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ABSTRACT

HORIZONTAL AXIS WIND TURBINE ROTOR BLADE:
WINGLET AND TWIST AERODYNAMIC DESIGN AND OPTIMIZATION
USING CFD

Elfarra, Monier Ali
Ph.D., Aerospace Engineering Department
Supervisor: Prof. Dr. ibrahim Sinan Akmandor

Co-Supervisor: Asst. Prof. Dr. Nilay Sezer Uzol

January 2010, 176 Pages

The main purpose of this study is to aerodynamically design and optimize winglet,
twist angle distribution and pitch angle for a wind turbine blade using CFD to
produce more power. The RANS solver of Numeca Fine/Turbo was validated by two
test cases, the NREL Il and NREL VI blades. The results have shown a
considerable agreement with measurements for both cases. Two different
preconditioners have been implemented for the low Mach number flow. The results
have shown the superiority of Merkle preconditioner over Hakimi one and Merkle
was selected for further simulations. In addition to that, different turbulence models
have been compared and the k —¢ Launder — Sharma has shown the best
agreement with measurements. k — ¢ Launder — Sharma was chosen for further
simulations and for the design process. Before starting the design and optimization,
different winglet configurations were studied. The winglets pointing towards the
suction side of the blade have yielded higher power output. Genetic algorithm and
artificial neural network were implemented in the design and optimization process.
The optimized winglet has shown an increase in power of about 9.5 % where the
optimized twist has yielded to an increase of 4%. Then the stall regulated blade has
been converted into pitch regulated blade to yield more power output. The final

design was produced by a combination of the optimized winglet, optimized twist and



best pitch angle for every wind speed. The final design has shown an increase in

power output of about 38%.

Keywords: CFD, Optimization, Winglet, Twist, Pitch
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YATAY EKSENLi RUZGAR TURBINi ROTOR KANADI:
SAYISAL AKISKANLAR DINAMIGi (SAD) iLE KANATGIK VE BUKUM
AERODINAMIK TASARIM VE ENiYiLEMESI

Elfarra, Monier Ali
Doktora, Havacilik ve Uzay Muhendisligi Bolima
Tez Yéneticisi: Prof. Dr. ibrahim Sinan Akmandor
Ortak Tez Yoneticisi: Yrd. Dog. Dr. Nilay Sezer Uzol

Ocak 2010, 176 Sayfa

Bu ¢alismanin ana hedefi, daha fazla gli¢ Gretmek amaciyla, hesaplamali akigkanlar
dinamigi (SAD) yontemleri kullanarak kanatgik, burkulma agisi dagilimi ve hicum
acisi degerlerini eniyilemektir. Numeca Fine/Turbo yaziliminin RANS ¢oziclsu,
NREL Il ve NREL VI test kanatlari kullanilarak dogrulanmistir. Sonuglar, iki érnek
icin de, olgimler ile ylksek derecede uyumluluk goéstermistir. Distk Mach sayili
akis icin iki farkli 6n-sartlandirici  uygulanmistir.  Sonuglar, Merkle 06n-
sartlandiricisinin Hakimi'ye goére Ustiin oldugunu goéstermistir ve bu sebeple, daha
sonraki benzesimler icin Merkle 6n-sartlandiricisi secilmistir. Buna ek olarak, farkl
turbllans modelleri karsilastiriimis ve k — € Launder — Sharma o6lgtmler ile en tutarli
sonugclari saglamistir. Bu sebeple, daha sonraki similasyonlar ve tasarim suregleri
icin k—¢lLaunder — Sharma segilmistir. Tasarim ve eniyileme sureglerine
gecilmeden d6nce farkli kanatgik yapilar tGzerinde ¢alismalar yapilmigtir. Sonuglar,
kanadin emme tarafina dogru yoénlendiriimis kanatgiklarin daha yiksek bir glg¢
cikisina sebep oldugunu géstermektedir. Tasarim ve eniyileme stireglerinde genetik
algoritmalar ve yapay sinir agi yontemleri kullaniimistir. Eniyilenmis kanatgiklar gic
cikisinda %9.5'lik bir artis gdsterirken, eniyilenmis burkulma %4'luk bir artis
gOstermistir. Ayrica, daha fazla gig cikisi elde etmek amaciyla, stall kontrolli olan

kanatlar hicum kontrolli kanada c¢evrilmistir. Bu c¢alismalardan elde edilen

Vi



eniyilenmis kanatgik tasarimi, eniyilenmis burkulma ve eniyilenmis hicum agisi
degerlerinin bir bilesimi kullanilarak nihai tasarima ulasiimistir. Bu tasarim, gig¢

cikisinda yaklasik %38'lik bir artis gostermektedir

Anahtar Kelimeler: SAD, Eniyilemesi, Kanatcik, Biklime, Hatve
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CHAPTER 1

INTRODUCTION

Energy is everything. Energy exists in many different forms such as heat, kinetic,
electrical, chemical ... etc. Energy is not produced from nothing neither vanished but
it changes from form to another. A form of energy may not be useful and needed to
be transferred into a different useful one. To convert the energy from one form to
another, a tool is needed. Any moving object has a kinetic energy which causes the
motion of the object. Since the wind moves, so it has a kinetic energy which is very
important for natural applications such as trees Vaccination and rains. However,
considering industrial applications, the kinetic energy of the wind will be more useful
if it can be converted into electrical energy. This is done by using wind turbines. The
main purpose of the wind turbines is to convert the kinetic energy of the wind into

mechanical energy by the blades and then into electrical energy by the generator.

1.1 Historical Review of Wind Energy

The wind energy was firstly used to produce mechanical energy and the system
used to change the kinetic energy of the wind into mechanical energy was called

windmill.

No one knows for sure when and where the first time the wind energy was used.
Different speculations have been stated. Some say that they have discovered the
remains of stone windmills in Egypt with an estimated age of 3000 years [1]. Others
claim that the first windmill was constructed in Afghanistan in the year 644 A.D.[2]. A
later description dates back to the year 945 and depicts a windmill with a vertical
axis of rotation. It was used for milling grain and some of them have survived in

Afghanistan up to the present time as shown in Figure (1.1).



Figure 1.1: Ancient vertical axis windmill in Afghanistan [3]

The Chinese also were using wind wheels for draining rice fields. But it is not known
whether the Chinese windwheels exist before the ones in Afghanistan. The Chinese
windwheels were of simple structures made of bamboo sticks and fabric sails and

they also had a vertical axis of rotation, Figure (1.2).
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Figure 1.2: Ancient Chinese windwheel [3]



The windmills with horizontal axis of rotation, which are the traditional windmills,
were probably invented in Europe. The first reliable information dates back to the
year 1180 in the Duchy of Normandy. After that windmills quickly spread all over
North and Eastern Europe as far as Finland and Russia [4]. Some of these
windmills, called post windmills, were found in Germany in the 13" century, Figure
(1.3).

Figure 1.3: Horizontal axis post windmill in Germany [3]

For more historical information on wind energy, the reader may refer to Ref.
[5,6,7,8,9,10,11]. Ref. [12] presents the history of wind turbines from ancient
Persians to the mid-1950s. In addition, Ref. [13] presents a history of wind electric
generation and the US research work in the period between 1970 to 1985 on
different types of wind turbines. More recent comprehensive reviews of wind
turbines are found in Ref. [14,15].

The historical development of windmills are documented in many publications such
as in Ref. [16,17,18,19,20,21,22,23,24].

1.2 Modern Wind Turbines

The term wind turbine is the updated version of the term windmill. Wind turbine
refers to the system which converts the wind energy into electrical energy. Wind
turbines can be classified in two ways; first according to their aerodynamic function

and secondly according to their constructional design.
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The rotor aerodynamic function characterization means that whether the turbine
captures the wind energy from the aerodynamic drag of the airstream acting on the
rotor surface or it extracts the energy from the aerodynamic lift produced by the flow
due to aerodynamically shaped blades. This classification became of less significant

as almost all modern wind turbines utilize the aerodynamic lift.

The constructional design classification of wind turbines is more common. The
classification is according to the position of the axis of rotation of the turbine rotor.
Thus two types are produced; vertical axis wind turbines (VAWT) and horizontal axis
wind turbines (HAWT).

1.2.1 Vertical Axis Wind Turbines

The oldest design of the VAWT could only be built as pure drag type rotors called
Savonius rotor. The first VAWT that utilizes the aerodynamic lift was built by a
French engineer called Darrieus in 1925 and it was considered as a promising
concept for wind turbines. Another VAWT is the so called H-rotor. The

configurations of these three VAWT types are shown in Figure (1.4):

Savanius-Rotar Darrieus-Rotar H-Rotor
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Figure 1.4: Different configurations of VAWT [reproduced from 3]
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The main advantages of the VAWT:

e The possibility of housing the mechanical and electrical components at
ground level. So easier maintenance and components replacement.

¢ No yaw system is needed



However, many disadvantages make the vertical axis wind turbines are not able to

compete with the horizontal axis ones.

The disadvantages of the Savonius-Rotors are that they have a very low tip speed

ratio and low power coefficients. So they are not used for electricity generation.

The Darrieus-rotor types also have low tip speed ratio so they don't have a self
start ability. Also the blades are hard to manufacture and there is no power output

control because they don’t have pitch system.

The H-rotor with variable rotor geometry was tested to permit for a certain degree
of power and speed control [25]. However, the production costs of these systems is

very high.

1.2.2 Horizontal Axis Wind Turbines

The horizontal axis wind turbines are the most widely used wind turbines for
generating electricity. The superiority of these turbines is based on the following

advantages:

¢ Rotor speed and power output are controlled by bade pitch control.
e More durable in overspeed and extreme wind speed due to pitching.

¢ Blades can be aerodynamically optimized to achieve the highest efficiency

Figure (1.5) shows the schematic arrangement of a horizontal axis wind turbine.
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Figure 1.5: Components of a horizontal axis wind turbine [3]

The present study focuses on the horizontal axis wind turbines for the simulations.

1.3 Power Regulation Methods

The power captured by the turbine from the wind increases as the wind speed
increases. At high wind speeds, the power output of the rotor may exceed the limits
set by the design strength of the rotor structure. In addition to that, the power output
of the rotor is limited by the maximum allowable power of the generator and if it
exceeds this limit, it may result in serious problems in the generator. To avoid the
continuous increase of power at high wind speeds, a power regulating system is
needed. The idea is to reduce the aerodynamic forces by either influencing the
aerodynamic angle of attack, reducing the projected swept area of the rotor (by

yawing) or by changing the effective free-stream velocity at the rotor blades. Since



the wind speed can’t be controlled, so the only way to control the effective free

stream velocity is to control the rotor speed.

In the present study, influencing the angle of attack is considered for power
regulation.

The most effective way of influencing the aerodynamic angle of attack is by
controlling the blade pitch angle so that the angle of attack becomes smaller; hence
less power is extracted from the wind. Also it is possible to change the pitch angle of
the blade to a larger angle of attack up to the critical aerodynamic angle of attack, at
which the air flow separates at the surface of the rotor blades, thus limiting further
increase in the extracted power. These methods are called pitch regulating
methods.
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Figure 1.6: Pitch regulation towards feather or stall [3]

Another method of regulating the power is the stall regulation. Figure (1.6) shows
that even without blade pitching, at high wind speeds stall occurs. So the stall
regulation is based on the aerodynamic design of rotors. The blade twist is designed
such that the blade stalls at certain wind speed so that the power input is limited.

However, and as will be discussed later in this study, it is hard to design a stall



regulated blade which maintains the same power level after certain high wind speed.
A comparison in terms of power curve and axial thrust between pitch regulated and

stall regulated blades is shown in Figure (1.7).
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Figure 1.7: Power curve and axial thrust comparison between pitch and stall
regulated rotors [26]

From Figure (1.7) it is clear that the pitch regulated blades produces more stable

power for less axial thrust at high wind speeds.

In this study both stall and pitch regulated blades will be addressed and simulated.

1.4 Aerodynamics of HAWT

The aerodynamic design of wind turbine rotor blade requires finding the relationship
between the actual shape of the rotor (e.g. the number of blades, twist distribution,

airfoil selection,..etc) and its aerodynamic properties.

Different methods have been used in the aerodynamics design and simulation of the

HAWT. Some of these methods and their advantages are listed below.

1.4.1 Blade Element Momentum Theory

Most of the rotors of the current HAWT are designed using a combination of 2-D
airfoil analysis and design tools [27, 28 and 29], and combined blade element and
momentum (BEM) theory [30, 31 and 32]. Many comprehensive computer codes

using this methodology, such as Ref. [33], have been developed. In some of these
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analyses, unsteady flow effects are captured using unsteady potential flow theory
and dynamic stall models [34]. Many of these BEM codes have been documented in
Ref. [35], which is maintained by the National Renewable Energy Laboratory
(NREL).

The BEM methods are computationally efficient and highly useful. They are the most
widely used methods for design and analysis of HAWT. In Ref. [36], BEM combined
with genetic algorithm was used in optimization of HAWT blade. However, these
methods are incapable of accurately modeling three dimensional effects such as
three-dimensional cross flows, tower shadow effects, tip relief effects, and sweep
effects. These three-dimensional effects can alter the airloads, affect the fatigue life,

and significantly influence the total cost of ownership of HAWT systems.

Many attempts have been done by researchers to increase the accuracy of the BEM
methods in the stall and post stall regime. For example Ref. [37, 38 and 39] used
advanced 2-D CFD methods combined with experiments to produce the necessary
airfoil tables for the BEM methods. The 2-D stall characteristics are empirically
modified so that the blade sections stall at a higher angle of attack to mimic 3-D
stall. The complexity of 3-D effects makes this “stall delay” model inaccurate. A stall
delay model might predict an accurate result at one span-wise station, but
completely fail to predict the stall at another station. More sophisticated stall delay

models are needed to reduce the time needed for computation.

1.4.2 Lifting Surface, Prescribed-Wake Code

This method is an attempt to model the 3-D aerodynamic characteristics of the rotor
in a better way. The Lifting Surface Prescribed Wake code (LSWT) was developed
for NREL [40].

From its name, this method combines a lifting surface representation of the rotor
with a model of the rotor wake. The wake model allows the trailing edge vorticies
shed by the blade close to the blade tip to roll up. The LSWT method shows an
improvement over the 2-D methods. Moreover, if the wake obstacle interactions are
known, this method can be used for more complex flows including tower shadow
effects and non-axial flow effects. However, this method is based on invicid theory
that can’t handle the flow at stall and post stall regimes. To overcome this problem,
known stall normal force coefficient Cy and tangential force coefficient Ct values are

used to calibrate the strength of singularity on each panel. From those coefficients,
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the lift and drag coefficients (C. and Cp) as well as the angle of attack can be

obtained and the tip vortex and root vortex strength can be estimated.

In fact the LSWT is used as a calibration tool for BEM codes before stall. Where

after the stall it is used to convert the Cy and Cy into C,, Cp and angle of attack.

An advanced version of the LSWT is used in CAMARD Il, an aeromechanical
analysis of helicopters and rotorcrafts. This version solves the potential flow. It uses
a vortex lattice representation of the rotor coupled to a free wake model made of

trailing and shed vorticies.

The free wake models are suitable candidates for advanced modeling. They give a
more accurate and detailed description of the aerodynamic wake than BEM
methods. They can be used for applications where other BEM methods can’t be
used [41]. The advantage of the method lies in its ability to calculate general flow
cases such as yawed wake structures and dynamic inflow. However, they are more
computationally expensive than BEM and prescribed wake but still more

computationally efficient than CFD.

1.4.3 Computational Fluid Dynamics; Navier-Stokes Solvers

In CFD, the Navier-Stokes solver solves the governing equations of the flow directly.
So it has the potential to predict the correct flow fields without a prior knowledge of
the airfoil load characteristics. The main advantage of this method is its robustness.
It can be used at all wind speeds and it can predict the 3-D flow characteristics
accurately unlike other methods. However, the drawback of CFD is its computational
time cost. Compared to other BEM methods, CFD requires much more
computational power making it less suitable for design when a large number of
design variables must be parametrically changed. However, with the computational
power progress of the computers, it is possible to use CFD in the design making use

of parallel computations on large clusters.

Full Navier-Stokes simulations of HAWT have been completed by some
researchers. Using the experimental data of NREL Phase Il, the accuracy of BEM,
vortex lattice and Reynolds Average Navier-Stokes (RANS) were compared in Ref.
[39]. The performance of the same rotor was predicted in Ref. [42] and the results

show a reasonable agreement with the experiment. The RANS simulations provided
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greater details of flow around the blade than were available from the simpler

approaches.

RANS solver was also used for prediction of aerodynamic loads on NREL Phase I
and lll in Ref. [43]. Unsteady flow simulation around NREL Phase VI rotor blade was
completed and the CFD results showed an agreement with experimental results in
Ref. [44]. Computational studies on HAWT using RANS with different turbulence

models were conducted in Ref. [45, 46].

As a conclusion, the RANS approach shows its superiority over simpler methods
such as BEM.

In this study, the CFD approach is used for the simulations and design.

1.5 Literature Review

The present study focuses on the effect of Winglets, twist distribution and pitch on
HAWT using CFD.

1.5.1 Winglets for HAWT

The interest in the study of blade tip geometric modifications has been increased in
the last few years. Many studies have been conducted in this field such as the ones
by Ref. [47, 48]. Such modification is intended to improve the aerodynamic
performance of turbine rotors and to make them less sensitive to wind gusts [49].
Tilting the blade tip is considered similar to the effect of winglets which decreases
the induced drag of the blade by changing the downwash distribution, hence
increasing the power production [50]. The idea is to add a winglet which is able to
carry aerodynamic loads so that the vortex caused by the winglet spreads out the
effect of the tip vortex which results in decreasing the downwash and reducing the
induced drag [51].

1.5.2 Twist and Pitch for HAWT

Blade pitch and twist have been widely studied in literature. Ref. [52] showed that

twisting the blades may achieve the same performances as in the case of changing
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the chord. An optimization model was developed to optimize the airfoil, chord and

twist in Ref. [53], and the results showed high improvement in the output power.

Due to the vital role of pitch and twist in increasing the power production, they have
been included in many wind turbine experiments and reports as in Ref. [54, 55, 56,
57, 58, 59].

1.5.3 Design and Optimization

There are several optimization techniques that are used in literature. These

techniques are usually classified as local, global or other methods.

Local methods rely on the derivatives which only search for only one part of the
design space and stop after finding a local optimum. Local methods include Adjoint,

Alternating Directional Implicit (ADI) and single or multi-grid preconditioners [60].

Global methods are stochastic methods that don'’t stuck in local optimum. They take
into account the entire design space and are not based on derivatives. They only

require the objective function values.

Other methods are one-shot or inverse methods [61] that are not discussed in this

thesis.

Examples of global methods are the random walk methods, simulated annealing
(SA) and Genetic algorithms (GA).

Random walk method is a modification of the random search method which is the
simplest approach to minimize a function. Large number of candidates are selected
randomly and the objective functions of these candidates are evaluated and the
minima or the maxima of these functions is called the optimum [62]. The random
walk method includes a search direction [63]. So if the sample is found to better than
the original point, the algorithm goes to this sample. Otherwise another direction is
tried and so on. The drawback of this method is that the number of function

evaluations might be too high which makes the algorithm inefficient.

Simulated annealing is based on the simulation of the annealing of solid bodies [64].

The state of the system varies randomly at a given temperature. The sample is

accepted if its state results in a lower energy level. However, if its state results in

higher energy level, it is only accepted with an acceptance probability defined as the

Boltzmann Distribution of the temperature. The simulated annealing method had
12



many implementations and studies in literature. It was applied to airfoil aerodynamic
shape design in Ref. [65]. In Ref. [66] a new multi-objective simulated annealing

algorithm was proposed.

Genetic Algorithms (GA) are search algorithms that mimic the natural behavior in
terms of biological evolution in order to reach the best possible solution of a given
problem [67]. An initial population of potential solutions is generated and the
principle of survival of the fittest is applied. Based on their performances (level of
fithess) pairs of individuals are selected from this population. Weak individuals tend
to die before reproducing while stronger ones live longer. In other words, this
process leads to the evolution of populations of individuals that are better suited to

their environment than the original populations.

GAs are widely used in mechanical and aerodynamics applications. Ref. [68, 69]
used GA in the design of turbines. Ref. [36] used GA together with the BEM theory
in the design of wind turbine blade. Aerodynamic optimization using CFD is found in
Ref. [70, 71, 72, 73 and 74]. Ref. [75] used the GA in multi-objective aerodynamic
shape design optimization. Finally, multidisciplinary optimization of wings was

investigated in Ref. [76].

In this work, the Genetic Algorithm is used as the optimization technique.

1.6 Scope of the Study

The main purpose of this study is to aerodynamically design and optimize winglet,
twist angle distribution and pitch angle for a wind turbine blade using CFD to

produce more power. But before that, the following issues were considered:

e Study the preconditioning effects on wind turbine CFD simulations. Since
the Mach number is very low, preconditioners are needed.

e Study different low Reynolds number turbulence models on two test cases
and see which one gives closer results to experiments.

o Study the effect of winglets, twist and pitch on the power performance of
HAWT. The NREL Phase VI is baseline blade for this study.
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1.7 Thesis Outline

The thesis consists of 6 chapters.

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 7:

Introduction about Wind turbines, history, regulation methods,

aerodynamics and literature review.

States the governing equations and numerical methods used for the
simulation. It also states different turbulence models and
preconditioners used in the RANS solver. Information about the

boundary conditions is also mentioned

Two test cases are investigated and analyzed. The NREL Phase Il
and NREL Phase VI. The results are compared with the experimental
results for different turbulence models. This chapter is important to
validate the solver used and also to choose the most suitable

turbulence model for further simulations.

Different winglet, twist and pitch configurations were studied on the
NREL Phase VI and their effects on the power output of the turbine

was investigated.

The best winglet configuration was optimized for better power
performance. Also the spanwise twist distribution of the blade was
optimized. The stall regulated blade was converted into pitch
regulated and the difference in power curves was studied. Finally a
combination of winglet and twist was added to the optimum pitch

regulated blade and the final design was deeply investigated.

Concluding remarks are stated and recommendations for future work

are addressed.
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CHAPTER 2

GOVERNING EQUATIONS AND NUMERICAL METHODS

The governing equations of fluid motion are represented by the conservation of
mass, momentum and energy. With the viscosity effect taken into consideration,
these equations are known as Navier-Stokes equations. It is accepted that the
Navier-Stokes equations describe all the properties of the continuous flow system
[77].

In principle, the Navier-Stokes equations describe both laminar and turbulent flows.
In engineering applications (e.g., pumps, compressors, pipe lines and wind turbines)

turbulent flows are prevalent and have to be simulated [78].

Turbulence is a nonlinear process with a wide range of spatial and temporal scales.
The direct simulation of the turbulent flows, called direct numerical simulation (DNS)
[78], in most engineering applications is not possible. Even for the very restricted
cases, the DNS is difficult and costs too much CPU time. In the context of scale
modeling, the most direct approach is offered by partitioning of the flow field into a
mean and fluctuating part. This process produces the Reynolds Average Navier-
Stokes (RANS) equations. The RANS equations can’t be solved without information
about the various correlation terms that make up the stress tensor. The same is true
for the energy equation (closure problem). So turbulence models are necessary to

address the closure problem of turbulence modeling [79].

The Mach number being very small (less than 0.07) in wind turbines applications,
the CFD simulation of such flow may have convergence difficulties. To overcome

this problem, preconditioning is used.

In this chapter, the numerical methods used throughout the thesis are addressed.
First the Navier-Stokes equations are presented followed by RANS equations. Then

different turbulence models are discussed. In addition to that, the different
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preconditioning methods are stated and finally the boundary conditions used in this

study are explained.

2.1 Navier-Stokes Equations

The general three-dimensional Navier-Stokes equations in an integral, conservative,

vector form can be written over a space volume VV bounded by a surface S as:

%fv de+£ (F-n) dS—ng (F, - n) dsszsTdV (2.1)

where Q is the vector of conservative variables given by:

p
pUuy
Q = < PU, (22)
pus |
LPQOJ
with p, u; and e, are density, Cartesian velocity component, and total energy

respectively.

F is the invicid flux and F, is the viscous flux defined as:

( PY ) 0
pu U + pby;j Ty
Pj’, = puzuj + p62] , Fv] = TZj (23)
lpu3uj + p63jJ T3
phou; UiTij — 4

The index i,j = 1,2,3 refers to the component in each coordinate. p and h, are

pressure and total enthalpy respectively.

st contains the source terms and it is defined as:
p
Pfe1
St = Ipfezl (24)
LpfesJ
Wy

with fe1, f.2 and f.; being the components of external force. Wy is the work

performed by those external forces.
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Wr=pfe-u (2.5)

The total enthalpy h, is related to the total energy e, by:

p
ho = ey + — 26
0= Gt 7 (2.6)
where the total energy e, is given by:
1
eg= e+ o Uit (2.7)
thus,
1 4
ho=h+ o Uitk and h= e+ , (2.8)

here, e is the internal energy and h is the enthalpy.

The heat flux term q; in the energy equation of Eq. (2.3) is given from the thermal

conduction of Fourier law as:

aT

= —K
9 =Ko (2.9)
where, K is the coefficient of thermal conductivity and T is the temperature.
For Newtonian fluid, the viscous stress tensor, 7;;, in Eq.(2.3) is defined by:

auk

axk Y

where, u is the dynamic viscosity, 4 is the second coefficient of viscosity, §;; is the

Kronecker delta and S;; is the strain-rate tensor.

u and A are related through:

2
K = §’u-|-ﬂ (211)

From the Stokes’ hypothesis, for incompressible and/or low Mach number flows,
k = 0. Thus Eq.(2.11) becomes:

A= —Zu (2.12)

The strain-rate tensor, S;;, is given by:
17



5y = 2 (24 2 2.13
b 2 ax] axi ( ' )

Substituting from Eq.(2.12) and Eq.(2.13) into Eq.(2.10), the viscous stress tensor

can be written as:

B ou; N ou;\ 2 (c’)uk) 5 214
ty=# 0x;  dx; 3\ax,/ Y (214)
To close the Navier-Stokes equations, it is necessary to find relations between the

different thermodynamic variables (p,p, T, e, h). Assuming perfect gas and using the

perfect gas relations:

C R YR
£ Cy=——, Cp=— (2.15)
Cy

e=CT, h= GC,T, Y= y—1

then the pressure is obtained from the equation of state of perfect gas as:

1
p=(r—Dpe= (- Dp(e— 5uu) (2.16)

2.2 Reynolds Averaged Navier-Stokes (RANS) Equations

The RANS equations are derived by decomposing the flow variables into mean and

fluctuating parts as:

b=+ ¢ (2.17)

Then the viscous conservation laws are averaged over a time interval T:

T—

t+T
¢ = lim %J; d(x,t)dt (2.18)

This time interval should be large enough with respect to the time scales of the
turbulent fluctuations, but small enough with respect to all other time-dependent

effects.

Making use of the following relations and correlation:

=6, =0, GP=¢P+ QY (2.19)



Eq.(2.1) becomes:

0
af de+§ (F:n) dS—.(f (F, - n) d5=f srdV
14 s s 14
where,
p ( Py +pu) )
ﬁal ‘[T'L_Lll_lj + ﬁ@lj + u_lp'u]’ + p’ui ﬁ]
I ﬁa3 I e TIET = = Alqy! Ia,0 53
Ui+ poz; +uz p'u; + p'ul u;
kf)éo+(p’e’+k)) P__si P_3],_’3P%P 3_1
\ D hotlj + & p'u; + (p'e’ + k) u; )
and,
0
Ty~ 11
- T
F,j= T2j = T2j
T3j — T3

Lﬁifij —q;t QJ-T}

(2.20)

(2.21)

(2.22)

where the kinetic energy of turbulent fluctuations k, and the Reynolds stress tensor

7}; are given by:

1——
k= 5 P

T _ T
Tij = puluj

(2.23)

(2.24)

QjT consists of the turbulent heat flux tensor qJT and other turbulent terms evolving

from density-velocity correlations and triple velocity correlations of the turbulent

fluctuations. Those terms are defined as:

]

wTl

T T
fi ——ulTl'j+ulTU

q; = phy,
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k]-T = Epu{u{uj' (2.28)
B = Tpu, (2.29)

To solve the equations above, we need to model all the turbulent terms in the
equations. Such a task is very difficult. Instead, the compressible density weighted

averaged (Favre-averaged) RANS equations are very common to use in literature:

The density weighted average is defined through:

5= (2.30)
p
with the decomposition:
p=¢+ ¢ (2.31)
and the relations:
¢=¢ and pg =0 (2.32)
The Favre-averaged RANS equations are now obtained as:
0
—f de+j€ (F-n)dS—f (Fu-n)ds=f spdV (2.33)
ot 14 N N %4
_ p i
P e~
( p iy \ p il + Py
Q=1{ pi, Fy = { Pl + P&yj (2.34)
P pilail; + P
pé+ k P hotly + k1
0
T = T
Fy={ T2~ 7 (2.35)
o Z ot o
; ;;— 4+ 0
with,
1——
k = Epulul (236)
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= pwuy (2.37)

= () aai+aﬁj 2<aﬁk)5 238
Tij =W T U dx; | ox; 3\0x, ij (2.38)
oT
q; =—(K+ Kt)a—xj (2.39)
QJ-T = W]-T - q]T - k]-T (2.40)
W]-T = —ﬁi‘riTj + ulru (2.41)
q] = ph'y; (2.42)
11—
k]-T =5 Pl (2.43)

Due to the Reynolds averaging of the Navier-Stokes equations, many extra terms
have been evolved. Those terms must be modeled in order to close the RANS
system of equations. In the Section (2.3), various turbulence models are addressed

and studied.

More information about the Navier-Stokes and RANS equations are available in Ref.
[80, 81].

2.3 RANS Equations in Rotating Frame for the Absolute Velocity

In general, for rotating systems, the governing equations are formulated in the
relative system and solved for the relative velocities. However, for some applications
where far field boundary conditions are necessary, such as propellers and wind
turbines, the equations are formulated in the relative system but solved for the
absolute velocities. This formulation makes the far field velocities more physical as
they should not be affected by the rotation of the blades. So the flow at the external
boundary conditions is uniform and on the other hand, the flow around the wind
turbine blade is rotating. In this case, the flow at the far field is not affected by the
21



rotation of the blades and the velocities there are the absolute ones. Where, close to

the blade, the flow is rotating and the velocities are the relative ones.

The RANS equations for the absolute velocities in the rotating frame of reference is:

d
—f de+5E (F-n)dS—jg (Fu-n)ds=f spdV (2.44)
at 14 S S %4
(P (PW
p iy p WiW; + pdy;
Q=4 Pl F; = { P W W + Pby; (2.45)
L_ p i J P WsiW; + pSs;
pégt k \ 7 hoW; + k W;
(.0 )
1= T
Fy={ T2j= 7 (2.46)
T3 — T3

;%5 — q;+ 6]

Where w; is the x; component of the relative velocity and u; is the x; component of
the absolute velocity. Thus the formulation involves both the absolute and relative

velocity components.
The source term is given as:

0
Sy = {—r)(m X u)} (2.47)
0

With w being the angular velocity of the relative frame of reference.

2.3.1 Rotation and Velocity Triangle

For the wind turbine rotor, there should be no rotation in the far field. Only the flow
close to the wind turbine is affected by the rotation of the blades. Based on the
formulation of Sec. (2.3), the velocity triangle of a section of the wind turbine rotor is

shown in Figure (2.1):

22



Lz r

F

Uz = U
Wa

plane of rotation

wr
Wy

Figure 2.1: Velocity triangle for a section of the rotor blade

Where,

e u: the axial velocity (wind speed)

e U: the absolute velocity

e u,: the azimuthal component of the absolute velocity

e uj: the axial velocity component of the absolute velocity
e W;: the relative velocity upstream of the blade

e W,: the relative velocity downstream of the blade

e wr: the rotational velocity

2.4 Turbulence Models

As stated before, it is necessary to model the turbulent terms in the RANS equation
to be able to solve them. In this study, 5 different turbulence models are
investigated. The turbulence models used are the Spalart-Allmaras [82, 83], the
k — & Launder — Sharma [84], the k — ¢ Yang-Shih [85], Shear Stress Transport
(SST) k — w [86] and vZ — f [87, 88]. All those models are RANS based turbulence
models. Spalart-Allmaras, the k — ¢ Launder — Sharma, the k — ¢ Yang-Shih and the
Shear Stress Transport (SST) k — w modesl are all linear turbulent viscosity models.

Whereas, v? — f is a nonlinear turbulent viscosity model.

2.4.1 Spalart-Alimaras Model

The Spalart-Allmaras model is a one equation model. This turbulence model

becomes very useful because of its robustness and ability to treat complex flows. Its
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main advantages over the k — ¢ models are its robustness and lower CPU and

memory usage.

The Spalart-Allmaras model is based on the resolution of additional transport
equation for the turbulent viscosity. The equation contains advective, diffusive and

source term. The transport equation is given by:

di 1 ~
2= ;W v+l + o2 (P92} + cp1ST(1 = fi2)
’ 2 (2.48)
Cp1) (V 2
- {Cwlfw - 7} {E} + ft1(Aq)
where the eddy viscosity is defined by:
Ve =V i1 (2.49)
and,
3 ~
X v
-4 =_ 2.50
fVl X3 + C]::,l X v ( )

¥ is a working variable and v is the molecular viscosity.

The different functions and constants appearing in Equations (2.43) to (2.45) are

defined as below:

~ v X
_ - =1-—
$=S+—7fn frz T+ xfs (2.51)
where d is the distance to the wall, k is the von Karman constant and S is the
magnitude of the vorticity. The function f,, is defined as:
6 \Z
_ (Ltcws\° (2.52)
ho=9 (96 + C$3>
where,
Y
— 6 _ —
g=r+cy,@°—r) T =g (2.53)
The functions f;; and f;, are given by:
WeNP o 2 4
fr1 = c19c €xp [—crz (E) (d® + grdp)|, fta = ez exp(—crax®) (2.54)

Where:
d; : The distance from the field point to the trip which is located on the surface
w; . The wall vorticity at the trip
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Aq : The difference between the velocities at the field point and at the trip
gt : g¢ = min[1.0,Aq/w.Ax], with Ax being the grid spacing along the wall at the trip.

The constants used so far are:

2
o=2 ¢y = 0.1355 ¢yy = 0.1355 K = 0.41
cw1 =5+ (1 +cp;)/0 = 25093 cws = 0.3 Cwz = 2.0
CVl = 71 Ctl = 10 Ctz = 20 Ct3 = 11 Ct4 = 20

2.4.2 k — £ Model

The k — € model is a two equation turbulence model. In this study, two low Reynolds
number k — e models are used. These models are the k — ¢ Launder-Sharma and
the k — ¢ Yang-Shih. The advantage of the low Reynolds number models over the
standard model is that, in standard models the equations become numerically
unstable when integrated to the wall. Whereas, the low Reynolds number k — ¢
equations are directly integrated through the viscous sublayer all the way to the wall
[89]. Each of the low Reynolds number k — & models is expressed by the turbulent

kinetic energy equation and the turbulent dissipation rate equation as below:

Dk _ 0 ( +Ht)ak +P +1 2.55
PDt = ax; |\F T g | T P T PEt L (2.59)
and,
be 0 ( +“t)ae oy fiPe s < il (2.56)
th - ax] H O_E axj Celfl kk Cezfzp k € .

where Py is the turbulent production defined as:

6ul-
Pk = Tija—xj (257)
The turbulent viscosity u; is computed as:
k2
Up = pfﬂcu? (2.58)

The coefficients of the k — € model are given in Table (2.1):
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Table 2.1: Coefficients of the k — £ models
k — £ model Launder-Sharma Yang-Shih
Cu 0.09 0.09
Ce1 1.44 1.44
Cez 1.92 1.92
O 1.0 1.0
Oc 1.3 1.3
-3.4
fll e[—(1+Ret/50)2] 1-— e(Axa+Bxb+CxC)2
fi 1.0 1.0
1 — 0.3e Rei

k? 1.0
f Re, =

ve

vk
L —2ul— 0
) 2 < 0x; )
2
L b (T _ bty (07
€ p \0x} p \0x}

The other coefficients appearing in the f, term of the k — ¢ Yang-Shih are:

Table 2.2: Coefficients of the k — € Yang-Shih model

« kO.Sy

v
A 1.5x107*
a 1
B 5.0 x 1077
b 3
C 1.0 x 10710
c 5
d 0.5
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2.4.3 Shear Stress Transport (SST) k — w Model

The k — w turbulence model is again a two equation model. One equation for the
kinetic turbulent energy k while the second equation is for the specific turbulent
dissipation rate w. Similar to k — ¢, the k — w model has many versions. One of the
most known one is the Wilcox k — w model [90, 91]. The Wilcox model has shown
superior numerical stability to the k — ¢ model especially in the viscous sublayer
near the wall. However, the big disadvantage of the Wilcox model is that its results
are extremely sensitive to the free stream value of w in free shear layer and adverse
pressure gradient boundary layer flows. Therefore, the k — w does not seem to be
an ideal model for applications in the wake region of the boundary layer. On the
other hand, the k — ¢ model behaves better in the outer portion and wake regions of
the boundary layer. So a combination or blending of both of the models including the
best feature of each one has been sought for. One of the results was the Shear
Stress Transport (SST) k — w model.

The two transport equations of the SST model are defined below:

Dk @ ok .
p Bk = |t ouu) 2| + P o (2.59)

Dw

_ d i+ ) W 1 0k dw

—_ 2 — -

0w 2.60
o (2.60)

+yP
x]] YFg

where the constant 8* = 0.09. The last term on the right hand side of Eq. (2.60) is a

cross diffusion term that is activated only outside the boundary layer.

F; is the blending function which is designed to blend the model coefficients of the
original k — w model in the boundary layer zones with the transformed k — ¢ model

in free shear layer and free stream zones.

The constants appearing in Equations (2.59) and (2.60) are expressed in a ageneral

compact form as:

¢ =Fip,— (A —-F)o, (2.61)

where ¢, represents the constants associated with the k — w model (when F; = 1),

and ¢, represents the constants associated with the k — e model (when F; = 0).
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Now, v, B, o, and o, defined by blending the coefficients as:
¢ Inner model constants: y; = 0.5532, B, = 0.075, g44 = 0.5, g,; = 0.5

e Outer model constants: y, = 0.4403, S, = 0.0828, gy, = 1.0, g, = 0.856

The blending function F; is defined by:

Vk  500v\ 4po,k
F, = tanh{mi 2.62
1 = tanh { min [max (,B*a)d ) wdz)'CDkwdz (2.62)
with,
1 0k dw i,
CDyy = max | 2p0 ©0x, 9%, ,1.0e (2.63)

and d being the distance to the nearest surface.

2.4.4 v2 — f Model

The v2 — f model is a nonlinear turbulent viscosity model. Here the turbulent stress
normal to the streamlines is used instead of the turbulent kinetic energy in the
definition of the turbulent viscosity. Therefore, unlike the low Reynolds number k — ¢
models, this model does not require any damping function. v? represents the

turbulence stress normal to streamlines and f is a redistribution function.

The model used in the thesis is derived from the one described in Ref. [92]. It is
based on high Reynolds number k — ¢ model with two additional equations for the

turbulent stress normal to streamlines and the redistribution function.

bk _ 0 ( +”t)ak +P 264
th_an K O E)x] k ( )

De _ 3 [( e\ €|, peerPe = peese
th_ax,- ( +66)6xj + T (2.69)
Dv? _ 0 ( +“t)avz +kfp — 6pvt s 2.66
th_axj o./ 0x; fe PU% (2.66)

c, -1 [v? 2 P, 5v?

2f _ £ _ U _4_p k22U
LV2f — f T Tt S (2.67)
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The turbulent viscosity is computed as:

he = pev’T (2.68)

where the turbulent time scale T and length scale L are defined by:

S koo \F 0.6k
= min {max [(E , E) ,W]} (269)

' k3/2 k3/2 V3/4
L = C;max {min — ,W ,Cn63—/4 (2.70)

where S is the magnitude of strain rate. The parameters appearing in the equations

above are: Cﬂ =022, 0, =10,0.=13, C,, =14 [1 + 0.05 (\/é)]

Cep =19, C; =14, C; =03, €, =023, G, =70

2.5 Abu-Ghannam and Shaw Transition Model

The laminar layer developed at the surface of a solid body starts as laminar and
then becomes turbulent over a relatively short distance called transition region. A
factor called intermittency is used to differentiate between the laminar and transition
regions. The intermittency is defined as the fraction of time during which the flow
over any point on a solid surface is turbulent. It should be zero in the laminar

boundary layer region and one in the turbulent boundary layer region.

The location of transition could be computed from the flow solution by using
empirical relations related to external parameters. In this study, the relations
obtained by Abu-Ghannam and Shaw [93] are used. These relations are derived

from experimental data from transition on a flat plate with pressure gradients.

According to this model, the transition starts at a momentum thickness Reynolds

number defined as:

(2.71)

Rgs = 163 + exp <F(/19) _ %) r)

6.91
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Where, 44 is a dimensionless pressure gradient defined as:

6% duU,
= 2.72
7 v ds ( )
Where;
e U, :the velocity at the edge of the boundary layer
e s :the streamwise distance from the leading edge
e 0 :the momentum thickness in the laminar region
e 1 :the free stream turbulence level in percentage.
The function F(44) depends on the sign of pressure gradient:
F(Ag) = 6.91 + 12.75 Ag + 63.64 (1g)%?, (g < 0) (2.73)
F(Ag) = 6.91 + 2.48 1y — 12.27 (Ag)%, (A9 > 0) (2.74)

So Eq.(2.73) is for the adverse pressure gradient wher Eq.(2.74) is for the favorable

pressure gradient.

According to relations (2.73) and (2.74), the transition is promoted in adverse

pressure gradient where it is retarded in favorable pressure gradient.

2.6 Preconditioning For Low Mach Number Flows

At low Mach number values, the time marching algorithms designed for
compressible flows show lack of efficiency. Two main problems are faced by the
compressible flow codes at low Mach number. First, the difference in values
between the convective eigenvalues (u) and the acoustic eigenvalues (u + ¢ and
u — c) leading to a much restrictive time step for the convective waves which causes
poor convergence characteristics. The second problem is round off errors mostly

due to the use of the absolute pressure in the momentum equations.

This enhances the development of a low speed preconditioner in order to achieve
fast convergence and more accurate solutions when the Mach number is very low.
For steady state applications solved by time marching algorithm, the time derivatives
of the dependent variables are multiplied by a matrix called preconditioning matrix.

The aim of this matrix is to remove the stiffness of the eigenvalues, and to introduce
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the reduced flow variables (such as dynamic pressure and dynamic enthalpy),
hence reducing the round off errors at low Mach numbers. The idea is to replace the
acoustic wave speed ¢ by a pseudo wave speed ¢’ which is of the same order of

magnitude as the fluid speed.

Two preconditioning models will be introduced here; the Hakimi preconditioning [94,
95] and the Merkle preconditioning [95, 96] and depending on the accuracy of the

solution, one of them will be used for the rest of the work.

2.6.1 Hakimi Preconditioning

The Hakimi preconditioner has proved to give efficient convergence rates and
accurate solutions for Mach numbers between 10 to 0.1 and Reynolds numbers
from 10 to 10° and aspect ratios from 1 to 2000 [95].

The preconditioned RANS equations can be written as:

fv r—lg—gdv+£ (F-n) d5—£ (F, - n) dS:stTdV (2.75)

with,

U=<{us} (2.76)

pk
\ p€ J

where p,, is the gauge pressure defined as:

Pg =P — Dref (2.77)

For perfect gas, the total gauge energy E, is defined as:

u2
Ey = (T = Tre) + = (2.78)

Then, the Hakimi preconditioning matrix for turbulence transport equations for

compressible flow is given by:
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The preconditioning parameters a and g are defined as:

(l:—l, ﬁ:\/FUref

0

0
0

0

0

p
0

0/

With U,..r is the reference velocity and g* is a coefficient.

2.6.2 Merkle Preconditioning

(2.79)

(2.80)

Although the Hakimi preconditioner is in general sufficient and can treat any type of

fluids at low Mach number, the Merkle preconditioner is used to obtain more

robustness scheme that gives accurate solution at all Mach numbers and for all

Reynolds numbers.

The Navier-Stokes equations can be written as:

%fv anv+£ (F-n) ds—ft (F, - n) d5=fVSTdV

(2.81)

with Q defined in Eq.(2.2). Now the set of independent variables is changed from the

vector conservative variables Q to the vector of viscous primitive variables @,. This

is done by splitting the unsteady term as:

aQ 2Q,
JV 0Q, ot
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where,

90 is given as:
2Q 9 ’

v

and the Jacobian

( Pp 0

U1Pp p

90 = UzPp 0
aQ‘U u3pp 0

o © o

o © O

p

Pr \
U pr
UzPr
Uspr

Hp, — (1 —ph,) pu; pu, pus Hpr+phy

(2.83)

(2.84)

The subscripts p and T denotes for the isothermal derivative with respect to the

pressure and temperature respectively.

The Jacobian is replaced by the Merkle preconditioning matrix as:

( P’y 0

uip'p p

L, = A uzp'p 0
uzp’p 0

0
0

p
0

o O O

p

p'r )
up'r
Up'r
uzp'r

LHp’p - (1 - ph’p) puy pu, pus Hp'r+ph's)

(2.85)

The parameters p’,, p'r,h',, and h'; are the ones used to control the scaling

for the dynamics of the flow. Since, p';, h'

p’

and h'; have minor effects on

the dynamics of the Navier-Stokes equations, the Fine/Turbo solver sets

those parameters to their physical values. Hence, only the parameter p',

remains in order to control the preconditioning. This parameter is expressed

as:

, _ 1 pr(1—phy)

Pp=

V5 ph,

where v, is the particle velocity calculated inside the solver.
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2.7 Boundary Conditions

Two types of boundary conditions are available for the CFD simulation of wind
turbine rotor blade; the solid wall boundary conditions (on the blade) and the

external boundary conditions.

2.7.1 Solid Wall Boundary Conditions

The turbulent wall boundary conditions are treated as follow:

a) Spalart-Allmaras Model:
For the Spalart-Alimaras turbulence model, the turbulent working variable is

set to zero in the solid wall:

7=0 (2.87)

b) k — e Model:

For the k — € model, the values for k and ¢ are imposed at the solid wall.

c) k— w Model:

For the k — w model, the boundary condition on the solid wall is as follow:

60v
Wyall = W (288)
kwan =0 (2.89)

d) v?— f Model:

For the v2 — f model, the boundary condition on the solid wall is as follow:

kwan =0 (2.90)
k

Ewall = 2V —5 (2.91)
y

Ve =0 (2.92)

fwau =0 (2.93)



2.7.2 External Boundary Conditions

External boundary conditions use the Riemann invariants (non-reflective boundary
conditions). Detailed information about Riemann invariants are found in Ref. [97].
The boundary conditions at the far field are uniform because the velocities at the far
field are not affected by the rotation of the blades. Only in blocks close to the blade,
the flow is affected by the rotation. The interaction between the rotating and non-

rotating blocks, is handled by the code.

The values for the static pressure, temperature and axial velocity needed to define
the external boundary conditions are obtained from the experimental data. Whereas,
the turbulent viscosity v;, the turbulent kinetic energy k and the turbulent dissipation

rate e are calculated as follow:

The dynamic viscosity is calculated from the Sutherland’s law [98]:

(2.94)

T )3/2Tref+ S

.uz.uref< T+S

Tref
where:
e T,.r: Reference temperature

®  Urer: Viscosity at Trf.

e S: Sutherland temperature

For air as a perfect gas, the Sutherland’s law coefficients are given in the table

below:

Table 2.3: Sutherland’s law Coefficient

Gas Urer (kg/ms) Tref (K) S (K)

Air 1.716 x 1073 273.15 110.4

Then the kinematic viscosity is calculated from Eq.(2.95) as:

v=u/p (2.95)

Finally, for external flows the turbulent viscosity is calculated from [65]:

VT external = Vexternal (2-96)

The turbulent kinetic energy k is calculated from the turbulent intensity T;, as follow:
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N2
v (2.97)

T, =
“ Uref

For external flow, the turbulent intensity is reduced to 1 % [80], then:

— 3( /52
k = 2( uz) (2.98)
Using the value for k, the turbulent dissipation [ is calculated as:
2
— B Prerk” (2.99)

Hue n

with €, = 0.09.
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CHAPTER 3

CFD SIMULATIONS OF TEST CASES:
NREL PHASE Il AND PHASE VI HAWT ROTORS

In this chapter, the results of the three-dimensional steady state Computational Fluid
Dynamics (CFD) simulations of two test cases are presented. The test cases are
obtained from the National Renewable Energy Laboratory (NREL). The test cases
are the NREL Phase Il and NREL Phase VI horizontal axis wind turbine (HAWT)
rotors. Those test cases are used as a validation for the commercial CFD software
Numeca Fine/Turbo solver. In addition to that, five different turbulence models are
tested and the results of each model are compared with the available experimental
data. This is important to choose the best turbulence model of closest solution to the
experimental data which will be used throughout the rest of the thesis. The
turbulence models tested are: Spalart-Allmaras, the k — ¢ Launder — Sharma, the
k — ¢ Yang-Shih, Shear Stress Transport (SST) k — w and v2 — f. More information
about those models is available in Section (2.3). Also the Spalart-Allmaras with Abu-

Ghannam and Shaw transition model has been investigated for NREL Il test case.

3.1 Test Case |I: NREL Phase Il

3.1.1 Experimental Data and Real Blade Description

The experimental data for NREL Phase Il is obtained from the IEA Annex XIV
database [99]. This database was built as a contribution of many European research
labs and the NREL to store and document the experimental data for various tested

wind turbines and make it available to researchers.
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The wind turbine is a downwind three-bladed HAWT and the blades are untapered
and untwisted. The S809 airfoil is used throughout the span of the blades. The S809
airfoil is a 21% thick laminar flow airfoil designed for HAWT purposes [100].
Throughout the blade span, the airfoil is pitched down by 12 degrees. The geometry
and pitching of the airfoil are shown in Figure (3.1) below [101]:

ylc

Figure 3.1: Geometry of S809 Airfoil and pitch angle

The blade description is given in the Table (3.1):

Table 3.1: NREL Phase Il blade description

Number of blades 3
Rotor diameter 10.06 m
RPM 72 RPM
Cone angle 3 degrees 25’
Rotor location Downwind
Power regulation Stall regulated
Root extension 0.723 m
Pitch angle 12 degrees (down)
Blade profile S809
Blade chord length 0.4572 m, constant along the span
Twist angle 0 degrees along the span
At 14.4% span, t/c = 43%
Blade thickness At 30% span, t/c = 21%
Outward 30%span, t/c = 21%
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The measurement of the static pressure is the most important yet most difficult task.
The quality of the aerodynamic performance coefficients depends on the accuracy

of the individual pressure tap measurements.

In the experiment, 28 pressure taps were installed at 4 primary spanwise sections:
30%, 47%, 63%, and 80% span. Pairs of taps at 4% chord and 36% chord were

installed at different other intermediate span locations.

¥ Pressure Tap
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Figure 3.2: Pressure taps and probes locations of NREL Il [54]

Five hole-probes were installed at 34%, 51%, 67% and 84% span to measure the
static pressure and the local effective angle of attack. The pressure taps and probes
locations are shown in Figure (3.2). More information about the database and the

experimental setup are available in Ref. [54, 55].

3.1.2 Geometric Blade

The difference between the real blade and geometric blade is only in the trailing
edge region. The real blade is of very sharp trailing edge. Meshing sharp edges is

difficult and results in poor mesh quality. To overcome this problem, the trailing edge

39



was rounded through a radius of 0.001 m. This improved the mesh quality and made

it more robust.

Sharp Trailing edge of the real blade section

—

Rounded Trailing Edge of the geometric blade section

Figure 3.3: Trailing edge shape

It is believed that, such a change in the trailing edge will not have important effect on
the results. Because the results are compared with experimental data. And in

experiments, it is not possible to manufacture a blade of very sharp trailing edge.

The geometric blade consists of 4 sections as shown in Figure (3.4);
e Section 1: at the root of the blade
e Section 2: at 30% span where the thickness is reduced to 21%
e Section 3: at midspan

e Section 4: at the tip

It should be noted that, between section 1 and section 2, the blade thickness
decreases linearly from 43% to 21%. The blade was generated using the Numeca

blade generator AutoBlade.
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Figure 3.4: 3D NREL Il blade geometry generated by AutoBlade

3.1.3 Mesh Study

The structured mesh was generated using the Numeca AutoGrid mesh generator.

The mesh was generated for a single blade with imposing the periodic condition to

account for the other two blades. The number of points on the entire mesh including

the blade and external flow is about 2.7 million points and the number of points on

one blade is 1.63 million points. The thickness of the first cell to the wall was kept at

2 x 10™>m so that the y* value falls between 1 and 9. Such range of y™* is suitable

for the tested turbulence models. The mesh quality is listed in Table (3.2) below:

Table 3.2: Mesh quality of NREL Il

Field Orthogonality Aspect Ratio Expansion Ratio
(Min., Average) (Max., Average) (Max, Average)
Blade (33.6, 79.0) (20406, 545) (2.2,1.4)
External (25.4, 80)) (17522, 539) (2.5, 1.4))

From the table above, it is shown that the mesh is of high quality and robustness.

The terms mentioned in Table (3.2) are explained as below [102]:

1. Orthogonality; It is a measure of the minimum angle between the edges of

the element.

2. Aspect Ratio; It is defined in Figure (3.5) below:

Aspect Ratio =

maxix, yl
min(x, y)

Figure 3.5: Definition of mesh aspect ratio.
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3. Expansion Ratio; It is a measure of the size variation between two adjacent

cells Figure (3.6).

-a-""fa_l
@+ Gy +az+a,
4

b+ b:—bs—fu

maxix,y)
. - y = r
minlx,v) 4

Expansion Ratio (K} —

Figure 3.6: Definition of mesh expansion ratio

The 2D mesh at midspan section of the blade is shown in Figure (3.7):

Figure 3.7: 2D mesh at blade midspan of NREL Il
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The mesh consists of 16 blocks which are all together stand for the mesh of the

blade and the external field as shown in Figure (3.8):

Flow Direction

3D Mesh block structure 3D Mesh

3D Blade mesh

e T =N

Mesh at the tip
Figure 3.8: 3D mesh for NREL Il

3.1.4 Reynolds Number

To check the type of the flow if it is turbulent or laminar, the Reynolds number
values have been calculated at the root and tip of the blade. The values are listed in
Tables (3.3) and (3.4):
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Table 3.3: Reynolds number values at the root for NREL Il blade

Wind Speed (m/s) | Reynolds Number
7.2 186435
10.5 268774
12.9 327160
16.3 417522
19.2 489853

Table 3.4: Reynolds number values at the tip for NREL Il blade

Wind Speed (m/s) | Reynolds Number
7.2 997105
10.5 1008911
12.9 1019312
16.3 1058294
19.2 1085255

From the results above, the lowest value for Re occurs at the root at 7m/s. This
value is 186435 which corresponds to turbulent flow. So the flow at all the

considered wind speeds and spanwise sections along the blade is turbulent.

3.1.5 CFD Simulation and Results

The three-dimensional steady state RANS equations are solved using the
Fine/Turbo solver of Numeca International. Merkle preconditioner is imposed and 4
different turbulence models are tested. The turbulence models are; Spalart-Allmaras

fully turbulent, Sparlat-Allmaras with Abo Ghannam and Shaw transition model , the

k — € Launder — Sharma, the k — ¢ Yang-Shih and V2 — f.

The results in terms of power production and pressure distribution are compared

with the available experimental data.

First the results of power production are compared with the experimental data.
However, in the experimental data, when comparing the rotor torque derived power

against the generator power, it is found that the efficiency does not match the
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published efficiency. To overcome this problem, a better curve fit between the

mechanical and generator power is found in Ref. [103] as shown in Eq. (3.1) below:

Pgenerator = 0-9036Pmechanical —0.847 (31)

The results are obtained at 5 different wind speeds. The comparison between the
experimental and computed power for different turbulence models is shown in
Figure (3.9):

18

. =
F

Power (kW)
(e}

¢ Exp
6 SA
==Standard k-e
3 k-e YS
v2-f
0 == SA with transition
5 7 9 11 13 15 17 19

Wind Speed (m/s)
Figure 3.9: Comparison of experimental power with computed power for NREL Il

All the turbulence models were found to be stable for the whole wind speed range.

They have showed good convergence (more than 4 orders).

From Figure (3.9), in general, all the turbulence models show considerable
agreement with the experimental data except for the Spalart-Allmaras with
transition. This model shows considerable deviation from experimental results. This

model is excluded from further discussions.
At pre-stall wind speeds, all the models have similar behavior in power prediction.

At moderate and stall wind speeds, Spalart-Allmaras and k — ¢ Launder — Sharma
models could predict the power more accurate. On the other hand, the k — € Yang-

Shih and vZ—f overpredicted the power. Spalart-Allmaras with transition

underpredicted the power.
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At high wind speeds, Spalart-Alimaras underpredicted the power while k — ¢ Yang-

Shih and v2 — f overpredicted the power. On the other hand, k — ¢ Launder —
Sharma showed the best agreement with experimental data. Where, Spalart-

Allmaras with transition has a poor agreement with experiment.

The power prediction results and the associated errors are listed in Table (3.3):

Table 3.5: Power prediction errors of different turbulence models for NREL Il

Exp. SA k — e Launder - k — ¢ Yang-
Speed| data Sharma Sheih

(m/s) | Power | Power | Error | Power | Error | Power | Error | Power | Error
(kw) | (kW) | (%) [ (kW) | (%) | (KW) | (%) [ (kW) | (%)

7217 0.79 | 0.95 | 2079 | 0.92 [ 16.46 | 0.95 | 20.79 [ 1.02 | 29.44

V2-f

10.48| 6.69 | 6.73 | 0.51 6.50 | 285 | 7.05 | 540 | 710 | 6.1

12.85( 9.80 | 10.11 | 3.17 | 10.06 | 2.68 | 10.80 | 10.26 | 10.49 | 7.06

16.28 | 13.52 | 12.95 | 4.22 | 13.60 | 0.61 | 14.56 | 7.71 | 13.87 | 2.58

19.18| 14.47 | 12.93 | 10.65 | 14.54 | 0.45 | 15.50 | 7.14 | 15.19 | 4.97

From the above results, one may conclude that, the closest results to the
experimental data were obtained by k — € Launder — Sharma turbulence model. This

model could capture the correct power at pre-stall, stall and high wind speeds.

The three-dimensional gauge pressure contours on the suction side and pressure
side of the blade are shown in Figures (3.10), (3.11) and (3.12) for the k — ¢ LS

turbulence model at three different wind speeds 7.2, 12.85 and 19.18 m/s.

The gauge pressure is the difference between the static pressure and the free
stream pressure defined as:

Pgauge = Pstatic — Poo (3.2)
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Figure 3.10: Gauge pressure contours for NREL Il at 7.2 m/s

Pressure Side Pressure (Pa) Suction Side
250

LE TE 0 TE LE
-250

-500

750

-1000

-1250

1500

1750

-2000

Figure 3.11: Gauge pressure contours for NREL Il at 12.85 m/s
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Figure 3.12: Gauge pressure contours for NREL Il at 19.18 m/s

The results show considerable pressure variation in both spanwise and chordwise

directions. The variation becomes more towards the tip.

The gauge pressure distribution is computed using the k — ¢ Launder — Sharma
turbulence model at four spanwise sections of the blade, 30%, 47%, 63% and 80%.
In fact all other models showed similar behavior as k — ¢ Launder — Sharma, but

they are not included in the results here not to make the figures so crowded.

The results are obtained at three different wind speeds, 7m/s, 12.85 m/s and 19.18

m/s. Those wind speeds cover the pre-stall, stall and post-stall speeds.
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Figure 3.13: Pressure distribution comparison between experimental and
calculated at different spanwise sections at 7.2 m/s for NREL Il
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Figure 3.14: Pressure distribution comparison between experimental and
calculated at different spanwise sections at 12.85 m/s for NREL Il
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Figure 3.15: Pressure distribution comparison between experimental and
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At 7.2m/s, the computed pressure distribution at all sections of the blade is in good
agreement with the experimental data as noticed from Figure (3.13). At this wind

speed, the flow is completely attached and no separation occurs.

At 12.85 m/s, there is great discrepancy between the computed and experimental
pressure distribution in the suction side of the inboard span of 30%. At this speed
separation has occurred and the formed vorticity is stronger close to the root. So it
becomes difficult for the solver with low Reynolds turbulence model to capture the
separation at the suction side and that is the reason behind such discrepancy. At the
other sections, it is seen from Figure (3.14) that the computed results are in good
agreement with the experimental data. Same discrepancy was also noticed using
different solver in Ref. [43].

At 19.18 m/s, again there is a discrepancy at the sections of 30%, 63% and 80% as
shown in Figure (3.15). At this speed, the separation occurs in all the mentioned
sections and the formed vorticity is stronger. Capturing the separation
characteristics using solvers based on low Reynolds turbulence models is very
difficult.

It should be noted that, since the aim of the thesis is to design a wind turbine blade
which produces more power at low and moderate wind speeds, one should not care

about the discrepancy occurring at high wind speeds.

The separation is investigated by plotting the relative velocity contours with
streamlines at different spanwise blade sections. The plots were obtained for wind
speeds of 7m/s, 12.85 and 19.18 m/s.

The results obtained for the relative velocity contours with streamlines supports the

previous discussion.

At 7m/s, Figure (3.16) shows that no separation occurs and the pressure distribution

results were in good agreement with experimental results.

At 12.85 m/s, Figure (3.17) shows that separation with two vorticies occur at 30%
section. The vorticies decrease to one vortex at 47% section and then it becomes
weaker at 63% section and finally it vanishes at 80%. As mentioned before the

discrepancy in pressure distribution also decreases as one goes from root to tip.

At 19.18 m/s, Figure (3.18) shows that separation and formation of vorticies happen
at all sections. This explains the deviation of the computed pressure distribution
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from the experimental results at those sections. However, as one goes towards the

tip, the vorticity decreases and the also the pressure deviation decreases as well.

Magnitude of Relative Velocity (m/s)

- Ka [ - w == ]
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Figure 3.16: Relative velocity contours with streamlines at 7.21m/s on different
sections for NREL Il
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Figure 3.17: Relative velocity contours with streamlines at 12.85 m/s on different
sections for NREL Il
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Figure 3.18: Relative velocity contours with streamlines at 19.18 m/s on different
sections for NREL I
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3.1.6 Results of Preconditioning

So far the Merkle preconditioner has been implemented in the computations due to
the low Mach number. To see the effect of Merkle preconditioner on the
convergence and accuracy of the solution, the computations without preconditioner
are compared to the ones with Merkle preconditioner at two different wind speeds;
12.85 m/s and 19.18 m/s. All the computations are done using Spalart-Allmaras

turbulence model.
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The history of convergence for the different computations is summarized in the

figures below:

Global Residual
w
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Figure 3.19: History of convergence of NREL Il computation with Merkle
preconditioner at 12.85 m/s
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Figure 3.20: History of convergence of NREL Il computation without preconditioner
at 12.85 m/s
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Figure 3.21: History of convergence of NREL Il computation with Merkle
preconditioner at 19.18 m/s
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Figure 3.22: History of convergence of NREL Il computation without preconditioner
at19.18 m/s

From Figure (3.19), the solution with Merkle preconditioner has converged after
about 1000 iterations. On the other hand, Figure (3.20) shows that the solution
without preconditioner has converged after 2000 iterations. Similar results are seen
in Figures (3.21) and (3.22). So the usage of preconditioner has speeded up the

convergence by about two times.

The gauge pressure distribution in the spanwise direction of the blade is given in the

figures below:
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Figure 3.23: Pressure distribution comparison at 12.85 m/s for NREL I
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Figure 3.24: Pressure distribution comparison at 19.18 m/s for NREL Il
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At 12.85 m/s, Figure (3.23) shows that, at 30% span, both of the methods result in
considerable deviation from experimental results. At the other spanwise locations,

both of the methods show good agreement with the experimental results.

At 19.18 m/s, Figure (3.24) shows that, without preconditioning, the results are
closer to the experimental data. However close the root, the results show big

deviation from experiments.

3.2 Test Case 2: NREL Phase VI

3.2.1 Experimental Data and Real Blade Description

The rotor blade of NREL Phase VI is selected to be the second test case for the
CFD simulation of this study. The NREL Phase VI unsteady aerodynamics
experiments [56, 57] were conducted in large scale at the NASA Ames wind tunnel
facilities. Among the series of tests and sequences, the blade of sequence H was
selected as the baseline blade of this study. The wind turbine of this sequence is an
upwind, two-bladed HAWT and the blades are tapered and twisted. Similar to NREL
Phase I, the blades of this wind turbine have the S809 airfoil section from root to tip.

The description of the blade is summarized in Table (3.4):

Table 3.6: NREL Phase VI blade description

Number of blades 2
Rotor diameter 10.06 m
RPM 71.63 RPM
Cone angle 0 degrees
Rotor location Upwind

Power regulation

.Stall regulated

Blade tip pitch angle

3 degrees (down)

Blade profile S809
Blade chord length 0.358 m — 0.728 m (linearly
tapered)

Twist angle

Non-linear twist along the span

Blade thickness

t/c = 21% throughtout the span
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The twist distribution along the blade is shown in Figure (3.25):
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Figure 3.25: NREL VI blade twist distribution

The chord and twist variations of the blade are given in Table (3.5).
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Table 3.7: Chord and twist variations along the NREL VI rotor blade [56].

Radial Span Chord Twist
Section | Distance r Station length (degrees)
(m) (r/5.029 m) (m)

1 0 0 Hub Hub
2 0.508 0.101 0.218 0
3 0.660 0.131 0.218 0
4 0.883 0.176 0.183 0
5 1.008 0.200 0.349 6.7
6 1.067 0.212 0.441 9.9
7 1.133 0.225 0.544 13.4
8 1.257 0.250 0.737 20.040
9 1.343 0.267 0.728 18.074
10 1.510 0.300 0.711 14.292
11 1.648 0.328 0.697 11.909
12 1.952 0.388 0.666 7.979
13 2.257 0.449 0.636 5.308
14 2.343 0.466 0.627 4.715
15 2.562 0.509 0.605 3.425
16 2.867 0.570 0.574 2.083
17 3.172 0.631 0.543 1.150
18 3.185 0.633 0.542 1.115
19 3.476 0.691 0.512 0.494
20 3.781 0.752 0.482 -0.015
21 4.023 0.800 0.457 -0.381
22 4.086 0.812 0.451 -0.475
23 4.391 0.873 0.420 -0.920
24 4.696 0.934 0.389 -1.352
25 4.780 0.950 0.381 -1.469
26 5.029 1.000 0.358 -1.775

r = 0 m: Center of the hub

e r = 0.508 m: The start of the blade root, the blade section is circular
e r = 0.883 m: the end of the blade root, the blade section is circular
o Betweenr = 0.883m and r = 1.257 m: Transition from cylindrical to S809
Airfoil
e Betweenr = 1.257m and r = 5.029 m: The blade sections are of S809
airfoil
The total number of sections of the blade is 26.

In the experiment, 22 pressure taps were installed at 5 primary spanwise sections:
30%, 46.6%, 63.3%, 80% and 95% span. Pairs of taps at 4% chord and 36% chord

were installed at different other intermediate span locations.
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5 hole probes were installed at 34%, 51%, 67%, 84% and 91% span to measure the

dynamic pressure and the local effective angle of attack.
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Figure 3.26: Pressure taps and probes locations of NREL VI [56]

The measured dynamic pressure was used in the calculations of pressure and force
coefficients. The locations of the pressure taps and probes are shown in Figure

(3.26).

3.2.2 Geometric Blade

Since the same S809 airfoil is also used in this case, the very sharp trailing edge
was rounded through a radius of 0.001 m. In addition to that, the number of sections

in the geometric blade has been decreased to 19 sections. The sections are stated

in Table (3.6):
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Table 3.8: Chord and twist variations along the NREL VI rotor geometric blade

Section Radial Span Chord Twist
Distance r Station length (degrees)
(m) (r/5.029 m) (m)

1 0.508 0.101 0.218 0
2 0.660 0.131 0.218 0
3 1.343 0.267 0.728 18.074
4 1.510 0.300 0.711 14.292
5 1.648 0.328 0.697 11.909
6 1.952 0.388 0.666 7.979
7 2.257 0.449 0.636 5.308
8 2.343 0.466 0.627 4.715
9 2.562 0.509 0.605 3.425
10 2.867 0.570 0.574 2.083
11 3.172 0.631 0.543 1.150
12 3.476 0.691 0.512 0.494
13 3.781 0.752 0.482 -0.015
14 4.023 0.800 0.457 -0.381
15 4.086 0.812 0.451 -0.475
16 4.391 0.873 0.420 -0.920
17 4.696 0.934 0.389 -1.352
18 4.780 0.950 0.381 -1.469
19 5.029 1.000 0.358 -1.775

The transition from cylindrical section to S809 section was done linearly in the blade
generator AutoBlade of Numeca International. So the relative sections (r =
0.883mto r = 1.257 m) were removed. Also the sections atr = 3.172m andr =
3.185 m are very close. The distance between them as a percentage of the blade
length is less than 0.01% and it is not possible to have two different sections at a
distance less that 0.01% in AutoBlade [104]. So the section at r = 3.185m
removed as well. The removal of the mentioned sections resulted in 19 sections for
the geometric blade. For the design and optimization, it is very important to have

fewer sections to save CPU time as will be discussed in Chapter 5.

Since the blade pitch angle is 3 degrees in the sequence H experiment, 3 degrees

were added to the twist angle of each section.

The shape of the two-dimensional blade sections and the three-dimensional blade
are shown in Figure (3.27) and (3.28):
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r=5.029m
Figure 3.27: Twist and angle at different blade sections of NREL VI

Notice that the chord lengths in Figure (3.27) are not to scale.

x

Figure 3.28: 3D NREL VI blade geometry generated by AutoBlade

3.2.3 Aerodynamic Force Coefficients

The coefficients of the aerodynamic forces acting on the blade sections are shown
in Figure (3.29).

The normal and tangential forces represent the forces acting perpendicular and
parallel to the airfoil chord respectively. The coefficients of these forces are
computed at a certain spanwise section of the blade by integrating the pressure

coefficients at that section.
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Where,
B+ & = Blade pitch angle + local twist angle,

« = Angle of affack,
Free | Cu =Normal force coefficient, }[Ref: Chord-line)
stream C, =Tangent force coefficient,
wind C,_ = Lift force coefiicient, (Ref: Relative
C, = Pressuredrag force velocity)
coefficient,
C i = Thrust coefficient, }(Re[: Plane of rotation)
C,...= Torque coefiicient,
CN

= Pitch moment }{Ref: Quarter-chord)
coefiicient, and

V, = Resultant Velocity Vector.

Figure 3.29: Aerodynamic force coefficients [56]

The pressure coefficient is calculated from Eq.(3.3):

C. = P~ Powo
P 1/2pe (UG + (Or)?)

(3.3)
where,

* po: The free stream density [kg/m?3]
e Uy,: The wind speed [m/s]
e () the rotational speed [rad/s]

e r:the radial distance from the center of hub to the blade section [m]

Equations (3.4) and (3.5) give the integration procedure used to determine the

normal and tangential force coefficients, Cy and C; :

Cy = Z (M) (Xir1 = X;) (3.4)
Cr = Z (M) YVivr — ¥ (3.5)

i
where,
e x;: The normalized distance along the chord line

e y;: The normalized distance orthogonal to the chord line

The values for x and y start at the trailing edge (x = 1), continues over the upper
surface of the blade, reaches the leading edge and then continues along the lower

surface and finally end at the starting point.
66



3.2.4 Mesh Study

The structured mesh was generated using the Numeca AutoGrid mesh generator.
The mesh was generated for a single blade with imposing the periodic condition to
account for the other blade. The number of points on the entire mesh including the
blade and external flow is about 2.7 million points and the number of points on one
blade is 1.63 million points. The thickness of the first cell to the wall was kept at
2 x 10™>m so that the y* value falls between 1 and 9. Such range of y™* is suitable

for the tested turbulence models. The mesh quality is shown in Table (3.7).

Table 3.9: Mesh quality for NREL VI

Field Orthogonality Aspect Ratio Expansion Ratio
(Min., Average) (Max., Average) (Max, Average)
Blade (41.6, 78.5) (21520, 565) (2.2,1.5)
External (39.5, 80.0) (33635, 525) (2.4, 1.5)

The 2D meshes at the root and midspan are shown in Figures (3.30) and (3.31):

A G

Figure 3.30: 2D mesh at the root section of the NREL VI

67



Figure 3.31: 2D mesh at the midspan section of the NREL VI

The 16 block structure of the 3D mesh and the 3D mesh are shown in Figure (3.32).
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Figure 3.32: 3D mesh of the NREL VI
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3.2.5 Reynolds Number

The Reynolds number values for the NREL VI blade at the root and tip for different
wind speeds are listed in Tables (3.10) and (3.11):

Table 3.10: Reynolds number values at the root for NREL VI blade

Wind Speed (m/s) | Reynolds Number
5 586255
6 612152
7 641137
8 673547
9 709006
11 786933
13 864113
15 947549
17 1035345
19 1125017

Table 3.11: Reynolds number values at the tip for NREL VI blade

Wind Speed (m/s) | Reynolds Number
5 972860
6 979107
7 985066
8 993427
9 1001014
11 1019959
13 1032759
15 1049172
17 1066216
19 1085259

From the results for the Reynolds number, the flow is turbulent at all the considered

wind speeds and at all the spanwise sections from root to tip.
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3.2.6 CFD Simulation and Results

The three-dimensional steady state RANS equations are solved using the
Fine/Turbo solver of Numeca International. Merkle preconditioner is imposed and
four different turbulence models are tested. The turbulence models are; Spalart-
Allmaras, the k — ¢ Launder — Sharma, the k — ¢ Yang-Shih and Shear Stress
Transport (SST) k — w. The results in terms of power production and pressure
distribution are compared with the available experimental data at 12 different wind

speeds.

The comparison between the experimental and computed power for different

turbulence models is shown in Figure (3.33):
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Figure 3.33: Comparison of experimental power with computed power for
NREL VI

All the turbulence models are found to be stable for the whole wind speed range.

From Figure (3.33), one may notice the following: At low and moderate wind speeds

(5 m/s to 9 m/s), all the models have similar behavior in power prediction.

At high wind speeds, Spalart-Allmaras and SST k — w underpredicted the power
while k — £ Yang-Shih overpredicted the power. On the other hand, k — ¢ Launder —
Sharma showed the best agreement with experimental data. So the behavior of the
turbulence models in predicting the power for NREL Phase VI test case is similar to
their behavior for the NREL Phase Il test case.
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The power prediction results and the associated errors are listed in Table (3.8):

Table 3.12: Power prediction errors of different turbulence models for NREL VI

Exp. k-e Launder- .
Speed|_data SA Sharma k-e Yang-Sheih SST k-w

(m/s) | Power | Power | Error | Power | Error | Power | Error | Power | Error
(kw) | (kW) | (%) [ (kW) | (%) | (KW) | (%) [ (kW) | (%)

5 2,34 2,38 1,76 2,18 6,71 2,32 0,73 2,40 2,90

6 4,03 4,09 1,60 3,78 6,17 3,97 1,46 4,09 1,65

7 5,87 6,15 4,72 5,69 3,15 5,96 1,54 6,10 3,94

8 7,68 8,30 7,99 7,72 0,45 8,07 5,04 8,06 4,96

9 9,62 10,10 | 4,99 9,53 0,99 10,09 | 4,85 9,59 0,34

11 11,12 9,65 14,15 | 11,00 1,08 11,80 6,03 8,53 23,28

13 9,16 8,03 12,28 9,70 5,89 10,46 | 14,22 6,93 24,34

15 8,92 6,39 | 28,30 | 8,68 2,69 9,12 2,29 534 | 40,16

17 6,74 5,68 15,76 7,29 8,12 7,86 16,63 | 4,76 29,45

19 6,62 6,09 7,99 6,70 1,12 7,22 8,98 5,21 21,38

23 7,63 7,51 1,47 7,75 1,59 7,88 3,29 6,75 11,47

25 9,05 8,45 6,58 8,61 4,85 8,54 5,59 7,66 15,39

From the above results, one may conclude that, the k — ¢ Launder — Sharma
turbulence model gives the closest results to the measurements. This model could
capture the correct power at low, stall and high wind speeds. So the k — € Launder —

Sharma model will be used for the coming computations.

The coming discussion shows some contrary results. According to the results of this
study, the k — ¢ Launder — Sharma gives the best results while it was expected that
the SST k — w would give better results. However, according to Ref. [105], the two-
equation turbulence models are very sensitive to the grid arrangement on the
normal direction. Figure (3.34) shows that the k — ¢ (Launder — Sharma is used in

the figure) is even more sensitive than SST k — w and predicts more deviation
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(around 25%) of skin friction at y+ of 1.5 and the prediction becomes even worse as

y+ increases. Where the SST k — w gives a deviation of about 5% at y+ of 1.5.
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Figure 3.34: Sensitivity to the distance of the first point to the wall. [105]

In this study, the y+ value is of the order of 7. This indicates that the k — ¢ model
should give the worst results compared to SA and SST k — w. But this is not the
case. In Ref. [43], NREL Phase lll was investigated using different turbulence
models including k — ¢ and SST k — w and k — ¢ gives the best power prediction
among other models. The SA model was compared with SST k — w in Ref. [46] and
it gave superior results which agree with the results in this study. To explain the
contrary in the results of the different references, in Ref. [105] the results were
obtained for stationery flat plate and may be for rotating turbomachinery such as
wind turbines, the results would be different. But to assess this issue, more wind
turbine test cases for different orders of y+ should be investigated. However, this

issue is beyond the scope of this study.

The three-dimensional gauge pressure contours on the suction side and pressure
side of the blade are shown in Figures (3.35), (3.36) and (3.37) for the k — ¢

Launder — Sharma turbulence model at three different wind speeds 5, 9 and 15 m/s.
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Figure 3.35: Gauge pressure contours for NREL VI at 5 m/s
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Figure 3.36: Gauge pressure contours for NREL VI at 9 m/s
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Figure 3.37: Gauge pressure contours for NREL VI at 15 m/s

The normal and tangential force coefficients at different spanwise sections of the
blade are computed according to Equations (3.4) and (3.5). During operation of the
wind turbine blade, the local twist and pitch angles are relatively small (in NREL
Phase VI the max ¢ + f is 23 degrees). This means that the Cy is close in value to
the axial thrust coefficient where, the C; value is close to the torque coefficient and it

is called the driving force coefficient, Figure (3.29).

The results of Cy and Cy for different wind speeds are plotted in Figures (3.38) and
(3.39) at 30%, 47%, 63%, 80% and 95% span:
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Figure 3.38: Comparison of experimental normal force coefficient with

computed one at different spanwise sections
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Figure 3.39: Comparison of experimental tangential force coefficient with
computed one at different spanwise sections
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At low wind speed, 5m/s, the lift is high compared to drag so the lift component in
the tangential direction is higher than the drag component in the same direction
resulting in positive C; value meaning that the driving force acts in the direction of

rotation in all the blade sections.

At higher wind speeds (9m/s) the lift continues increasing causing higher values in
Cy and Cy.

Stall occurs at 11m/s and here the lift decreases while the drag suddenly increases.
At wind speeds higher than stall speed (15m/s), the decrease of lift and increase in
drag result in smaller Cy and smaller or even negative C; values. Negative Cr
values at some sections of the blade means that the diving force acts against the

rotation in those sections.

The behavior of Cy and C; with wind speeds is seen in Figures (3.38) and (3.39).
Moreover, the figures show a considerable agreement between measured and
computed Cy values. However, C; values deviate from the experimental results. The
reason behind this might be because of the difficulty of measuring the C; values
experimentally due to the sparseness of pressure taps in the leading and trailing
edge regions. Also the C; values are small compared to Cy and any small change in
either lift or drag (due to experimental errors) will result in significant errors in the C;

calculations.

The pressure coefficient distribution is computed using the k — € Launder — Sharma
turbulence model at five spanwise sections of the blade, 30%, 47%, 63%, 80% and
95% for three different wind speeds of 5m/s, 9m/s and 15m/s are shown in Figures
(3.40), (3.41) and (3.42):
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Figure 3.40: Pressure coefficient distribution comparison between experimental and
calculated at different spanwise sections on NREL VI for 5 m/s
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Figure 3.41: Pressure coefficient distribution comparison between experimental and
calculated at different spanwise sections on NREL VI for 9 m/s
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Figure 3.42: Pressure coefficient distribution comparison between experimental and
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At 5 and 9 m/s, the computed pressure coefficient distribution at all sections of the
blade is in good agreement with the experimental data as noticed from Figures
(3.40) and (3.41).

At 15 m/s, there is a discrepancy between the computed and experimental pressure
coefficient distribution in the suction side of the inboard span of 30%. Again this is
due to the large separation and strong vorticies which happed at this speed and
especially in this section. So it becomes difficult for the solver with low Reynolds
turbulence model to capture the separation at the suction side and that is the reason
behind such discrepancy. In Ref. [44], unsteady state computations using Large
Eddy Simulation for turbulence modeling are conducted over the NREL Phase VI
blade. The results obtained in Ref. [44] for the pressure coefficient distribution at
15m/s is of similar behavior to the results in Figure (3.40). Similar results were also
obtained in Ref. [46].

The separation is investigated by plotting the relative velocity contours with
streamlines at different spanwise blade sections. The plots are obtained for wind

speeds of 5, 9 and 15 m/s.

At 5 m/s, Figure (3.43) shows that no separation occurs and the pressure

distribution results were in good agreement with experimental results.

At 9 m/s, Figure (3.44) shows that the separation effect is small. The separation
evolves from 30% section to reaches its maximum at 63% section and then

decreases at 80% section and finally the separation disappears at 95% section.

At 15 m/s, Figure (3.45) shows that separation and formation of vorticies happen at
all sections. This explains the deviation of the computed pressure distribution from

the experimental results. And also the decrease in the Cy and C; values.
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Figure 3.43: Relative velocity contours with streamlines at 5 m/s on different
sections of NREL VI
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Figure 3.44: Relative velocity contours with streamlines at 9 m/s on different
sections of NREL VI
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Figure 3.45: Relative velocity contours with streamlines at 15 m/s on different
sections of NREL VI
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3.2.7 Results of Preconditioning

So far all the results obtained in Section (3.2) are obtained using Merkle
preconditioner. Here, the computations with Merkle preconditioner, Hakimi
preconditioner and without any preconditioner are compared. The CFD simulations
are done for the NREL Phase VI wind turbine rotor blade at wind speeds of 5m/s
and 19m/s. All the computations were done using the Launder-Sharma turbulence

model.

The histories of convergence for the different computations are summarized in the

figures below at wind speed of 5m/s:

Global Residual
w

-5 W\
-6
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lterations

Figure 3.46: History of convergence of NREL VI computation with Merkle
preconditioner at 5 m/s
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Figure 3.47: History of convergence of NREL VI computation with Hakimi
preconditioner at 5 m/s
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Figure 3.48: History of convergence of NREL VI computation without preconditioner
at5mf/s

From Figure (3.46), the solution with Merkle preconditioner has converged after
about 1300 iterations. The convergence level of 5 orders was reached after 800
iterations. On the other hand, this level of convergence was attained after 2000

iterations in the case of Hakimi and no-preconditioner solutions.

So the usage of Merkle preconditioner has speeded up the convergence by about

two times.
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The results are shown in terms of pressure coefficient distribution at different
spanwise sections of the blade.
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Figure 3.49: Comparison between preconditioning models at 5 m/s
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Figure 3.50: Comparison between preconditioning models at 19 m/s

From the results above, at 5m/s, it is clear that the solution without preconditioning
gives bad results especially in the sections close to the root. At these sections, the
speed is very low. Moving towards the tip, the speed increases and the solution

without preconditioning becomes better.
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The speed is calculated by adding the wind speed and the speed due to rotation as

follow:

U= /U§ + (Qr)?2 (3.6)

where U, is the free stream wind speed and Q is the rotational speed (in this test,

Q =72 RPM = 7.54 rad/s). r is the radial distance from the root to the section.
For the 5m/s case;

o At30% span,U=13.50m/s ——> M =0.039
o At63% span, U=26.75m/s ——> M =0.078
e At95% span,U=39.94m/s ——> M=0.120

In Figure (3.49), a pump is noticed at 30% span at the suction side in the case of no
preconditioning. To understand the physics behind this pump, the relative velocity
vectors are plotted as in Figure (3.51). From this figure, the velocity vectors are
smooth at the surface showing no problem in the velocity distribution. In fact no

physical conclusion could be drawn for the existing pumps.

At 19m/s, non-preconditioned solution improved even close to the root. Because the

speed now is higher.
For the 19m/s case;

e At30% span, U=26.75m/s ——> M =0.078
o At63% span, U=3243m/s ——> M=0.094
o At95%span,U=43.94m/s —> M=0.127

Comparing the Hakimi model with the Merkle model, we see that Merkle model
gives more accurate solutions in all the sections. Based on these results, it is
decided to use the Merkle preconditioner throughout the work of this thesis. Note

that the solution obtained by Hakimi preconditioner started convergence at f*=300.
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Figure 3.51: Velocity vectors at 30% span for no-preconditioning at 5m/s
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CHAPTER 4

CFD SIMULATIONS FOR THE EFFECT OF WINGLETS TWIST
AND PITCH

The NREL Phase VI rotor blade was selected to be the baseline blade for the
coming studies. This chapter consists of two main parts; first to see the effect of
adding a winglet to the blade tip on the power production of the turbine and second
to see the effects of twisting the blade on the power production of the wind turbine.
The study of this chapter can be considered as a pre-design process where the
effective parameters will be selected to be the variable parameters in the design
process of Chapter 5. The effective parameters are the ones which when changed;
the power will be considerably affected. The study will be carried on for wind speeds
in the range of 5 — 9 m/s. The reason behind selecting this range is that the average

of wind speed usually falls within this range.

The main aim of this chapter is to study different winglet and twist configurations and
decide about the best ones to be used for the design and optimization in Chapter 5.
Using all possible configurations for the design will result in huge CPU time
consumption and will need large computer resources for the calculations. So limiting
the number of configurations and variable parameters will result in much less CPU

time needs.

The chapter will start with the effect of winglets and then shift to the effect of twist.
The chord change also has a great effect on the power production. However, in this
study the chord will not be considered as an optimization parameter because
changing the chord results in changing the structural properties of the blade, and
this thesis aims at designing a more powerful wind turbine blade without changing

its weight significantly.
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4.1 Winglet Study

The idea is to add a winglet which is able to carry aerodynamic loads so that the
vortex caused by the winglet spreads out the effect of the tip vortex which results in

decreasing the downwash and reducing the induced drag [51].

To understand how the winglet reduces the drag, it is necessary first to understand

the difference between the profile drag and induced drag.

The profile drag is a consequence of the viscosity of the air moving on the airfoll
surface, as well as due to the pressure drag. As the wind turbine blades moves in
the viscous air, part of the air sticks to while other is kept in motion. For the air to
rotate with the blade, it must have taken energy from the blade. The profile drag is
the cause of this transfer of energy from the blade to the air. The profile drag
depends on many factors including the wetted area of the blade, the shape of the
blade airfoil and the angle of attack [106, 107].

On the other hand, the induced drag is a consequence of producing lift by the
blade. If there is lift, then there must be pressure difference between the sides of the
blade. And the sides are distinguished as the pressure side (the side which has
higher pressure) and the suction side (the side which has lower pressure). Due to
this pressure difference, there is a flow around the tip from the pressure side to the
suction side. This flow which is a spanwise flow is felt all along the trailing edge as
the flow leaving the suction side moves inward while the flow leaving the pressure
side moves outward. Once these two opposing flows meet at the trailing edge, they
give rise to a swirling motion that is concentrated into the known tip vortices. The
generation of vorticies requires energy and this energy is transferred from the blade

to the air. This transfer of energy is induced drag.

The induced drag can be reduced by reducing the spanwise flow. The winglets
provide a way to do that [108]. The idea of adding a winglet to the wind turbine blade
is to produce a flow opposing the flow produced by the blade. This flow will tend to
cancel or weaken the main flow of the blade and hence reduce the spanwise flow
and consequently reduce the induced drag. The winglet diffuses or spreads out the
influence of the tip vortex and as a result it reduces the induced drag. One should
remember that, adding a winglet also results in increasing the wetted area, hence
increasing the profile drag. So the designer’s aim is to obtain the most reduction in
induced drag for the smallest increase in profile drag.
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4.1.1 Winglet Configurations

The winglet is added by extending the blade tip by 1.5 % of the blade radius and
then tilting the extra section. Based on the tilting direction, four winglet
configurations have been tested to check for the best configuration for power
production:

e Configuration 1: The blade tip is tilted towards the pressure side (PS)

e Configuration 2: The blade tip is tilted towards the suction side (SS)

e Configuration 3: The blade tip is tilted tangentially towards the (LE)

e Configuration 4: The blade tip is tilted tangentially towards the (TE)

For each configuration, two cant angles and two twist angles have been examined

to see the effect of cant and twist angles on the power production.

The definition of the cant and twist angles of the winglet is shown in Figure (4.1):
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Figure 4.1: Cant and twist angle defi_nition of winglets [50]

The produced winglets are summarized in Table (4.1):

Table 4.1: Winglets for configuration 1

Winglet Ca(ndtea(‘:]r?)gle Tw:ztegl.‘;gle
WL1-1 45 0
WL1-2 45 2
WL1-3 90 0
WL1-4 90 2
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Where, WL1-1 refers to winglet 1 of configuration 1, WL1-2 refers to winglet 2 of

configuration 1 and so on for the winglets of the other configurations. So total of 16

winglets have been tested. The different winglet configurations are shown in Figure
(4.2).

a) Original blade

b) 1.5% extension

d) Tilting towards suction side (WL 2-1)

e) Tilting towards leading edge (WL 3-1)

f) Tilting towards trailing edge (WL 4-1)

Figure 4.2: Different winglet configurations
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4.1.2 CFD Simulations and Results

The same mesh topology used in Section (3.2) is applied here. The results were

obtained by solving the RANS equations with the k — ¢ Launder — Sharma as the

turbulence model and the Merkle preconditioner. The results are obtained for the

wind speed range between 5 and 9 m/s.

It is important to calculate the percentage of power increase due to the different

winglet configurations. The percentage of computed power and thrust increase with

respect to the original blade geometry for each configuration are listed below:

Configuration 1: Tilting towards PS

Table 4.2: Percentage of power increase for the winglets of configuration 1

Wind speed WL1-1 WL1-2 WL1-3 WL1-4
(m/s) Power | Thrust | Power | Thrust | Power | Thrust | Power | Thrust
% % % % % % % %
5.0 -3.15 0.73 -2.24 0.10 -0.25 0.70 -2.24 0.10
6.0 1.28 0.84 -0.50 0.56 1.92 1.13 -0.50 0.56
7.0 1.51 1.22 1.64 0.84 1.87 1.07 1.64 0.84
8.0 -0.57 0.46 0.48 0.78 1.80 0.98 0.38 0.72
9.0 1.48 0.87 0.11 0.06 1.42 1.10 0.11 0.06

Configuration 2: Tilting towards SS

Table 4.3: Percentage of power increase for the winglets of configuration 2

Wind speed WL2-1 WL2-2 WL2-3 WL2-4
(mis) Power | Thrust | Power | Thrust | Power | Thrust | Power | Thrust
% % % % % % % %
5.0 4.80 3.49 3.54 2.69 2.69 3.16 3.54 3.28
6.0 5.03 3.47 474 3.19 5.05 3.75 5.05 3.66
7.0 4.64 3.35 3.56 2.82 3.67 3.20 3.03 2.74
8.0 4.66 3.39 4.57 3.13 4.95 3.52 4.76 3.39
9.0 4.56 3.64 3.72 2.78 2.66 2.37 3.72 2.89

Configuration 3: Tilting towards LE

Table 4.4: Percentage of power increase for the winglets of configuration 3

Wind speed WL3-1 WL3-2 WL3-3 WL3-4
(m/s) Poower Thrust | Power | Thrust | Power | Thrust | Power | Thrust
% % % % % % % %
5.0 -0.75 0.97 -1.82 0.24 -4.93 -1.38 -1.02 0.45
6.0 0.34 1.31 0.61 0.75 -0.50 -0.28 0.93 1.04
7.0 0.82 0.91 1.73 1.07 0.70 0.23 1.52 0.64
8.0 3.33 2.15 1.24 0.78 1.14 0.52 1.28 0.83
9.0 2.47 1.79 0.79 0.52 1.25 0.81 0.81 0.57
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Configuration 4: Tilting towards TE

Table 4.5: Percentage of power increase for the winglets of configuration 4

Wind speed WL4-1 WL4-2 WL4-3 WL4-4
(mis) Power | Thrust | Power | Thrust | Power | Thrust | Power | Thrust
% % % % % % % %
5.0 0.75 1.40 -1.72 0.02 -1.46 0.18 -4.25| 812.90
6.0 0.82 1.59 0.75 1.03 -0.04 0.38 -1.43 | 1064.00
7.0 2.33 1.75 1.61 1.14 1.02 0.69 -0.50 | 1311.00
8.0 2.95 1.96 1.24 0.72 1.14 0.72 -0.38 | 1527.00
9.0 1.86 1.62 0.94 0.75 0.56 0.46 -0.50 | 1724.00

From the results above, it is clear that the best configuration for increasing the
power production is to place the winglet towards the suction side. This result is in

agreement with the results obtained in Ref. [49, 109].

Also it is clear that changing the cant and twist angles has a considerable effect on
the power production. WL2-1 gives the best power results at 5 m/s while WL2-3
gives better results at 8m/s. To obtain the maximum power for a wide range of wind
speeds, multipoint optimization is necessary. The multipoint optimization is

explained in details in Chapter 5.

Being the best configuration, configuration 2 will be selected for further results and

for the optimization in Chapter 5 as well.

Not only the power increases with a winglet but also the axial thrust. Hence, a load

analysis is necessary to see the structural effects of the additional thrust.

To see the effect of the winglets on the separation and vortex formation, the relative
velocity streamlines are plot for the winglets WL2-1 and compared with the original
blade at different spanwise sections. However, since the stall starts after 9 m/s wind
speed, the separation and vortex formation will be very clear at higher speeds. So

the CFD computations are made again at wind speed 15 m/s.

The relative velocity contours with streamlines at 9 and 15 m/s are shown in Figures
(4.3) and (4.4).

It is clear that the winglet has a slight effect on changing the separation and tip flow
characteristics, hence pressure distributions and power levels. This is seen

especially at 15m/s in sections 63% and 80%.
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a) Original Blade b) WL2-1
Figure 4.3: Relative velocity contours with streamlines comparison at 9m/s
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a) Original Blade b) WL2-1

Figure 4.4: Relative velocity contours with streamlines comparison on at 15
m/s
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From the results obtained for the winglets, one may notice that the increase in
power due to the winglets is still small. In the average of 3.5%. As mentioned before,
the winglets had slight effect on the separation and vorticies. This means that, the
power increase is not only due to weakening the vorticies but also due to reduction
in the tip losses. An optimization of the cant and twist angels will result in more

power production as stated in Chapter 5.

To better see the change in vorticity due to winglets, the magnitude of vorticity iso-
surface are plotted for all the winglets of configuration 2 as well as for the original
blade at 9 and 15 m/s.

a) Original blade

i

d) WL2-3 e) WL2-4

Figure 4.5: Comparison of vorticity magnitude iso-surface at the blade tip region
for different winglets at 9 m/s
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a) Original blade

WL2-3 e) WL2-4

Figure 4.6: Comparlson of vorticity magnitude iso-surface at the blade tip region
for different winglets at 15 m/s

It is clear from the above figures that the addition of winglets changes the magnitude
of vorticity. Moreover, the vorticity magnitude is different for different winglets. More

and investigations about the winglets are available in Chapter 5.
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4.2 Blade Pitch and Twist Study

The pitch and twist angles are very important parameters which have a considerable
effect on the power production of wind turbine rotor blades. The twist angle decides
on the values of the local angle of attack. Twisted blades for wind turbines have
been proved to be superior to the untwisted ones due to their full utilization of the
blade area to produce lift at low drag. The twist angle is defined in Figure (4.7)

(reproduced from [31]):

—0_ Rotor plane

F
rel

Figure 4.7: The pitch and twist angles definition

Where V; is the tangential velocity, V, is the axial velocity and V,.,; is the relative

velocity.
The angles appearing in Figure (4.7) are defined as follow:

e qa:is the angle of attack defined as the angle between the chord line and the
relative velocity.

o ¢: is the flow angle defined as the angle between the relative velocity and
the plane of rotation.

e 0:is the local pitch angle defined as the angle between the local airfoil chord

line and the plane of rotation.

In fact 6 is called the local pitch angle which is a combination of the pitch angle 6,

and the twist angle :

0=6,+p (4.1)

Where the pitch angle is the angle between the tip chord line and the plane of
rotation. And the twist angle is measured relative to the tip chord line. The pitch

angle is constant and it is added to the varying twist angle along the blade span.
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In particular it is possible to use the twist to influence the flow separation and stall at
a certain wind speed. For this reason, the fixed pitch rotor blades are not linearly
twisted. The twist angles towards the root are greater than the angles towards the
tip. This variation in twist is determined by both the stall characteristics and the

starting torque [3].

The effect of different blade twist variations on the power production of the blade
can be seen in Figure (4.8). It is clear that non-twisting the blade results in
considerable reduction in power. The advantage of untwisted blades is the easy and
low cost manufacturing. However, since the modern blades are mostly
manufactured in molds and made of fiber glass, manufacturing became also easy
for twisted blades. The profit of the more energy produce by twisted blades is more

than the price difference of manufacturing untwisted blades.
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Figure 4.8: Effect of blade twist on the blade power coefficient [14]

The pitch angle effect on the power production of a wind turbine blade is shown in

Figure (4.9). Similar results are given in [110].
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Figure 4.9: Effect of pitch angle on the blade power coefficient [57]

In this section, different pitch and twist configurations were investigated and
compared to the original NREL VI blade. The analysis includes the effect of pitch

and twist on the power production and the stall characteristics.

4.2.1 Pitch and Twist Configurations

The original NREL VI sequence H blade is of nonlinear twist and 3 degrees of pitch.
11 different positive and negative pitch angles have been investigated and
compared to the NREL VI H. The angles are between -3 to 8 excluding the 3

degrees angle which corresponds to the original NREL VI H blade.

Positive pitch means twisting down toward wind direction. On the other hand,

negative pitch means twisting up away from the wind direction.

In addition to that, another configuration related to twist is investigated. In this
configuration, the twist angles of the NREL VI blade have been set to zero keeping
the pitch angle of the original blade as 3 degrees. In other words, this configuration
is the untwisted form of the NREL VI.

The 3D views of some blades of different pitch angles and untwisted blade are

shown in Figure (4.10):

103



a) NREL VI b) Untwisted blade

c) Pitch of -3 degree d) Pitch of 8 degrees
Figure 4.10: 3D view of different pitch and twist configurations

4.2.2 CFD Simulations and Results

Similar to the winglet study, in the twist CFD simulation the same mesh topology
used in Section (3.2) is applied. Also, the results were obtained by solving the RANS
equations with the k — ¢ Launder — Sharma as the turbulence model and using the
Merkle preconditioner. The results are obtained for the wind speed range between 5

and 9 m/s.

The change of pitch and twist angles has shown a big effect on the power output.
The power curves of selected different pitch angles and the untwisted blade

compared to the original blade are shown in Figure (4.11):
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It is clear from Figure (4.11) that the blade of -3 degrees of pitch has stalled earlier

than the other blades. Then the stall is delayed as the pitch angle increases. The

curves corresponding to the other pitch angles are not included in the plot for sake
of clarity. The untwisted blade has also shown an earlier stall.

The percentage of computed power and thrust increase with respect to the original
blade geometry for each pitch angle are listed in Tables (4.6), (4.7) and (4.8):

Table 4.6: Percentage of power and thrust increase for the (-3 — 0 deg.) pitch angles

Wind -3 deg. -2 deg. -1 deg. 0 deg.

speed | Power | Thrust | Power | Thrust | Power | Thrust | Power | Thrust
(m/s) % % % % % % % %
5.0 3.70 58.55 8.41 49.36 9.77 39.81 9.80 30.14
6.0 2.29 42.50 5.95 37.05 7.99 30.39 9.08 23.55
7.0 -4.50 30.56 -0.20 26.52 2.30 22.18 3.61 17.07
8.0 -17.75 20.10 | -10.20 17.89 -5.58 14.95 -1.81 12.01
9.0 -42.32 11.63 -25.29 11.63 -20.01 8.10 -11.70 6.42

Table 4.7: Percentage of power and thrust increase for the (1 — 5 deg.) pitch angles

Wind 1 deg. 2 deg. 4 deg. 5 deg.

speed | Power | Thrust | Power | Thrust | Power | Thrust | Power | Thrust
(m/s) % % % % % % % %
5.0 8.89 8.09 4.61 9.92 -8.86 -10.06 -14.35 -21.20
6.0 5.99 15.95 4.40 7.79 -6.35 -8.93 | -13.39| -17.79
7.0 4.19 11.74 1.83 5.87 -3.64 -7.01 -9.27 -14.02
8.0 -0.10 8.16 -0.29 3.66 -2.86 -5.94 491 -11.10
9.0 -5.76 4.74 -2.56 214 -0.73 -4.74 -1.95 -25.56
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Table 4.8: Percentage of power and thrust increase for the (6 — 8 deg.) pitch angles

Wind 6 deg. 7 deg. 8 deg. Untwisted
speed | Power | Thrust | Power | Thrust | Power | Thrust | Power | Thrust
(m/s) % % % % % % % %

5.0 -29.80 | -3290| -4560| -43.85| -56.28 | -55.88 3,86 11,41
6.0 -20.81 -25.95| -2740| -3488 | -37.73| -42.38 -2,64 9,29

7.0 -14.02 | -21.27| -2029 | -2844| -26.88| -35.79 -4,37 5,11
8.0 -8.86 | -16.91 -14.58 | -23.04 | -18.72 | -29.11 -14,63 2,61
9.0 -4.08 | -13.36 -7.66 | -1845| -10.71 -23.08 | -22,06 1,74

From the results above, there is a great change in the power for the different twist
and pitch angles.

To understand the effect of the twist and pitch angles on the stall characteristics, the
relative velocity contours with streamlines are plotted at different sections of the

blade for pitch angles of -3 degrees and 8 degrees at 9 m/s.

From Figures (4.12) to (4.14), it is clear that the stall characteristics have been
affected. In the cases of -3 degrees pitch and untwisted blade, the stall starts earlier.
This is clear from the vortices formed at the suction side. Where in the case of 8
degrees pitch, the stall has been delayed. This is clear from the smooth streamlines

leaving the trailing edge of the suction side.

The best pitch angle seems to be the pitch angle of the original NREL VI blade
which is 3 degrees. At this angle the power is high at wide range of wind speeds.
The pitch angles less than 3 degrees, they produce more power at low wind speeds
but with a drastic decrease in power at moderate wind speeds. Pitch angles higher
than 3 degrees, produce low power at both low and moderate wind speeds. More
results for the pitch angle effect on the power production at low, mid and highe wind

speeds are available in Chapter 5.

Based on the results of this chapter, one can see the effects of the winglet and the
twist on the wind turbine power production. It is hard to guess the best winglet shape
and the best twist distribution for the maximum power production for wide range of
operating wind speeds. This task needs optimization techniques as explained in
details in Chapter 5.
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Magnitude of Relative Velocity (m/s)
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a) Original b) Untwisted

c) Pitch of -3 degrees d) Pitch of 8 degrees

Figure 4.12: Relative velocity contours with streamlines at 9 m/s at 47% span for
different twist and pitch angles
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Magnitude of Relative Velocity (m/s)
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a) Original b) Untwisted

c) Pitch of -3 degrees d) Pitch of 8 degrees

Figure 4.13: Relative velocity contours with streamlines at 9 m/s at 80% span for
different twist and pitch angles
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Magnitude of Relative Velocity (m/s)
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b) Untwisted

a) Original

c) Pitch of -3 degrees d) Pitch of 8 degrees

Figure 4.14: Relative velocity contours with streamlines at 9 m/s at 95% span for
different twist and pitch angles
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CHAPTER 5

AERODYNAMIC DESIGN AND OPTIMIZATION

Optimization of wind turbines is a multidiscipline process including optimization of
aerodynamics, structure, electrics and economics. For the wind turbine blades, the

aerodynamics optimization is the major concern.

The aim of this study is to optimize the wind turbine blade of NREL VI without major
change in the blade structural properties and weight. The objective of optimization is
to increase the torque of the blade at low and medium wind speeds. To account for
wide range of operating conditions, a multipoint optimization is carried out at

different wind speeds. The wind speed range is between 5 and 9 m/s.

First the optimization process and techniques are introduced. Then the winglet
which was introduced in the previous chapter will be optimized and after the blade
twist will be optimized separately. Finally, a CFD analysis over the final optimized
geometry is carried out and the results are compared with the original NREL VI
blade.

5.1 Design and Optimization — General Overview

The optimization process starts with a CFD loop which includes four processes;
geometric blade generation, mesh generation of the blade, CFD simulation and
post-processing. Then the CFD results will be optimized by modifying the

geometrical parameters (design variables).

In the optimization, it is too expensive to perform the CFD computations for each
possible geometry. Therefore, the CFD results as a function of the geometrical
parameters are approximated using Artificial Neural Network (ANN) [111] and an

approximate mode is resulted.
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The purpose of the approximate model is to have a fast method which is able to
evaluate the blade aerodynamic performance. This method requires a database
containing several blade geometries and their associated aerodynamic and

geometrical performances.

The samples of the database are used to construct the approximate model. Then
the CFD loop is carried out only for this model and the results are stored in a new
database (which includes the old database as well). Then another approximate
model is constructed from the new database and CFD loop starts again and the
process continues until the maximum number of the design cycles is reached. So
after each design cycle, the number of samples in the database grows and the

approximate model becomes more accurate.

Design Variables Genetic Algorithm:
\ - Selection Operator

- Reproduction &
Matuation Operator

CFD loop: - New Population
- Geometric blade generation A
- Mesh generation
- Solving
- Postprocessing
The CFD computations are

approximated as a function of

\ / the geometrical parameters
using ANN

Output Variables (Database)

Figure 5.1: Optimization loop

5.1.1 Design Variables and Database Generation

The design variables are the geometric parameters of the blade, such as twist,
chord length, airfoil profile,..etc, which change within upper and lower limits to
produce different blade shapes. Those shapes are the new geometric blades used
in the database. Then, meshing and CFD computations are carried out on each new
blade. The new blades and their associated CFD computations are stored in the

database.
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It should be noted that, the number of design variables should be as low as possible
to simplify the optimization process and save CPU time. On the other hand the
number of design variables should be as high as possible to obtain more accurate

and reliable design.

5.1.2 Objective Function

The objective function refers to the aerodynamic performance that the designer
wishes to improve. In the case of wind turbines, increasing the torque and hence

increasing the power is the main objective function.

However, in this study, for the several geometrical parameters or CFD results, a
penalty is computed such that, the higher the penalty, the further the value from the
desired result becomes. Then a pseudo-objective function is defined as the
summation of these penalty terms. Thus the optimization problem is to minimize the
objective function in function of geometrical parameters subject to some constraints
to result in a result closest to the desired result. In other words, the general
approach of the optimization problem is to transform the original constrained
minimization problem into an unconstrained one by converting the constraints into
penalty terms that are increasing when violating the constraints. Mathematically, the

penalty Pn is defined as:

2
Pn=W <M) (5.1)
Qref

Where;

e W :is a weight factor which allows to control the influence of a penalty term
on the objective function, it is set by the user

*  Qimp- is the imposed quantity

e (Q:is the computed quantity

* Qe is the a reference value

Then, the pseudo-objective function F (also called transfer function) is defined as:

F= Z Pn (5.2)

For example if the goal of optimization is to increase the torque, the penalty can be
put on the torque with a desired value of 20% of increase in torque. The optimization

will then result in a new blade with a torque as close to 20% increase as possible.
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5.1.3 Artificial Neural Network (ANN)

The basic principle of using the ANN is to build an approximate model of the original
analysis problem. In the approximate model, the CFD computations are
approximated as a function of the geometrical parameters. This approximate model
can be used in the optimization loop instead of the original model. In this way too
much CPU cost by performing CFD computations on every possible geometry is

avoided.

The ANN consists of several elementary processing units called nodes. The nodes

are arranged in layers as shown in Figure (5.2) [112].

Figure 5.2: Schematic diagram of the ANN [112]

The first input layer connects all the inputs to the network. Whereas, the last output
layer produces the outputs. The inputs to the ANN are the geometrical parameters
of the blade shape and boundary conditions, where the outputs are the aerodynamic
performance parameters. All the inputs of a layer are connected to all nodes by the
weighting factor W. Each node performs the summation of the weighted inputs and
bias value to form its own output. The result is then processed through the transfer
sigmoidal function F. The signal is propagated in the same way up to the output

layer. The output of each node of the layer is given as [113]:

S(n-1)
an (i) =F[z,.=1 Wi ans () +b(D)| = Flin(D)] (5.3)
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Where:

e a,(i) is the output value of the it" node of output of nt" layer

e b(i) is the bias function

Now it is important to find the connection weight matrices and the bias vectors in
order to make the actual output vector coincide with the prescribed output vector.
Such connection process is called learning process. The learning process leads to
the best reproduction of the geometries and CFD computations contained in the
database. The algorithm tries to minimize the error that the neural network produces

on the database samples. The error is defined as:

E' = EZH (d' - a) (5.4)
Where;

e d}is the database value of the j** output of the I** sample

o a} is the ANN value of the jt* output of the I** sample

In order to eliminate the error, the derivatives of the error are expressed with respect
to the weight factors. This allows for the iterative calculations of the weight and bias

components modifications.

5.1.4 Optimization Algorithm (Genetic Algorithm)

The choice of the optimization algorithm is mainly based on two considerations:
- Many local optima may exist in the design space and hence global
optimization technique is required.
- The evaluation of the blade performance using the approximate model of

ANN is very fast. Hence, the number of required function evaluations is less

important than if a detailed computation was needed at each step.

Based on the above considerations, the global methods are preferred over the local

ones. Among the global methods, the Genetic Algorithm is used in this study.

The generation loop of the genetic algorithm is explained in Figure (5.3):
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Initial Population: Random
generation of geometrical
parameters

\ 4

Fitness Evaluation: ANN is

used to evaluate the blade
performance

New Population

Selection Operator

Reproduction and Matuation
Operator

Figure 5.3: Genetic algorithm and generation loop

The terms related to the GA are explained as below:

e Population size: Determines the number of individuals generated during the

process.

o Number of reproduction cycles: Determines how many times the population

will be produced.

e Truncation rate: Determines the number of samples which are allowed to

reproduce. For example if the truncation rate is 20, then only 20 best

samples will be used to generate a new sample in the next generation.

o Elitism: Determines the number of individuals that are directly transmitted to

the next generation. If the elitism is 1, this means that only the best sample is

transmitted to the next generation without any modifications.

5.1.5 lllustration of the Optimization process

In this section an illustration to show how the whole optimization process is

performed.

Given a flow solution variable F (objective function). Assuming that only one design

variable G has been selected. Then the steps for optimization are as follow:
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Step 1: Database generation

Assume that only four samples are generated in the database. The exact CFD
results of the four samples are shown in Figure (5.4):

Flow Variable F

GeometricVariable G

Figure 5.4: Initial database of CFD results

Step 2: Approximation of the CFD computations

The CFD computations are approximated as a function of the geometrical
parameters using the ANN.

Flowy Yariable F

GeometricVariable G

Figure 5.5: Approximate model using ANN
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Step 3: Prediction of the optimum

The optimum shape corresponds to the optimum objective function is predicted by
the Genetic algorithm.

/ Predicted optimum

Flow Variable F

Geometric Variable G

Figure 5.6: Predicted optimum by GA

Step 4: CFD computation of the predicted optimum

CFD calculations are run based on the predicted optimum. The new blade and its
associated CFD computations are stored in the new database together with the

initial samples. So the new database now contains five samples.

Flow Variable F

N\

New CFD result

Geometric Variable G
Figure 5.7: CFD calculation for the predicted optimum
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Step 5: New approximation of the CFD computations

A new approximation of the new database using ANN is carried out and results in
new approximate model.

Flow Variable F

N\

New CFD result

Geometric Variable G
Figure 5.8: New approximate model using ANN

Step 6: Prediction of new optimum

Again the new optimum of the new database with the new ANN is predicted by the
genetic algorithm.

<Z——3 New predicted optimum

Flow Variabhle F

Geometric Variable G

Figure 5.9: Prediction of new optimum by GA

118



Step 7: CFD calculation of the new predicted optimum

Again, new CFD calculations are run based on the new predicted optimum. The new
blade and its associated CFD computations are stored in the new database together
with the initial samples and the sample of the previous predicted optimum. So the

new database now contains six samples.

Flow Variable F

|

New CFD result

GeometricVariable G
Figure 5.10: CFD computations for the new predicted optimum

The steps from 2 to 4 represent one iteration in the design process. It is also called
one design cycle. The 2" design cycle starts at step 5 and ends at step 7. The

iterations continues till the number of iterations (design cycles) is reached.

5.2 Winglet Design and Optimization

The design of the winglet is based on the results obtained in Section (4.1). One
configuration was used in the design process which is winglet tilted towards the
suction side of the blade. That is because this configuration showed higher energy

production compared to the other configurations of Section (4.1).
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5.2.1 The Parametric Model

The parametric model consists of 20 sections from hub to tip. The first two sections
(towards the root) are circular and the other sections are defined by the S809 airfoil.
The first 19 sections correspond to the NREL VI blade, where the 20" section is for

the winglet.

A 2D meridional view of the wind turbine is shown in Figure (5.11):

Figure 5.11: Meridional view of the wind turbine

5.2.2 Design Variables and Constraints

Only the winglet part (section 20) is optimized. The number of design variables
included in the optimization is restricted to 2 parameters, the cant angle and the

twist angle. All other parameters are kept constant and used as constraints.
The varying parameters are as follow:

e Cantangle: 3 angles (45, 68 and 89)
e Twist angle: 8 angles (-2,-1,...,5)

So the total number of varying parameters is 24.

It should be noted that, 0 degrees of twist of the blade with respect to the tip chord
corresponds to 90 degrees of twist with respect to the wind. So in the parametric
model, the twist angles are added to 90 degrees to account for position with respect

to the wind.

2D view for the winglet profile at different twist angles (-2, 0, 3, and 5 degrees) is

given in Figure (5.12):
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Figure 5.12: Twist variations of the winglet

In the design process, it is important to define the limits within which the design
variables will change. In this case, the upper limit for cant angle is 89 degrees and
lower limit is 45 degrees. While the upper limit for the twist angle is 5 degrees and

lower limit is -2 degrees.

5.2.3 Database Generation

All the 24 varying parameters are considered in the design. Hence a database of 24
samples is generated which contains 24 different blade geometries and their
associated aerodynamic and geometrical performances. Meshing, CFD simulations
and post-processing are carried out for each sample and the results are stored for

the optimization.

5.2.4 Optimization Settings and Objective Function

To guarantee wide range of operating conditions, multipoint optimization is imposed.
The optimization will carry out on three different wind speeds; 5m/s, 7m/s and 9m/s.
To do so, the database is generated for each operating condition resulting in 72
samples (24 samples for each operating point). The design variables and their limits

as well as the meshes are the same for each operating point. However, the CFD
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computations are different because the boundary conditions are different for the

different wind speeds.

The objective of the optimization is to increase the torque. Hence increasing the

power output. The same obijective is imposed for each operating point.

The genetic algorithm is imposed as the optimization method. The settings of the

GA which are used in this study are as follow:

e Population size = 50
e Reproduction cycles = 50
e Truncation rate = 20

e Elitism =1

Where the above mentioned terms were defined in Section (5.1.4).

5.2.5 Optimization Results and CPU Cost

The convergence history of the optimization procedure is shown in Figure (5.13).
One may notice that the error between the neural network predictions and the CFD

results decreases and both of the curves converges after 14 iterations.
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Figure 5.13: History of convergence of objective function
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The cant and twist angles of the winglet of the optimized geometry converged to 84
and 2 degrees (92 degrees with respect to the wind direction) respectively to give

the best shape for the maximum torque.
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Figure 5.14: Convergence of the cant angle of the optimized winglet
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Figure 5.15: Convergence of the twist angle of the optimized winglet
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The optimized winglet gave a considerable increase in torque compared with initial

geometry (without winglet) as shown in Table (5.1):

Table 5.1: Optimization objectives and results

Operating Initial Torque Optimized Percentage of
Condition (N.m) Torque (N.m) increase (%)
5 m/s 290.3 324 4 1.7
7 m/s 755.4 823.3 9.0
9 m/s 1261.6 1363 8.0

Comparing the results in Table (5.1) with the results obtained in Table (4.3), one
notices that the increase in power due to the optimization of the winglet is more than

the increase due to any winglet configuration obtained in Section (4.1).

Geometrical comparisons between the initial geometry (without winglet) and the final
geometry with the optimized winglet are shown as meridional view in Figure (5.16)

and 2D blade profile view at the tip in Figure (5.17):
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Figure 5.16: Meridional view of initial geometry and final geometry with optimized
winglet
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Figure 5.17: 2D blade tip profile of initial geometry and final geometry with
optimized winglet

The computations were done in parallel. 4 processors were used for the
computations. The operating system is Windows Vista with Intel Core 2 Quad of
2.5GHz. The CPU cost of the different processes during the design is listed in Table
(5.2):

Table 5.2: CPU cost
Process CPU time (Intel 2.5 GHz)

CFD of initial geometry for three
operating conditions.

3x2H=6H

Database generation: 24 samples

for each operating condition. 24x3x2H=144H

Optimization: 14 iterations 14x3x22H=92H

Total 242 H per processor

5.2.6 CFD Analysis of the Final Optimized Winglet Geometry

Here is a comparison between the optimized winglet geometry and the original
NREL VI blade. The computations were run for the wind speed range between 5
and 25 m/s. The power curve comparison, the percentage of power increase, the
axial thrust comparison and the percentage of axial thrust increase are shown in
Figures (5.18), (5.19), (5.20) and (5.21) respectively.
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Figure 5.18: Comparison of power curve between NREL VI and optimized
winglet
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Figure 5.19: Percentage increase in power production of the optimized winglet
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Figure 5.20: Comparison of axial thrust between NREL VI and optimized winglet
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Figure 5.21: Percentage increase in axial thrust of the optimized winglet

From the figures above, it is clear that the increase in power is more than the
increase in axial thrust. In fact the average percentage increase of power is 9%
where the average percentage increase in axial thrust is 1.3 %. This is a good result
which means that the addition of the optimized winglet to the geometry does not
have a big impact on the structural characteristics, including loads, of the blade. a

complete structural integrity analysis is performed in Chapter 6.

The winglets have an effect on the normal and tangential forces acting on the blade
sections. As stated before, the tangential force represents the driving force while the
normal force represents the axial thrust (loads) on the blades. Increasing the driving
force leads to more power production. The normal and tangential force coefficients
Cy and C; are computed using Equations (3.4) and (3.5) and the results compared
to the original blade are shown in Figures (5.22) and (5.23). The results are obtained

for three different wind speeds along spanwise direction of the blade:
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Figure 5.22: Comparison of original blade normal force coefficient with the

optimized winglet one
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Figure 5.23: Comparison of original blade tangential force coefficient with the

optimized winglet one
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At 5 and 9m/s, Figure (5.22) shows that Cy of the optimized blade in the inboard
region of the blade is almost same as Cy of the original blade. As one goes towards
the tip, the Cy of the optimized blade becomes more and the percentage of increase
over the original blade becomes maximum at 99% span. This shows the effect of the
winglet on the tip region. Since the normal force gives an indication about the axial
thrust, this result agrees with the one obtained in Figure (5.21) where the axial thrust

of the optimized blade is more at 5 and 9m/s.

At 15m/s, Cy is less than for the optimized blade. Again this result agrees with the

one of Figure (5.21) where the axial thrust at 5m/s decreases at 15m/s.

Figure (5.23) shows that the increase of Cr of the optimized blade over C; of the
original blade is more towards the tip region. This explains the increase in power at
5, 9 and 15m/s in Figure (5.19). As mentioned before, C; represents for the driving

force and its increase results in an increase in the torque and hence in the power.

The axial velocity streamlines comparison at the blade tip at wind speeds of 5 and 9
are shown in Figures (5.24) and (5.25).

Figures (5.24) and (5.25) show the effect of the winglet on the flow in the axial
direction. In the original blade, a vortex tends to form at the suction side in the tip
region of the blade and the flow slightly separates. However, with the optimized
winglet, the flow is more attached and directed to the downstream without

separation.
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Figure 5.24: Comparison of axial velocity streamlines between original and
optimized blades at 5m/s
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Figure 5.25: Comparison of axial velocity streamlines between original and
optimized blades at 9m/s
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To see the vorticities clearly, the relative velocity streamlines are plot as seen in
Figures (5.26) and (5.27):

Relative Velocity (m/s)

a) Original blade (TE) b) Optimized Winglet (TE)

c) Original blade (LE) d) Optimized Winglet (LE)

Figure 5.26: Comparison of relative velocity streamlines between original and
optimized blades at 5 m/s
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a) Original blade (TE) b) Optimized Winglet (TE)

c) Original blade (LE) d) Optimized Winglet (LE)

Figure 5.27: Comparison of relative velocity streamlines between original and
optimized blades at 9 m/s

From Figures (5.26) and (5.27), one notices the vortex formation at the trailing edge
of the original blade tip region. This vortex becomes less significant in the case of
the optimized winglet and the flow becomes more attached. These results are in

agreement with the increase of power due to the optimized winglet.
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The axial velocity contours at 0.1 m behind the blade in the x — y plane are plot for
plot and compared form both cases as seen in Figures (5.28) and (5.29):

Axial Velocity (m/s)

= M3 o o o

a) Original blade b) Optimized Winglet

oL

0.1m

0.2m
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0.3 m 0.3m

0.8 m 0.8 m

Figure 5.28: Comparison of axial velocity contours between original and optimized
blades at different distances behind the blade in the x-y plane at 5 m/s

From Figure (5.28), at 0.1 m behind the blade, the flow around the optimized winglet
is more attached towards the tip. This is also clear at 0.2 and 0.3 m. As one goes far
behind the blade, the effect of the winglet decreases. So at 0.8 m, the flows around

the original blade and optimized winglet-blade are same.

Similar results are observed in Figure (5.29) at 9m/s.

Another notice is that the velocity behind the blade is less in the case of the
optimized winglet. And as the velocity behind the blade decreases, more power is
captured by the blade. These notices explain the increase in the power due to the

addition of the optimized winglet.
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0.3 m 0.3 m

0.8 m 0.8 m

Figure 5.29: Comparison of axial velocity contours between original and optimized
blades at different distances behind the blade in the x-y plane at 9 m/s

To see the effect of the winglet on the vorticity, the vorticity contours are plot at the
TE of the blade in the tip region. From the results obtained in Figures (5.30), (5.31)
and (5.32), it is noticed that the high vorticity at the tip of the original blade has been
reduced | magnitude and shifted by the winglet.

138



Vorticity Magnltude (1/s)

— M N
&n = U‘I = o
o = = o o
= o = o =l =l
| | I | TR P | | - .L-
Z

a) Original blade b) Optimized Winglet

Figure 5.30: Comparison of vorticity contours between original and optimized blades
at the TE in the x-z plane at 5 m/s

Vorticity Magnitude (1/s)

a) Original blade b) Optimized Winglet

Figure 5.31: Comparison of vorticity contours between original and optimized blades
at the TE in the x-z plane at 9 m/s
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Figure 5.32: Comparison of vorticity contours between original and optimized blades
at the TE in the x-z plane at 15 m/s

5.3 Blade Twist Design and Optimization

The twist optimization is a hard task as will be explained in this section. The twist
mainly affects the stalling time (early or late stall) of the blade. For early stall, the
blade generates more power at lower wind speeds. However this power decreases
drastically as the wind speed increases. On the other hand, late stall results in less
power at low speeds but high power at high speeds. To increase the power at wide
range of wind speeds, extensive database generation and optimization should be

done.

5.3.1 The Parametric Model

The parametric model consists of 10 sections from hub to tip. As explained in Sec.
(4.2), the original blade consists of 19 sections. However, testing the twist for 19
sections is too cumbersome. For example, if the twist angle of each section is
changed through 5 angles, then a database of 19> = 2,476,099 samples will be
necessary. So the number of sections has been decreased to 10 and the rest of the

sections are obtained by interpolation.

The 3D view of the original and parametric models are shown in Figure (5.33):
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a) Original Blade b) Model Blade
Figure 5.33: Original and model blades

5.3.2 Design Variables and Constraints

As stated before, the parametric model consists of 10 sections. The first two
sections (towards the hub) are circular and their twist angle is set equal to the twist
angle of the 3™ section. So the variable parameters are the twist angles of each of

the remaining 8 sections of the blade.
The varying parameters are as follow:

e Twist angle of section 3: 17 angles (99, 100, ..., 115)
e Twist angle of section 4: 5 angles (98, 99,...,102)

¢ Twist angle of section 5: 4 angles (96, 97,...,99)

94, 95,...,97

e Twist angle of section 6: 4 angles )
90, 91,...,94)
)
)

(
(
e Twist angle of section 7: 5 angles (
e Twist angle of section 8: 5 angles (90, 91,...,94
e Twist angle of section 9: 4 angles (90, 91,...,93

e Twist angle of section 10: 4 angles (90, 91,...,93)
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So the total number of varying parameters is 544000. However, as explained in
Section (5.3.3), not all of the varying parameters are used in the database

generation.

2D view for the section 4 at different twist angles is given in Fig. (5.34):
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Figure 5.34: Range of twist variations of the blade

5.3.3 Database Generation

As mentioned before, the total number of varying parameters is 544000. This means
that for three different wind speeds, a database of 544000%3 = 1632000 samples
should be generated and all those samples should be used for optimization as input.
However, the computer resources available are unable to accomplish this task. It
needs years of continuous running to obtain such huge database with around
420000 Gb of needed free space. Instead, some of the varying parameters were
kept constant while others are varying. This way gives an insight of the effect of the
twist of the different sections on the power production. Around 300 samples were
generated and to get faster optimization, only the best 90 samples were selected.

The samples were tested for three different wind speeds; 5m/s, 9m/s and 19m/s.
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From the results of the generated samples, it is very difficult to have a twist
distribution which causes increase in power for wide range of operating wind
speeds. It is easy to increase the power at a certain wind speed by optimizing the
twist. However, this increase is at the expenses of a drastic decrease of power at a

different wind speed.

5.3.4 Optimization Settings and Objective Function

To guarantee wide range of operating conditions, multipoint optimization is imposed.
The optimization will carry out on three different wind speeds; 5m/s, 9m/s and
19m/s. To do so, the database is generated for each operating condition resulting in
270 samples (90 samples for each operating point). The design variables and their
limits as well as the meshes are the same for each operating point. However, the
CFD computations are different because the boundary conditions are different for

the different wind speeds.

The objective of the optimization is to increase the torque. Hence increasing the

power output. The same objective is imposed for each operating point.

The genetic algorithm is imposed as the optimization method. The settings of the

GA which are used in this study are as follow:

e Population size = 50
¢ Reproduction cycles = 50
e Truncation rate = 20

e Elitism =1

Where the above mentioned terms were defined in Section (5.1.4).

5.3.5 Optimization Results and CPU Cost

The convergence history of the optimization procedure is shown in Figure (5.35).
One may notice that the error between the neural network predictions and the CFD

results decreases and both of the curves converges after 29 iterations.
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Figure 5.35: History of convergence of objective function

The optimized twist gave a slight increase in torque compared with initial geometry

as shown in Table (5.3):

Table 5.3: Results of optimized twist

Operating Initial Torque Optimized Percentage of
Condition (N.m) Torque (N.m) increase (%)
5m/s 290.3 302.1 4.0
9 m/s 1261.6 1299 3.0
19 m/s 887.8 913.6 3.0

As mentioned before, it is hard to obtain an optimum twist which satisfies wide range
of operating conditions. This opens the door for finding the optimum angle for each
wind speed. In other words, to change the stall regulated blade into pitch regulated
blade which can capture the necessary wind to generate more power. However, in
this case, not only the power is considered but the loads as well. The pitch regulated

turbine is explained in Chapter 6.

The computations were done in parallel. 6 processors were used for the
computations. The operating system is Windows Vista with Intel Core 2 Quad of
2.5GHz. The CPU cost of the different processes during the design is listed in Table
(5.4):
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Table 5.4: CPU cost of twist optimization
Process CPU time (Intel 2.5 GHz)

CFD of initial geometry for three
operating conditions.

3x2H=6H

Database generation: 90 samples

for each operating condition. 90 x3x2H=540H

Optimization: 29 iterations 29x3%x22H=1914H

Total 737 H per processor

5.3.6 Results Final Optimized Twist

Here is a comparison between the optimized twist geometry and the original NREL
VI blade. The computations were run for the wind speed range between 5 and 25
m/s.

The power curve comparison is shown in Figure (5.36):
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Figure 5.36: Comparison of power curve between NREL VI and optimized twist

Comparison of the axial thrust at different wind speeds is shown in Figure (5.37):
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Figure 5.37: Comparison of axial thrust between NREL VI and optimized twist

From the two figures above, it is clear that the increase in power is more than the
increase in axial thrust. In fact the average percentage increase of power is 4.0 %
where the average percentage increase in axial thrust is -1.2 %. This is a good
result which means that the optimized twist causes an increase in the power and a
decrease in the axial thrust and loads. However, the increase in power is still very
low (only 4%). This means that the twist angle distribution of the original blade is
almost optimum. To increase the power to much higher levels, the pitch angle of the

blade need to be optimized.

5.4 Blade Pitch Design

Due to the difficulty in designing a twist distribution which satisfies the objective
function of increasing the power at different, low, mid and high, wind speeds, it
seems to be more efficient of using pitch regulated blades than stall regulated ones.
In this case, the power can be increased for each wind speed separately by setting

the optimum pitch angle for each wind speed.

The parametric model is the same NREL VI blade without modification in the
sections. The varying parameter is just the pitch angle of the blade. So generating a
database for different pitch angles for each wind speed is enough to choose the best

angle. The best angle is chosen according to the high power and low thrust.
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5.4.1 Database Generation

A separate database is generated for each wind speed. Each database consists of
different number of samples according to different pitch angles as shown in Table
(5.5).

Table 5.5: Database of pitch design.

Wln(dm?sp)eed Range of pitch angle (deg.) Number of samples
4 -4,-3,...,5,6 11
5 -4,-3,...,1,2 7
6 -6,-5,...,4,5 12
7 -6,-5,...,5,6 13
8 -4,-3,...,5,6 11
9 -4,-3,...,5,6 11
10 -1,0,...,4,5 7
11 -1,0,...,5,6 8
12 -1,0,...,5,6 8
13 -1,0,...,8,9 11
14 -1,0,...,8,9 11
15 -1,0,...,8,9 11
16 -1,0,...,8,9 11
17 -1,0,...,8,9 11
18 -1,0,...,8,9 11
19 -1,0,...,8,9 11
20 -1,0,...,8,9 11
5.4.2 Results

Changing the pitch angle has a great effect on the power and axial thrust of the wind
turbine. The pitch angles were designed for a rated power of 12kW at a rated wind
speed of 11m/s. At wind speeds higher than 11m/s, the pitch angle was changed to

set the power constantly at 12kW.

The optimum pitch angles for the different wind speeds are shown in Figure (5.38):
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Figure 5.38: Optimum pitch angles

The pitch angles are added to the optimized twist distribution of each section of the
blade. For example, at section 3 of the blade, the optimum twist angle is 112 deg
and the optimum twist angle is -3 deg. So the real twist of the blade at section 3 is
109 deg.

A comparison between the NREL VI power curve and the computed power curve for

the optimum pitch is shown in Figure (5.39):
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Figure 5.39: Comparison of power curve between NREL VI and optimum pitch

The optimum pitch has shown an average increase of about 8% in power for low
wind speeds and an increase of about 30% in power for the whole wind speed

range.
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The results for the axial thrust are shown in Figure (5.40):
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Figure 5.40: Comparison of axial thrust between NREL VI and optimum pitch

It is noticed that the axial thrust for the optimum pitch is higher than that of NREL VI
up to 8m/s and after that it becomes less. At low wind speeds even though the axial
thrust is higher, it still low in value and can be tolerated by the blades. At high wind
speeds, the axial thrust becomes more important phenomenon from structure point
of view. Large values of axial thrust may result in structural problems including the
destruction of the blades. This is avoided in the optimum pitch angles as the axial
thrust is less than that of NREL VI.

More results and CFD analysis are obtained in Section (5.5) for the final optimized
blade where, optimum winglet, optimum twist distribution and optimum pitch angles

are combined to produce the final design.

5.5 Final Design — Post-Processing

In this section, the optimized winglet, the optimized twist distribution and the

optimum pitch angle for each speed are combined in one final blade.

The power curve comparison between the different designs is shown in Figure
(5.41):
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Figure 5.41: Comparison of power curve between NREL VI, optimum pitch and
final design

It is clear that the rated power has been increased to 12.5kW. The percentage of

increase in the power production compared to the original NREL VI is shown in
Figure (5.42):
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Figure 5.42: Percentage increase in power production of the final design

It is noticed that there is a large increase in power production due to the optimum
winglet, twist and pitch. Even at low wind speeds, the increase is about 20%. The

overall average increase in power is around 37%.

The results for the axial thrust are shown in Figure (5.43):
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Figure 5.43: Comparison of axial thrust between NREL VI, optimum pitch and

final design

The percentage of increase in the axial thrust compared to the original blade is

shown in Figure (5.44):
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Figure 5.44: Percentage increase in axial thrust of the final design

Again, the increase in axial thrust is at low wind speeds but at high wind speeds, the

axial thrust decreases. So the values of axial thrust at low wind speeds are still small

and can be sustained by the blade.

To understand the increase in the power production, one needs to see the change in
the aerodynamic forces acting on the blade, the pressure coefficient distribution and
the formation of vorticies behind the blade. The normal and tangential force

coefficients Cy and C are computed using Equations (3.4) and (3.5) and the results

compared to the original blade are shown in Figures (5.45) and (5.46).
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Figure 5.45: Comparison of original blade normal force coefficient with the final
optimum blade
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At 5 m/s, Figure (5.45) shows that Cy of the optimized blade is about 50% higher
than Cy of the original blade. This explains the large increase in axial thrust of the

optimized blade at 5ms.

At 9m/s, it clear that the increase in Cy is small compared to the increase at 5m/s
and 15 m/s. This is because the optimum pitch angle of the optimized blade is same
as that of the original blade. So the increase in Cy is only due to optimum winglet
and twist. Comparing Figure (5.45) with Figure (5.22) at 9 m/s, one notices that the
trend of the curves is similar. As mentioned before, the optimum twist effect is not
very significant on the axial thrust so the significant effect comes from the winglet

and that is why the results in Figures (5.45) and (5.22) are similar.

At 15 m/s, the average Cy value of the optimized blade is about 4% less than Cy
value of the original blade. This result agrees with the one in Figure (5.44) where the

axial thrust has decreased at 15m/s.

Figure (5.46) shows that, at 5 and 15 m/s there is a significant increase in C; values.
This indicates that the driving force has increased which explains the increase in the
power in Figure (5.42). Where at 9 m/s, the increase is less because the effect is

only due to the winglet and twist as mentioned before.

The pressure coefficients at different spanwise locations for three wind speeds are
obtained in Figures (5.47), (5.48) and (5.49):
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Figure 5.47: Cp distribution comparison between NREL VI and final design at 5m/s
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At 5m/s, the pressure coefficient is different from the original blade. The pressure is

less at the suction side while it is more at the pressure side resulting in more power.

At 9m/s, there is no clear difference between the pressure coefficient distribution of
the optimized blade and the one of the original blade at the sections close to the
root. Close to the tip region, sections 95% and 99%, the difference becomes clearer.
At 9 m/s, the optimum pitch angle is the same as for the original blade. So the power

difference comes from the optimized winglet whose effect is more towards the tip.

At 15 m/s there is change in the pressure distribution resulting in increase in the

power.

The relative velocity streamlines are plotted at 13m/s and 15m/s as shown in
Figures (5.50) and (5.51). The streamlines are not shown for pre-stall wind speeds

(5 and 9m/s) because separation at pre-stall speeds is weak.
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a) Original Blade b) Optimized Blade

Figure 5.50: Relative velocity contours with streamlines comparison at 13 m/s
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a) Original Blade b) Optimized Blade
Figure 5.51: Relative velocity contours with streamlines comparison at 15 m/s
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At 13m/s, the vortex behind the optimized blade is less than that behind the original
blade. This is also clear at 15m/s, where the vortex is closer to the blade. Towards
the tip region, the effect of the optimum winglet appears. From Figure (5.51), at 95%
a vortex was formed behind the original blade where it disappeared behind the

optimized blade and the flow became more attached.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Concluding Remarks

The main purpose of this study is to aerodynamically design and optimize winglet,
twist angle distribution and pitch angle for a wind turbine blade using CFD to

produce more power. During the study many issues were considered and analyzed;

- Preconditioning
- NREL Phase Il and VI for validation
- Turbulence models

- Different winglet, twist and pitch configurations

Based on the results of the optimization and the other issues, the following

concluding remarks can be drawn;

e Since the Mach number of the airflow around the wind turbine blades is very
small, preconditioning is necessary to overcome the lack of accuracy and the
slow convergence of the compressible flow codes. A comparison between
the solver without preconditioning, with Merkle preconditioner and with
Hakimi preconditioner have been done and the results were compared with
the measured pressure coefficient data for the NREL Phase VI. The results
have showed the need for the preconditioner to obtain more accurate and
faster solution. The most accurate solution was obtained by using the Merkle
preconditioner. It is believed that the advantage of Merkle over Hakimi
preconditioner in this study is the robustness of Merkle preconditioner at high
aspect ratios. For wind turbines, due to the mesh in the far field, the aspect
ratio might reach high values (e.g. 30000), and needs a very robust code to

ensure good convergence with accurate results.
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Two test cases have been investigated to validate the RANS solver of
Numeca Fine/Turbo. The test cases are NREL Phase Il and VI. Different
turbulence models were used in the validation. The k — ¢ Launder — Sharma
has shown superior results compared to the other models in both of the test
cases. In fact it was expected that the SST k — w would give better results
since it takes the advantage of both the k — w and k — € models. The results
obtained in this study are in agreement with previous results in literature that
the k — € model could predict the power more accurately than the SST k — w
model. To well assess this issues, different meshes with different y+ values
should be tested and also more wind turbine test cases should be
considered. However, the k — ¢ Launder — Sharma has shown sufficient
accuracy to be selected as the turbulence model for the further computations
and also for the design and optimization. Comparing the computed spanwise
pressure coefficient distribution by the RANS solver with the measured data,
it is noticed that at pre-stalled wind speeds, the results are very close to the
measured data except for small deviation at the LE which might be due to
Kutta condition. As the wind speed increases above the stall value, the
deviation becomes bigger especially in the suction side of the blade where
vortices are formed. The vortices are stonger towards the root and the
deviation between the computed data and measured data is more towards
the root. Since the k — ¢ Launder — Sharma model is a low Reynolds number
model, it is not capable of accurately capture the flow at stall especially when
there is a great separation. As one goes towards the tip of the blade, even at
post-stall wind speeds, the separation becomes less and the accuracy of the

solver becomes more.

Before starting the design process and in order to decrease the number of
design variables to decrease the CPU cost of the computations, a pre-deign
study has been made. Different winglet configurations have been analyzed
and the results for the power production were compared with the results of
the original blade. Among the different configurations, it was noticed that
adding a winglet to the wind turbine blade and making it pointing towards the
suction side of the blade results in more power production. That
configuration was used for the winglet design and optimization. Also the
effect of twist and pitch on the power production was investigated and the
results have showed the big effect of pitch and twist on power production.
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The results also have showed that it is difficult to have one pitch angle which
causes an increase in power for wide range of wind speeds. The increase in
power at certain wind speed for a certain pitch angle is usually at the

expense of the power at different wind speeds.

The Genetic algorithm together with the artificial neural network were used in
the optimization of the winglet. The design variables were the cant and twist
angles and the objective function was the power output. To ensure validity of
the design for wide range of operating conditions, multipoint optimization was
carried out to maximize the power at wind speeds of 5, 7 and 9 m/s. The
CPU time was 968 hours. The optimized winglet has shown an increase in
power of about 9.5%. Both the power and the loads (represented by the axial
thrust) have increased. However the increase in power is much more than
the increase in the axial thrust means that such increase in the axial thrust
has no significant effect on the structural properties of the blade. Results for
the aerodynamic forces (normal and tangential force coefficients) were
obtained. These results have shown that both of the forces increase
especially in the tip region which shows the effect of the winglet. Other
results showed how the winglet affects the flow by making it more attached
at the tip resulting in more power production. So the addition of winglet
increases to the wind turbine blade increases the power output of the turbine
and optimizing the winglet results in even more power. The 9.5% increase in
power is relatively good increase. Talking about big wind turbines of 2MW
rated power, then such turbine produces about 6,132,000 kWh in a wind
farm of 35% capacity factor. Such amount of energy makes about 204400
EUR. So any 9.5% increase in energy amount means an increase of about
20000 EUR per year which is usually the cost of maintenance of a wind

turbine per year.

The twist design and optimization was also conducted by GA and ANN. The
variable parameters were the twist angles at 8 sections of the blade resulting
in 300 samples for the database and 90 samples for the optimization. And
the objective functions were the power output at three different wind speeds
The results for the optimized twist have shown no significant increase in
power meaning that the original blade has already an optimum twist

distribution.
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To obtain better power production at every wind speed, the best way is to
change the pitch angle for every wind speed. In other words, to change the
blade from stall regulated into pitch regulated. A database was generated
which included many samples for wind speeds between 5 and 20 m/s
resulting in total of 176 samples. The optimum pitch angle was selected
according to maximum power and tolerable thrust. However, at high wind
speeds (higher than stall) the power keeps increasing. To prevent so, the
pitch angles at post-stall wind speeds were chosen such that the power does
not exceed the rated value (12 kW). By pitch regulating the power at low
wind speeds increased by about 20% and it increased by about 30% for the
whole speed range. Another factor that should be considered is the increase
in axial thrust. The axial thrust has considerably increased at low wind
speeds but it decreased at mid and high wind speeds. The increase in value
at low wind speeds is still small and can be tolerated by the blade. There
would have been structural problems if such increase occurred at high wind

speeds.

Finally, the optimum winglet, the optimum twist and the optimum pitch angle
for each wind speed were combined to yield the final design. The results of
the final design have shown a large increase in power production compared

to the original blade. The average of power increase was about 37%.

6.2 Recommendations and Future Work

Recommendations for future work include:

Grid sensitivity analysis for different turbulence models and different wind
turbine blades. Different grids with different y+ values should be tested to
decide on the best turbulence model for wind turbine simulations.

For the winglet optimization, more design variables are to be considered
such as different airfoils.

For the twist optimization again different airfoils are to be included in the

design variables.
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