade in the/ — z plane
normalized by the blade radius
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Figure 4.34: Vortex lattice prescribed wake. Tip and roatiges for one blade normalized by
the blade radius——: Tip vortex, : Root vortex

Figure 4.35: Vortex lattice prescribed wake. Tip and roatiges for one blade in thg— z plane
normalized by the blade radiuss—: Tip vortex, : Root vortex
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Figure 4.36: Vortex lattice prescribed wake. Tip and roatigees compared with the helix for one
blade in they — z plane normalized by the blade radius;---: Tip vortex, . Root vortex,
: Helix

4.3 \Vortex Lattice Free Wake

As for the other approaches studied before, different biatkewake modeling parameters are
examined in this section. For all cases, the blade is dividem 25 spanwise sections with a
fine tip region because of the large circulation gradiente Tésolution of the blade chordwise
discretization, the wake segmentation and the wake triorcéngth are studied. The explicit
method is used as the numerical integration scheme foraktdlses. It is also assumed that the
core radius of the vortex filaments remains constant.

4.3.1 Bladechordwise section

Table [4.1IP) proves that the 8 equally spaced sections ialtbelwise direction is the minimum
blade discretization. Compared with the very fine resotytits chordwise sections, it can be
seen that the error of the power and thrust is below 2% for 8asecsuitable for the modeling
purpose. Also, figl{4.37) shows how the coarse chordwisgratization leads to an inaccurate
circulation distribution because the blade surface cureatannot be accurately accounted for
when applying the zero normal boundary condition to cateutlae circulation over the blade.

Recalling the contribution of the circulation on the winddime inflow condition, figs[(4.38),
#.39) and[(4.40) are in accordance with the results obdaivieh the vortex lattice prescribed
wake. It can also be seen in table (4.13) that the NRMSE of dlaese chordwise resolution is
large for different load parameters.

As discussed above, the blade resolution in the chordwigetthn plays an important role
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Figure 4.37: Distribution of the circulation along the dae——: 1 section;
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Figure 4.38: Distribution of the tangential force with respto the rotor plane;——: 1 section,
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Figure 4.39: Distribution of the normal force with respextthe rotor planes——: 1 section,
: 2 sectionss; : 4 sections;-----: 8 sections;----- : 11 sections;----- : 16 sections
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No. of chordwise section Power [MW] | error [%] | Thrust [KN] | error [%]
1 1.676 24.450 | 258.098 | 32.927
2 1.911 13.863 | 308.086 | 19.936
4 2.086 5.994 349.450 9.187
8 2.193 1.143 377.670 1.853
11 2.184 1.550 375.368 2.451
16 2.219 — 384.800 —

Table 4.12: Power and thrust error for the different numthddade chordwise sections

0.965 0.97 0.975 0.98 0.985 0.99

r/R[-]

12
sectionss : 4 sections;----- : 8 sections;----- : 11 sectionss----- : 16 sections

No. of chordwise section NRMSE (') | NRMSE (i) | NRMSE (F,) | NRMSE (AoA)
1 0.772 0.561 0.507 0.300
2 0.369 0.260 0.218 0.178
4 0.151 0.102 0.089 0.090
8 0.028 0.018 0.017 0.019
11 0.038 0.025 0.022 0.026
16 — — — —

Table 4.13: Normalized root-mean squared error for theedifit number of blade chordwise
sections
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Wake azimuthal angle [deg]Power [MW] | error [%] | Thrust [KN] | error [%]
2 2.194 — 377.496 —
5 2.195 0.036 377.632 0.036
10 2.193 0.015 377.670 0.046
15 2.191 0.133 377.580 0.022
20 2.187 0.313 377.402 1.025
30 2.177 0.778 376.891 0.160

Table 4.14: Power and thrust error for the different wakenaithal angles

since it represents the blade surface configuration thagad to compute the circulation distri-

bution over the blade and is directly connected to the streafjthe trailing and shed vortices.

This is the main reason for the relatively large errors thatshown in table[{4.13). Regarding
the results of this section, it is considered for the nextises that the blade consists of 8 equally
spaced sections.

4.3.2 Wakeazimuthal angle

Since the wake geometry is represented by the vortex rimgezies, including the trailing and the
shed vortices in the vortex lattice method, the discrabpnadf the wake can have a considerable
effect on the accuracy of the induced velocity field.

Here, six different wake segmentations in terms of the athal@angle are studied. A Compar-
ison of table[(4.14) and fig.(4.11) shows that the generateaperror of the wake discretization
is sufficiently low for 10 degrees of azimuthal discretipati
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Figure 4.41: Distribution of the circulation along the lbdad——: 2 deg, : 5 deg, :
10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg

It can be seen from fig§.(4142) aiid (4.43) that the large setatien of the trailing wake also
does not predict the different forces along the blade welkirAilar pattern is repeated for the
effective angle of attack, as it can be seen in[fig.(4.44). fEngential and normal forces are
converged to the specific values by increasing the numbergrhentations per wake revolution.
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Figure 4.42: Distribution of the tangential force with respto the rotor plane——: 2 deg,
: 5 deg, : 10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg
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Figure 4.43: Distribution of the normal force with respexthe rotor planes——: 2 deg; :
5 deg, : 10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg

Wake azimuthal angle [degINRMSE (') | NRMSE (k) | NRMSE (F,) | NRMSE (AoA)
2 _ _ _ —
5 0.002 0.003 0.002 0.002
10 0.006 0.009 0.005 0.006
15 0.010 0.015 0.008 0.011
20 0.015 0.021 0.012 0.016
30 0.024 0.034 0.020 0.027

Table 4.15: Normalized root-mean squared error for thedfit wake azimuthal angles
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Figure 4.44: Distribution of the angle of attack along thadd,——: 2 deg, . 5 deg,
: 10 deg,------ : 15 deg,------ : 20 deg,------ : 30 deg
Wake length [m]| Power [MW] | error [%] | Thrust [KN] | error [%)]
1D 2.193 10.740 377.669 5.238
2D 2.074 4.707 367.177 2.314
3D 2.027 2.344 363.021 1.156
4D 2.003 1.146 360.907 0.567
5D 1.989 0.435 359.644 0.215
6D 1.981 — 358.873 —

Table 4.16: Power and thrust error for the different wakegles

By refining the wake discretization, the computational timereases spectacularly, which
shows that the number of vortex filaments for each wake réeolunust be chosen carefully.
Table [41b) shows the NRMSE variation of the different paeters related to the wake dis-
cretization. As mentioned in the above paragraph, the 1fedsgpf azimuth wake discretization
may be interpreted to fit both the accuracy and computatiomal efficiency.

4.3.3 Wakelength

In the vortex lattice free wake, the wake elements move\rbaked on the local velocity field
where the velocity field induced by the trailing and the shediges is evaluated by the Biot-
Savart equation at each time step. Therefore, the more tiderof wake elements, the more
computational time and memory are required. In order toame this problem, it is assumed
that the wake is truncated as in the previous sections. Hérdegrees of azimuth is applied for
the wake discretization.

According to table[[416), the truncation error of the getedl power and the thrust fob4
wake length is about 1%. Also, fif.{4145) proves that thermisignificant change for the blade
circulation distribution when the wake length is increaged 4D to 6D.

The converged solution foDtwake length means that the effect of the very far wake on the
blade load is negligible, as can be seen in igs.{4.46)add)4.

In agreement with the results for the forces, the effecthgdeof attack shows similar behav-
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Figure 4.45: Distribution of the circulation along the bdag——: 1D, ——: 2D, ——: 3D,
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Figure 4.46: Distribution of the tangential force with respto the rotor plane; : 1D,
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Figure 4.47: Distribution of the normal force with respextiie rotor plane——: 1D, ——:
2D, : 3D, ------ 14D, ------ : 9D, ------ : 6D
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Figure 4.48: Distribution of the angle of attack along thadd, 1D, : 2D, ——:
3D, ------ : 4D, ------ : 5D, ------ : 6D
Wake length [m]] NRMSE (I') | NRMSE (R) | NRMSE (F,) | NRMSE (AoA)
1D 0.075 0.147 0.043 0.127
2D 0.034 0.068 0.019 0.058
3D 0.017 0.035 0.010 0.030
4D 0.009 0.017 0.005 0.015
5D 0.003 0.006 0.002 0.006
6D — — — —

Table 4.17: Normalized root-mean squared error for thedfit wake lengths

ior. This can be seen in fi§.(4148).

By investigating the wake truncation length effect on thediel circulation, the angle of attack
and the forces, which is shown in table{4.17), it can be aaied that D wake length may be
considered a suitable wake length in the vortex lattice frake.

4.3.4 Modeding features

Studying the different features of the vortex lattice freakerleads us to do a simulation based on
25 blade spanwise sections with fine resolution near th& wojually spaced blade discretization
in the chordwise direction, 10 degrees of azimuth for theevalement segmentation an® 4
wake length. It is assumed that,ta¢qual to zero, the blade is at rest and, in the next time step
(t =1), the blade rotational velocity takes its final value.

The wake geometry of the vortex lattice free wake is represeim figs.[4.4P),[(4.50) and
#.51). The free moving of the Lagrangian markers is theaedsr the non-structured config-
uration of the vortex wake panels, especially far downstreBlowever, the longer wake length
makes the wake geometry stabler, as can be seen iffigs.eh8G1L5Y). Figl{4.36) shows that
the tip vortex remains stable aroun®R wake length for 40 wake revolutions whereas it remains
stable around .BD wake length for 10 wake revolutions (see fig.(4.54)). Therg@milar behav-
ior for the root vortex. Nevertheless, comparison of tip esat vortices in figs[{4.34) an@{4157)
shows that the root vortex moves downstream faster thaipthrertex which means that the axial
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Figure 4.49: Vortex lattice free wake. Wake geometry for biee normalized by the blade
radius

Figure 4.50: Vortex lattice free wake. Wake geometry for biaele in thex— z plane normalized
by the blade radius

68



CHAPTER 4. RESULTS

B—FP——r =
1]
1 Y S

Figure 4.51: Vortex lattice free wake. Wake geometry for biaele in they — z plane normalized
by the blade radius

induced velocity near the root is larger than near the tip.

Figure 4.52: Vortex lattice free wake. Tip and root vortié@sone blade normalized by the blade
radius, . Tip vortex, : Root vortex

Like the other approaches, the induced velocity field act etarder in the axial direction
(see figl[4.54)). One of the major differences between the Wake and the prescribed ones is
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Figure 4.53: Vortex lattice free wake. Tip and root vortiées one blade in they — z plane
normalized by the blade radiuss—: Tip vortex, : Root vortex,------ . Constant radius
line

the radial expansion of the wake, as can be seen infigd. (drsB3AL.54).

Since the axial velocity of the air is decreased by the rotaddy, the wake diameter must
increase|[39]. Comparison of the prescribed helix with flpeand root vortices in fig{4.54)
shows that the induced velocity field does indeed slow dowenntiovement of the Lagrangian
markers in the axial direction.
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Figure 4.54: Vortex lattice free wake. Tip and root vorticesnpared with the helix for one blade
in they — z plane normalized by the blade radius;---: Tip vortex,

Helix
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Figure 4.55: Vortex lattice free wake. Tip and root vorti¢ées one blade and 40 revolutions

normalized by the blade radiuss—: Tip vortex,

: Root vortex
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Figure 4.56: Vortex lattice free wake. Tip and root vortiéesone blade and 40 revolutions in
they — z plane normalized by the blade radius—: Tip vortex, . Root vortex,------ :
Constant radius line

Tip vortex

Root vortex

Figure 4.57: Vortex lattice free wake. Tip and root vorticesnpared with the helix for one blade
and 40 revolutions in thg — z plane normalized by the blade radius;---: Tip vortex,
Root vortex; . Helix
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Model Power [MW] | error [%] | Thrust [KN] | error [%]
Lifting line prescribed wake 1.819 2.427 379.228 17.559
Vortex lattice prescribed wake  2.002 7.390 359.793 21.784
Vortex lattice free wake 2.002 7.392 360.651 21.598
BEM 1.949 4.566 387.042 15.860
GENUVP 2.002 7.390 365.360 20.574

NREL ([43]) 1.864 — 460.000 —

Table 4.18: Power, Thrust and their normalized error fordifferent methods

4.4 Comparison of the different approaches

Based on the conclusions made in the previous sectionshitbe different approaches are com-
pared with the BEM method and GENUVP. For all methods, thdéldiscretization is the same
and there are 25 spanwise sections with fine tip resolutidn8aequally spaced chordwise sec-
tions. 10 degrees in the azimuthal direction is applied lierwake segmentation and the wake
length is truncated after 4 rotor diameters. For the voréice free wake, the explicit method is
used as the numerical scheme and it is assumed that the ¥itategnt core radius is constant.
Recall that the machine that is used for the simulationsaW reference wind turbine [43]
and the operation conditions avg, = 8.0 [m/s] andQ = 1.0032[rad/s| as the uniform and the
steady free stream and the constant rotational velocgpeaetively.

Table [4.1I8) shows a comparison between the five differethioas. Since the vortex method
is a potential flow (no viscous drag), it predicts more powantthe BEM method. In the lifting
line prescribed wake method, th® Zairfoil data are used. Hence the viscous drag effect is
accounted for, which results in less power and more thrustpaosed with the pure potential
methods, i.e. the vortex lattice prescribed wake (VLPWg, tbrtex lattice free wake (VLFW)
and the GENUVP.
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Figure 4.58: Distribution of the circulation along the bdge——: LLPW, ——: VLPW, ——:
VLFW, ------ : BEM, ------ : GENUVP

The circulation distribution along the blade is shown in(g8) where the maximum cir-
culation is located near the tip. There is also good agreetetween the VLPW, VLFW and
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the GENUVP methods. Compared with the vortex method, the Ba#hod predicts higher
circulation values, especially near the root.

62 d4 dG OB 1 62 d4 dG OB 1
a) r/R[-] b) r/R([-]

. LLPW, —— VLPW,

Figure 4.59: Distribution of the angle of attack along thadd,
:VLFW, ------ : BEM, ------ : GENUVR ------ : Geometric

The effective angle of attack can be seen in[fig.(4.59 a). ©ha blade in the lifting line
prescribed wake (LLPW) method and the BEM method sees aanaalgle of attack compared
with the other methods, which means that these methodsgpeeslightly larger induced velocity
field over the blade. In the VLPW, VLFW and the GENUVP, the efifiee angle of attack is
calculated based on the load distribution (sed_eql(3.8®hce, the blade airfoil characteristics,
based on the 2 airfoil data C. andCp), are not detected by the solution and, contrary to the
BEM and the LLPW methods, a smooth distribution of the andlatiack along the rotor blade
can be observed. Figurie{4159 b) shows the geometric andféotivee angle of attack along the
blade. As can be seen, in all cases, because of the inducmitydield around the rotor blade,
the effective angle of attack is less than the geometric aiech makes a significant power
reduction for a wind turbine.
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Figure 4.60: Distribution of the tangential force along biade, . LLPW, ——: VLPW,
: VLFW, ------ : BEM, ------ : GENUVP

Figure [4.8D) shows the tangential force with respect tathar blade. Except for the BEM
method , near the blade tip, the tangential force for all tl¢hmds is larger than near the blade
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root, which means that the tip region of the blade produce®mower compared with the other
parts of the blade, especially the root region.
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Figure 4.61: Distribution of the normal force along the l@daed——: LLPW, ——: VLPW,
- VLFW, ------ : BEM, ------ : GENUVP

The normal force along the blade is shown in fig.(#.61) whieragreement with the conclu-
sion drawn based on table{4118), the pure potential methedshe VLPW, the VLFW and the
GENUVP, predict lower thrust force with respect to the rqitame.

441 Conclusions

Comparisons were made of the three applications of thewanethod to calculate the aerody-
namic loads on the rotor blade. It was shown that there arevéauof factors that affect the
solution, such as the blade discretization, the wake digete®n and the wake truncation length.
These parameters must be studied carefully during the laladlation of a wind turbine.

The root of the induced velocity field over the blade comesmiftbe blade circulation distri-
bution, where the calculation method has a large impactesdtution. Therefore, modeling the
blade consisting of a number of panels and applying the zermal flow boundary condition
gives a more accurate circulation distribution in the vottgtice method than the lifting line
prescribed wake. The number of blade sections, both in theveige and the chordwise direc-
tions also have a great influence on the circulation distiobu As was discussed, the blade tip
and root, especially the tip region, must be refined to restite large circulation gradients. The
chordwise discretization must be rather fine to take int@antthe blade surface curvature.

The wake discretization and truncation length need atierdgince they are the most time
consuming parts of the simulation. The results showed thathe steady and the uniform flow,
10 degrees of azimuthal wake segmentation addnvike length fulfill both the requirements
of computational time efficiency and model accuracy. Foruhsteady condition, where the
upstream condition may be a function of either time or space¢th), it is necessary to pay
attention to the wake discretization.

In some wind turbine operating conditions, the rotor blaggserience a stall condition where,
in order to accurately predict separated and stalled flowgathe blade, coupling theRairfoll
data with an engineering approach called dynamic stall inisdeevitable, especially for the
vortex lattice method.
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Chapter 5

Future outlook

The present project is currently cooperating with the pripjeono turbine properties and thrust
vector at yaw misalignment, where the aim is to study powereggion and thrust vector at
significant yaw misalignment.

Furthermore, it will also cooperate with the project Fatidioads in Forest Regions (TG2-
2) through the Swedish Wind Power Technology Centre (SWPTEBg outcome of the TG2-2
project, turbulent fluctuation in atmospheric boundaryelayboth with and without forest, will
be used when describing the incoming wind to the rotor blad#ése present project.

There are many open issues that may enhance the vortex nfetivaidd turbine application.
Some are described briefly below:

o Modification of the Biot-Savart law such as vortex filamentcthickness, vortex curvature
effect, vortex stretching, vortex merging and vortex giason.

¢ Applying different parameters such as wind speed, yaw ¢mmdiwind turbulence, atmo-
spheric boundary layer, separated flow and the blade etieftocmation.

e Blade-wake interaction for yaw angle variations and impel$oads for pitch-regulated
wind turbine.

e Self-induced motion of a vortex filament.
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Appendix A
1/4-3/4rule

A.l History

In the lifting surface theory, a point vortex is located ajahe blade at each spanwise section
at 1/4 chord downstream of the leading edge. The control pointashesection at which the
bound vortex circulation is evaluated is placed at tlié 8hord behind the leading edge. This
rule, which is called the M — 3/4 rule, is a fundamental rule in the vortex lattice methodereh

it was introduced by E.Pistolesi in 1937 [44]. In realityistnot a theoretical law, and he found
it from the solution of a single panel vortex lattice for a 2[hg, where he realized that, with
the bound vortex at the/# chord line and the control point af8 chord (where the zero normal
flow boundary condition is evaluated), the sectional lit amoment for a constant angle of attack
gives exactly the same result as the thin wing theory. W. &tpdrl (1941) and J. Weissinger
(1942) were the first who applied this rule [44]. The rule waserded by P.A. Byrd (1951),
where he divided a wing section into a number of panels in boedwise direction and applied
the 1/4— 3/4 rule for each panel [44].

A.2 Proof

Here, a 2D flat plate is used to prove th&t- 3/4 rule where the bound vortex and the control
point are located at arbitrary points a and b, respectivade fig[[A.1)). The induced velocity at

Point Control
vortexg point
[

N1/
I

P

/y \

a

L

Figure A.1: Schematic of 4 —3/4 rule
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an arbitrary point a distance offrom a point vortex gives

r

V=—
21T

(A.1)

According to figfA.2), the normal component of the free aitnecan be written as

Voo n = Voo nSIN (0( +tan? (_j_)z()) (A.2)

where for a small angle assumption

. dz
Voo = Voo —_— A.
n .nSIN (cx dx) (A.3)

To satisfy the zero normal flow boundary condition, the viéyo@®/) induced by the vortices must
be canceled by the normal component of the free strédm)( Therefore, a combination of

eqs (A1) and{AR) gives

\Y dz

where, by ignoring the cambeg; = 0), we get

q— I
2TV

(A.5)
The Kutta-Jukowski theory is written as

and the potential lift, where the lift coefficien®) is expressed based on the thin airfoil theory

y4 Camber line
z=2z(X)

Figure A.2: Schematic for free stream and vorticity disitibn

(CL = 2rm), can be written as
1
L = Epvofczno( (A7)
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Now, by combining egs.Al%,Al6 afdA.7 we get
PVl = %pv(chm

r

which means that

r= (A.9)

c
2
Equatior’/A® denotes the location of a control point withpees to the vortex point based on the
thin airfoil theory assumption, but it does not give any mfi@ation about the vortex point location.
By assuming the point vortex position at the aerodynamitarenf a thin flat plate airfoil located
at the J/4 chord point and using ef.{A.9), we get 5, which proves the 24 —3/4 rule. Using
the parabolic camber model determines the vortex pointimtawhich is in agreement with the
1/4—3/4 rule [45].
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