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Abstract

This study elucidate the work which has been undertakenthe field of horizontal axis
wind turbine (HAWT) aerodynamics and performance. The mainddithme studyis to
obtain abetterunderstanding of the characteristics of HASVdperating with unsteady
flow conditions. The literature review found thatostresearch nthe HAWT has not taken
thisunsteadiness into accouwartdthat will bethe generalobjectiveof the current study

The effecs of steady and unsteady wind velocity upon the hotedonind turbine
performance havéeen studied numerically. Wgj a mesh independent CFD model, the
NREL phase VI wind turbine was bullttilising Ansys ICEM CFDand then simulated
usingFLUENT.

Firstly, steady wind simulations & m/s wereimplemented,with a maximum
power coefficient @ of (0.4245) atthetip speel ratio of6. Then,this processvasrepeated
to test the performance of the scéléown wind turbine.

The effect of the sinusoidal oscillating flow on the wind turbine performance was
investigated usin@ userdefined function, or UDF. Initially a (1Hz) wind frequency was
chosen taarry outthis study. Then, the performance of the wind turbines was investigated
inthefowof upstream mean v e lddferentoscillabnf amplitudes m/ s a
(7%, 15%, 25% and 45%) of the mean upstream wind velodijoreover, various
additional wind speed frequenci€8.5, 2,5 and 10Hz) and their effects on the wind
t ur bi noemarxe gnaaerbdynamie®re investigated. Similarly, tremall scalevind
turbine was also investigateddmaminethe performance of these sizes of machines.

The various wind speedperformance trend was wellmatched a previous
experimental data trendhe constant wind speed performance trend also showed a good
agreement with the)Blade data and CFD data of previous researché&fge results
generally showed that the unsteady fleausedthe performanceo a relativedrop
compared to steady flavMoreover, the findings revealed that small amplitudes improved
the performancenarginally The smaliscale rotorlso presented high performance at small
amplitudes whereas, high amplitudes could caesmtive impacto its performance.
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Nomenclature

Symbols

A Swept @ea of thewind turbineblades, m?
A Amplitude of the fluctuating wind speed.
Ab Area of thewind turbinebladg m?

a Axial induction factor

c Aerofoil chordlength m

CL Lift coefficient

Co Drag coefficient

CL/Cp Lift to drag coefficient

Cs Friction coefficient

Cwm Pitching moment coefficient

Cm  Torquecoefficient

CP  Pressureoefficient

Co Instantaneousqwer coefficient

Cpav Theaverage one cycle of the unsteady flow power coefficient
D Drag force N

Dr Rotor diametem

dr Strip span m

dt Time step sizes

k Turbulent kinetic energy

k Reducedrequency

L Lift force, N



N rev

Pw

pn

Re

St

Th

tn

Aerofoil spanm

Mach number

Number of blade

Newton kg m s?

Number ofrotor rotations
Extracted pwer, W
Available wind pwer, W
PressureN/m

Normalised pessure
Radius and radial directiom
Blade tip radiusm
Reynolds number
Strouhal Number
Second

Torque N.m

Thrust N

Flow time, s

The normalised flow time
Time step sizes

Blade velocitym/s
Average wind speedan/s
Fluctuated wind speed/s

Mean free streamelocity, m/s

vi



VR Relative velocitym/s

Vi Instantaneous wind spead/s
W Watts
y* Non-dimensional wall distance

° Degree

Greek symbols

U Angle of attackdegree
b Pitch angledegree

Vector of partiaderivative operators, denotes the gradient of a vector field

U ate of dissipationRf turbulence energy s*
a Frequency of the oscillating wintiz
d Relative flow angle onto bladedegree

=3 Tip speed ratio

H Dynamicviscosity, N s m?
T Eddy-viscosity N s m?

! Air density, kg/m?

0, Shear stress, Pa

¥ Specific dissipation rates?!

¥ Rotating blade speeth/s
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ABBRIVATIONS

2D

3D

ANSYS

AOA

BEM

CFD

FEM

FVM

HAWT

ICEM

KARI

NACA

NREL

NS

RANS

SA

SST

TSR

UDF

URANS

VAWT

Two dimensional
Three dimensional
AnalysisSystems
Angle of attack
Blade Element Momentunieory
Computational fluid dynamics
fhite elementmethod
fhite volume method
Horizontal wind turbine
Integrated Computer Engineering and Manufacturing
Korea Aerospace Research Institute
National Advisory Committee for Aeronautics
National Renewable Energy Laboratory
Navieii Stokes equatian
Reynolds Averaged NavieBtokes equation
Spalat and Allmaras turbulence model
Shear Stress Transport
T Speed Ratio
Userdefined function
Unsteady Reynolds Averaged NaviStokes equation

Vertical wind turbine
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Chapter One Introduction

1.1 Background

Since the dawn dhistory, wind energy has been used to propel sailboats and grind wheat.
Later, with the development of modern lifestyleater pumps wergowered through the
useof wind energy the first weltknown designbeing the vertical axis direction system
used inancient China and the Middle Eadthe dragtype rotor mill machinepne ofthe

first documentedorms of wind mill, was commonlyset inside a building tdorce the
incoming windhit therotor, (Wind energy, 2018 The current way of using kinetmower

from thewind is to generate electricity.

1.2 Utility of wind energy

For human being development to contintteis essential to ussources of renewable
energy that do not warmthe planet. Several hundred yeafs coal and natural gas
consumptionhave l& to depletion these traditional sourcasd contributed to global
warming through the release of Carbdtortunately,usingrenewable sources like solar,
wind, hydro, and undergund energiedor largescale generatiorof power might be
sufficient to support or even completaigplacethe traditional sourceddowever, these
renewable sourcdsave lacked suppoftom society because they could damage the usual
views of nature and sometimes instalion and maintenancecan be expensive
Furthermorejn the casef mechanical devices like wind turbinéiserecould be alack of
incoming wind in some areadowever,the cost of wind is dropping all the time andhiay
now be cheper than many other forms of power.

Recently,the use ofwind energy has expandeatrossmost of the world due tthe
oil market fluctuates a lathat changed thglobal energy picture. Additionallyin the
current century, small wind plants, which aw@table for a few homes, and giants scale
inshore and offshorevind farms that could be linked to global or local electricity
transmission systems, have been established.

The dramatic increase in theost of oil since the 1970%asled tothe development
of the altenative energysources suclas wind turbinegRosa 2009) The cost of oil has
had to beaken into account by many industrseldl countries whiclare dependent on fossil
fuels forproducing much otheir energyBurning fossil fueldeads to the emissioninto the

atmosphere ofreenhousgasessuch ascarbon dioxide, methane andone which cause
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harm to the environmentby raising the Earttd semperaturethrough trapping heat
(Zulfequar Ahmad Khan2017) Hencerenewableenergy like wind energgan play a
valuable role in replacindossil fuels (International Renewable Energy Agency, 2018
There haspver the last threedecadesbeensignificant growth in the capacityof wind
power generation as a source of alternative endrig\s growthhas notjust beenseenin
numbersof installationsbut also intheir size. For example, in the 1990s, average capacities
were 100kW withheightsof about 100m and rotor bladésliameers around 5n to2MW
capacity whilst nowadays the height can &®und200m (Ryi, J. et al, 2014) as shown in

Figurel.l.
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Figure 1.1 The development of HAWTs througtime (image is captured from

http://www.irena.ory

1.3 Modern wind energymachines

Generally, wind machines are divided into-type and dragype machinesThe lift-type
machinessuchas power generation wind turbinashieve high coefficient of performance

at lower tip speed ratiosith low blades speed®n theother handthe dragtype machines


http://www.irena.org/DocumentDownloads/Publications/RE_Technologies_Cost_Analysis-WIND_POWER.pdf
http://www.irena.org/DocumentDownloads/Publications/RE_Technologies_Cost_Analysis-WIND_POWER.pdf
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such as water pump for irrigati@chieve low coefficient of performancelatver tip speed
ratios with low blades speed. In additiamlike the drag machinethe blade oflift-type
machineganhave different aerofoshapegEboibi, 2013)

Lift-type machinesan be divided intdwo types according to the way which the
bladesare mounted on the rotating shafthorizontal axis wind turbine (HAWT)where
the shaft is in the horizontal viewnd a verticdlaxis wind turbingVAWT), whereit is in
the vertical view(Hansen, 2008HAWT s canalso be classifiethto upwind or downwind
configuration depending on the orientatiarf therotors(wind speed direction).

The horizontal windturbine ismade upin generalof the following main parts: rotor
(blades and hub)acelle(gears ball bearings andjeneratoy, and towerwith baseand
control systemas showrbriefly in Figure1.2.

The energy of wind is harnessed tause the blades totateand generate power.
The profile of the blades has been improve@xtractthe maximum kinetic energy from
wind; hence the modernrotor hasvariousaerofoil sectionsalong the blade span (Han,
2011) Meanwhile theblades, with symmetrical @asymmetrical aerofoilsre twisted and
tapered from their root to the tipgth lengthcan reacto several tens aheters making
their manufactur@and tansportation complex and cos(igboibi, 2013) In addition,large
size wind turbinedhave a significant mechanismwhich is employed to control the stall
known as pitch control.

The rotating blades turthe nacelle, whicltontains thegearbox that connects the
high-speed shaft to the logpeed rotor shafworking as a speed convertefhen, the
increased speed drivasgeneratoor generatorso producepower. Although gearboxes are
heavy and occupy a space, they are still requiredadern generatorén particular with
high-speed rotating shaftlence because of the high load and fluctuating winds, the design
of these parts should lggven special consideratioimhe nacelle has a mechanism caked
yaw control that is used to coalrtherotor blades direction and to provide braking where
necessary.

The supporttower is built of variousmaterials(for example concretesteel ortruss
tube dependingon the size and location of the wind turbin€o avoid thefailure, the
height of the tower is normallyat least 1 time greatéhan the full diameter of theotor
(Manwell et al, 2009) Due to the atmospheric boundary layer profile, the high the tower,
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the hidher the mean wind speed and so energy yield of the turbime.atmospheric
boundary layer can be defined as a reguren the wind flow interacts with the surface of

the earth and could reach to approximatelyIkg. The velocity gradient can be formed

by that interaction starts from zero velocity at the surface to 0.99 of the free stream velocity
which is called the bhandary layer thicknes¢Gilooly S. and TayloiPPower G., 2016)

With regard to the wind turbine control system, it typically eawt electrical equipment

such asensors, actuatorandintelligenceequipmentThesepartsare necessary to enhance

the powe generation further maximise the life of the rotor and the wind turbine in general.

1 Blade
2 Hub
3 3 Nacelle
2(::‘ il Tower
5 Base

Figure 1.2 (left) A HAWT's parts (right) wind turbinevith (Dr=40m and B = 1 MW),
(Image captured &allis Way, Catcliffe Sheffield).
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HAWT's have many advantagesmparedto vertical axis wind turbines (VAWT's§or
instancethe profile of the blade can be optimized aerodynamically to enhance the lift force
(Erich, 2006). Thiscan be achieved flexiblyoy pitching the kddesin high winds.
Moreover, the long tower enables the HAWT to access high wind spekdreaghis is

not possible with the/AWT becausethe tower is too short Since VAWTs are more
complex aerodynamically and mechanically, they have bsedessfrequently

According toHan (2011) before the invention of computefgetdesign of HAWS
was primarily depending on theoretical anexperimental studies. Development of
computer models has allowed new techniguese used to analysle aerodynamics and
performance of wind turbine#n fact, there is no single unique design floe horizontal
wind turbine. The design most commoly useal around the worlds the threebladed
turbing but sometimes the twbladed shape can perform ma#iciently, andit hasthe
benefit of alightweight structural design. Turbine designers have faoedy issues
rangingfrom the intended power capacitgchtion, behaviour of wind speed, refsom
thewind machine and the size.

Regarding problems withaerodynamics these can be analysed through
computational fluid dynamicgechniquesemploying numerical solutien The blade
structure furthermore, can be investigated by using finite element meitkd&M) (Zhu et
al.,, 2016) FEM is a numerical method for solving partial differential equations
numerically. Concisely, the purpose @kekingnumerical solutiosis to savemoney by

saving tme.

1.4 Winds configuration
1.41 Unequal solar heating

Air temperatureand air pressure are the two main conceptde taken into account
regardinggenerationof wind. Since solar energy warms the atmosphanean uneven
manneywhen the heated airses, theanotion of theair moleculesouldbe very slow, mild

or very quick, depending on the location. Any changes in air pressure over the indicated
area push high air pressure toward an area of low presisigrehis difference in pressure
thatleads in general talifferences irclimate for instance, the tropics are hot all the time,

while it is extremely cold in the pold8Vind energy, 2018
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1.42 Coriolis Effect

TheCoriolis Effect, Figure 1.3,is anapparentforce generates air masséisat move in
curves. The Coriolis Effectdeflecs the horizontal windscausing thento blow toward

the Polesso thatwindscirculatein opposing directionatthe northeast and the southeafst
theEarth as shown in Figure 1.3.

To sum up, winabccursdue to differences in tremospleric pressurgvhich resulted inair
movingfrom ahigher toalower pressure area. Moreover, warm air, which weighs less than

cold air, then moves up and replaces the heavy cqlthareby makinghe wind blow.

North
pole

| direction of
Earth's rotation
" direction of air flow in
Earth's Northern Hemisphere
movement
Equator ‘ near poles s
U
»,  Earth's
movement
near Equator

South
pole

Figurel.3Hypotheticalatmosphere circulatiofleft) and theCoriolis Effect (right) (images

by Byron Inouyecaptured fronhttps://manoa.hawaii.egiu

1.5 Effect of wind loads

The nature of wind inevitabllgas areffecton wind turbinesin particular the sudden, brief
fluctuations (gust) This could lead to lowperformance or even shorten the life of the
machinewhen itexperiences$ighloads and stresseAs the density of air in general is low,
the sweptsurface of the blade should be large enough to captlaege stream tuband
then convert it into a usefehergy form. Therefore, the structure of wind turbines must be

well-designedo counteractheseundesiredrariables.


https://en.wikipedia.org/wiki/Fictitious_force
https://en.wikipedia.org/wiki/Fictitious_force
https://en.wikipedia.org/wiki/Atmospheric_pressure
https://en.wikipedia.org/wiki/Atmospheric_pressure
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Loads on the rotor mainly derivikom the aerodynaruos, inertial and gravitational
forces, and the effect of aerodynamic loads on the rotor of horizontal wind turbines is
highlighted inthe current study.

Steady flow in wind isclearly theideal case anthis is not available in theeal
environment. The aerodynamic load in this caseelatively uniform along the blade
whereasat high wind speeds, a separation in fi¥l occur near the root of the blade and
causes considerable changes in the aerodynamic loads, as shown in HgqEsich,
2006).
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Figure 14: Theaerodynamic loads of HAWTSs through time (Erich, 2006).

Turbulent flowor unsteadinessn the other hand, is the form of wititht occurdn the
real surrounding atmosphefdathematically, the wind speed cgenerallybe considered
asmean wind speedavhich is used normally with steady flow calculationshigh and low
deviations from the mean wind spewidth alongthe average valugreused to calculate the
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unsteady flowBecauseof the shapecomplexity of the unsteadyflow, anidealised form,

for instance, like rectangular, trapezoidal and sin or cos can be employed to simplify this
complicationandthereby allowinterpreation ofoscillationswith large or small amplitudes
(Erich, 2006).

1.6 Objectives andScope
1.6.1 Objectives

Wind turbines are exposed to many complicated phenomentharenvironmentsuch as
changs in wind direction, turbulence,and the effeds of the ground boundary layer
(Leishman, 2002)With the majority of researcliocusng on the steadflow casesthee is
a lackof researchanalysisof wind flows in reality (Wekesa et al 2015) However, the
effects of unsteady wind flow on horizontal rotor wind turbines (HAWTyeheecently
becomaea significanttopic as manufacturers try to make their products more competitive

The main objedte of this thesids to fill some ofthe gaps in the literatathrough
studying the influence of the unsteadiness of the wind on aerodynamicaissas$sing
performance of dull scaleHAWT numerically There has been only a little research
conductedn the effecs of unsteadiness on the horizontal wind turbifiee computational
fluid dynamicsCFD datareference turbine used in this studyladamasa and Zangeneh
(2011) while the experimental data fosome scales ofNational Renewable Energy
Laboratory(NREL) wind turbines in particulathe full scale(10.058m)of NREL phase VI
turbine geometryare derivedrom Mo and Lee(2012) For numerical solutionANSYS
ICEM 16.1 meshing commercial software and FLUENT program are employedto
understand the physicd the boundary conditions and aerodynamics of the wind turbine.
The following procedures will bappliedin construding the CFD modefor comparson
with the experimental data:

1 Conducting an acceptable CFD validation which carpé&dormedby comparing
the CFD results with thBIREL Phase VI wind turbinexperimental resultandthe
blade element methoBlade Element Momentum methd@8EM) which can be

derivedfrom QBladetool findings
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1 Both structured and unstructured mest be used to simulate this study, structured
grid for the blade and unstructured mesh for the outer domain
1 Developng and achieing a mesh independent study usidgferent numbers of
grids and differenturbulence models.
1 Investigaing the threewell-known turbulence modelé&k-¥ S, Sgalart-Allmaras
and kU )in order to indicate which model can capture highly thespecified

conditions inthe case of steadyandunsteady flow condition

1.6.2 Scope

To the best of t he aut hor 6s k nto eohsalaltigee , no
effect of unsteady flow conditions with different adequate frequencies of wind speed
fluctuations on performance and aerodynamicstieé horizontalwind turbing numerically
or in the lab Therefore, irthis thesis, the effect of steady and unsteaihylwelocity upon
the horizontal wind turbir@ performance will be studied numerically. The main key points
of this work are:
1 Plot the performance curve at each tip speed ratio emplayiagerage wind speed
at 6m/s.
1 Study the effect of sinusoidal obating flow on the wind turbin@ performance.
1 A 1 Hz wind frequencywill initially be assessed and th#éms will be halved and
thendoubld to investigatethe influence of various frequencies on the performance.
1 Investigatethe performance of thevind turbinein the flow of upstream mean
velocity of "¥=6 m/s and various oscillating amplitudes (726% and 456) of the
mean upstream wind velocity.
1 Studytheinfluence of Reynolds number gerformance of th&ind turbinein the
flow of upstream meanelocity of "Y=6 m/s andalsovarious oscillating amplitudes

(7%, 25% and 45%) of the mean upstream wind velocity.

1.7 General outline of the thesis

A short summarydescription of eaclthapter in the thesis providedin the following

paragraphs

11
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Chapter 1: provides anntrodudion to the historical developnent of wind energy
andwind machine as well as thgptentialas an alternativenergysourceandclarifies the
scope of thistudy.

Chapter 2: this literature reviewpresentsideas from many recent studiesn
horizontal wind turbinedfNumerical solutions Ansys FLUENT and unsteady wiod are
particularlyhighlighted andanalysedFirst, some principles of aerodynamics of horizontal
wind turbines a explained and then discussion moves to the physics and desiwseof t
machines.CFD validation andQBlade software, represeing the blade element method,
are discussed irdetails todefinethe area of the current stuawyd, finally, displayingits
motivation

Chapter 3: thefull NREL phase VI wind turbinbladefeatureis built according to
the coordinates mentioned in many previous works.

Chapter 4: presents in fulthe CFD validation of the NREL phasél wind turbine
which is built inchapter thredyased omwidely availableNREL/NASA experimental work

Chapter 5: revealsthe findingsfor the CFD validation of the NREL phase VI wind
turbine with QBlade results at constant wind speeds and steady flow conditibimes.
performancesurve of wind turbine at average wind speed is higblightedin the chapter
as well aghe performancef the scaledown rotor

Chapter 6: investigatesnumericallyand analysethe effecs of unsteady flowon
the full and small sizeNREL phase VI wind turbirg in accordance with the maam of
the thesisDifferent amplitudes andfrequenciesrepresentedn and compared to theend
of the performancet average wind spe&ehichwasobtainedn chapter four.

Chapter 7: presents the conclusiomd the thesisand providesrecommendations

based orthis study.

12
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Chapter Two Literature R eview

2.1 Introduction

Characteristics of the unsteady wisdch asflow direction, noruniformity in time and
space, turbulence have become importapics ofstudy. In eastern countries like Japan,
for example, wind is more uteady than western countri€soshimitsu, K. et al, 2012)
Although te performancefoa verical axis wind turbine with fluctuating wind flolwas
been studiedy Danao et aJ (2013) most studieswhether numerical and experimental
have been conducted on the assumption of steadiness oMMy, research projects have
beenconducted on the assumption of steadiness of flimwever,few havesimulatel
environment conditions the unsteadywinds in the urban field
Severalrecentlypublishedstudieshave given an impressiaf the effects okteady
and unsteady flow on wind turbines by usexperimentalaboratory work and numerical
solutiors. This review will highlight most of these studiesvith the focus on how the
fluctuatingflow affece HAWTs. The followingsectionshave been divided intoumerous
subsectionsin order to cover all fundamental detaifsst, the aerodynamics of HAWTSs
will be consideredthen the geometry of the NREelectedor this study followed by the
effect of unsteady wind flow on both HAWTs and VAW Bsd finally, numericalstudies

relatingto NREL wind turbineswill be reviewed

2.2 Aerodynamicsof the HAWT

This sectiondescribs the distribution of velocities and forces tre rotor of the HAWT.

These characteristigday a significant rolen productionpower from the rotor.

2.2.1 Momentum theory

To analysethe power froma wind turbinein the simplestterms a stream tube boundary
can beassumed around the rotor, as showRigure2.1 The force of wind on thairbine,
whichis thrust T, is equal to the opposite side of the net f¢ghMdanwell, 2012)

% (N @ Equation2-1
Bernoulli és equation can be applied for
when a fluid, whichin this casds air, is notshifting any energy to other entity such as a

rotor:

13
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n -"w Constant Equation2-2

By assuming no pressure difference #matthe velocity is still thesameon both sides of
the rotor pr = psand \b = Va.
The axial induction, a, can be defined as the fractional factdheofdecrease in wind
velocity, therefore the coefficient of performance of wind rotor, Cp, can be represented by
both

0 ™M” 6p O W Equation2-3

#Db 21 OBIOxBO xERET A — —— Equation2-4

whereN is the number oblades of thavind machine. T generated torque by the rotor,
and A is the area of the sweprea of the rotating bladeBetz's limit represents the
maximum power that can be harnessed from wind turbines. It states that no turbine can
extract more thar0(593 of the kinetic energy in the wind flow.

Stream tube boundary

Rotor disk

A\
Vi
:‘ 4

|

Figure2.1: Stream line tube around the rotor.

2.2.2 Aerodynamicsand Reynolds number

Forces are distributed over the aerofoil surface because of the apdksingover it. The
velocity of flow over theupper surface of the awoil, which is called suction side,
increases due tthe curvature of a bladélowever,on the lower surface, which is called
pressure side, the flow passes slowign the pressure is highéran in the suction side
Therefore, as a result of this differencepressure, lift and drag forces and a pitching

moment argproducedManwell, 2012):

14
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0 0 3 Equation2-5

Equation 2-5) represents the lift coefficient in two dimensions, while the drag ferce

00 5 Equation 26

The samappliesfor themoment

0 5 Equation2-7

There is also a dimensionless coefficient that is signifitarthe design and analysis of

wind turbines

00 5 Equation2-8

The Reynolds number, Re is considered the mostondimensional considerable

parameteto describdluid flow behaviours

YQ Equation2-9

The incomevelocity Vp with its magnitude and directioand also the blade geomefoy
produce theReynolds number and the angle of attéidk The angle of attacks the angle
between the chord line of the blade and the vector line representing the relative wind
velocity betwesn the vind turbine and the atmosphefdoreover, the relative velocity
relieson both the incoming wind speedp @nd the rotationaddladevelocity, U.

®w o Y Equation2-10
Figure 2.2below shows the eaodynamics characteristics tfe S809 aerofoil in more
details: T

Plane of rotation

Figure 22: A crosssection of the S809 aerofoil witbrces and velocities distribution.
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2.3 The turbine geometry

2.3.1 Aerofoil for current wind turbine

The coordinates of the S8@@rofoil have beemusedby many of researcherfor example
(Butterfield et al.1990) Generally, this aerofoil consists ofreaximumthickness readhg
21% at roughly 40%alongthe chordlength and it has beerdesignedfor wind turbines
applications (http://wind.nrel.gov/airfoilg).

As can be seen clearly below in Figur®,2he cambr line of S809 fluctuated twice
around the chord line; one at roughly at 20% chord and the other beyondpp@®the
leading edge, while the negative positetendsrom 20 to 50%of chord Ength.

1

—— 5809 section

Camber line

0.8

0.6
04

02

e— }—
\

0 02 04 0.6 0.8 1
Local distance to chord, x/¢

Figure 23. A cross section of th&809 aerofoil with its camber line (Butterfield et al.,
1990).

Local thickness to chord, y/c

Somers (1997) compared theoderate21% thickness aerofoil of the S809 family
with both NACA 4421 and 23021 aerofoils, @esentedn the curves irFigure 24. The
results illustrated that the S809 aerofoil achiemegortantobjectivessuch asrestrained
maximum lift coefficient and low rg coefficientin comparisonto the chosen NACA
group. Thereforegventuallythis aerofoil could confidently be used to build a full wind
turbine.In addition,Douvi andMargaris (2012) confirmed that the S809 aerofeuealed
higher lift coefficientsthan that of NACAOOl12t various angles of attack aatltwo high

Reynolds numbers

16
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Figure 24: Comparison of S809 with NACA aerofoiigr Re=3 million(Somers, 1997).
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The Rgure 2.5 below shows that thebehaviourof the lift and drag forces curves dhe
S809 aerofoibloes not vargonsiderablywith four differenthigh Reynolds numberdt can
be seen thathe lift coefficientsincreasdinearly from-6° to 7° AOA which represents
fully attached regianThen,they goup until a point called the separati@oint is reached
which is about 15°The range between 7° to 15° AOA is calleg-gtall or transition
region.The angle of attack 15° is called stall pamtwhich stalling occur<C, valuesthen
decrease from their maximum point at’ 16 the lowest value at 2000A. This region is
well-known asthe dynamic stall regiorhe dynamic stall can be definadfluctuating in
the angle of attackvhen the blade subject tmsteadywind flow conditions (Johnsorand
Gharali 2012andLeishmann, 2006 Beyond this pointthe flow above the aerofois fully
separatedrom the suction side of thaerofoiland causethe deestall region(Kyoungsoo
et al, 2017). In addition,C. and G values increase highly togetheéue to more surface
area of the blade will face the incoming wind flowincreasinghe angle of attack.

The separatioroften occurs vihen the flowdetachesfrom the surface of the aerofpll
leadingto a low velocity regionandthenrapid increase in dragnd stall of the flow, as
illustrated in Figure 2.6. Both increasing andetreasing pressutigave influenceon the
region of flow nextto the aerofoil surface which is known as the boundary layeFhe
boundary layers a very thin layer of fluidn contact with the surface of the blade where
the velocityhasa value zero at the surface to the free stream value away from that surface.
The pressure gradient could be favourable in the flow way along the surface, wiereas
negative pressure gradient is unfavourablewith assistance dhe friction of the sudce

the viscid flow might reversthe direction causing separatiomndthen the stallThe ift to

drag ratio with the angle of attack is known as the lift to drag coefficief@sCHence
whenthe angle of attackncreasesthe lift to drag ratioincreass and then decreases with
decreasen the lift force. The maximum lift to drag ratio is called the optimal lift to drag
coefficient. Furthermorewith increasing of wind speed, maximumt ltb drag ratio also

increaseslue to increase in Reynoldemberleads tancreasen lift coefficient
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L5
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Figure 25: Aerodynamics coefficient€C. and &) of 2D S809 aerofoilvith different Re
(Kyoungsocet al, 2017).
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2012).
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2.3.2 Blade design for currentwind turbine

Even though the flow around a wind turbiseof greatecomplexity than that around a 2D
aerofoil,the performance of both is critically dependent on the tip speed ratio and the angle
of attackbetween the aerofoil and thecoming wind.Thetip speedratio (TSR) is of vital
importance in the design of windrbine machines. The importance lies in the fact that

the rotor of the wind turbine spins too slowly or too quickly, the wind will pass between the
rotor blades or utterly stagnate respectively. Hence, modern wind turbines are generally
designed with ofnal tip speed ratios to extract as much power out of the wind as possible.
The tip speed ratio is calculated by dividing the speed of the tips of the rotor by the speed
of the incoming wind. Furthermore, this ratio depends on the number of blades imdhe w
turbine rotor.This is becauséhe fewer the number of blades, the faster the wind turbine

rotor needs tgpinto harness maximum power from the wind.

- — Equation2-11

The blade root iexposéd to low relative velocity at high angle of attaskhereas at
the tip, the relativerelocity is high with low attack angla/hich stimulatesreation ofhigh
lift and low drag

S809 aerofoils ‘

5.029m |
Figure 27: The full scale of NREL Phase VI Blade.

In spite ofthe chord distributionand radiusof the NREL Phase VI turbinkbeing
linear, the radialdistribution ofReis nonlinear. This is as a result of the ndinear twist
distribution of the NREL Phase VI blade in addittorthe nonlinearly change othe angle
between W and \b (Sobotta 2015) The Figure 2.8 below illustrates the geometric Re
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along the blade r/R withariaion o f . It ean be seen that Re increases proportionally with
& along the bl ad aeaffectedby Yptwhheernmoe& ei, s Reon st ant
equations (9) and (10).
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0
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Tip speed ratio, A

Figure2.8: Thefull scale NREL Phase VI Blade operating ai¥ 8 m/ s (Sebotta,h &
2015)

2 4 Effects of rotor size andshape
24.1 Effect of therotor size

Sobotta(2015) has analysed numerically three NREL Phase VI wind turbines scatgs
an identical urpitched angle. The torque and static pressure around the Wbiacke
measured for a fulbcale machinen the NREL laboratoryHand et al.2001).

The full-scalemachine ha a rotorof 10.058 m diameteand two blades. At the
root, the blade hasa circular section which extends from the hub between 0.10AR <
0.176andtwisted S809 aerofoils alonge bladewith a maximum thickness of 21%. The
full scale of this structure with a pitch angle0sfwill be usedas thereference turbine in
this study, sed-igure2.7. The scaled down NREL Phasé turbine blades willbe used to
investigate torque and aerodynamics in the test sedfdreightl.2m andwidth 1.2m, in a

wind tunnel at the University of Sheffield.eRtively, the influence of blockage might be
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maintainedat alow level whenthe wind turbineis scaled downMeanwhile, Cho, et al
(2010) described workthe Korea Aerospace Research InstitukARI) to measurge at
lower than 0.1% turbulence intensity, the torque of the 1@ bladesscale rotorand
compared with that afhe 100% scale which mearfsll scaleof NREL phase Viurbine
The resultshowed that there was a similaritypowerslope forthe NRELturbine 100%
20%and 12 % scales§jgure2.9.

0.4
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—
J ois B g
=]
) %
0.1
¢
a
o ® Re=0.4E6
. g 9 BRe=0.9E6
0 1 2 3 4 5 6 7 8

Tip speed ratio, A
Figure 2.9 Power coefficient for several scales of NREL wind turbine Cho, €2@lL0)

and (2014).

However, the results demonstrated tthetincrease in Cis paralleledthe increase of Re
and the @ decreases. Therefore, the Re positively affected on the L/D amohdhat can
rise highly the Cp value for the full size rotor

In addition,a simulation study byark et al (2007) examined scale effect of NREL
phase VI wind turbinewind turbinemodel scalesf (6%, 12%, 50%, 100%, 400%, 800%
and 1600%)wereinvestigated numericalljlikewise, experimental testfor 12% and 26

scaled dowmmodek were performed byho et al. (2010) Cho et al. (201#spectively
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The mainfinding of this study, washat for large scales rotorperformancewas higher
than thaof small scalenodels

Sobott® swumerical study (2015) comparatively investigated thscaling down
(from 100%to 6%) of NREL wind turbine.The velocity of flow was constant at 6 m/s with
a r angfem 0 fo 6.8Theresults of that comparisomdicateda reduction inthe
coefficiens of performanceand momenof up to 27%and29%respectivelyln addition, at
the tip of the blade, Reynolds numlsscreased fror8.15 x10° for the largescalewind
turbineto 0.53 x1(° for the small one.

Owing to the size limitations of the wind tunnel at the University of Shefftakl,
design of ascaled down wind turbine modeécomes significant. At similar TSRo that of
full scale HAWTSs,the smallscalewind turbine needs to be rotated at Re lowent full
scale modelFurthermore, a blockage ratio, which is the ratio of frontal swept area to wind
tunnel crosssection areacould affect the experiment or the simulatioresults(Du Gang
and Wu Chun Kauy 2015) Therefore,Brawley, (2008) and Edwards et al. (2012who
utilisedthe University wind tunnel, kept it to a value that would int¢nsely altethe flow

physics

2 4.2 Effect of the rotor shape

The geometrical design of the rotor plays an influence role in capturing the kinetic energy
from the wind.The optimal design of the modern blade dependmany manufacturing
factors, for example the outer area of the blade.The rotord ssolidity, which is the
percentage of total blade area to the swept asabe affected by the outer asea that is

expressedh the following equation
y W@ acfl '@ Mo & OAORXIDI 0 Q1O @0 & O'Q'R— Equation2-12
where N is the number @find turbineblades.

The major influence of the solidity on performance of horizontal wind turbines can be seen
in Figure2.10
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Figure2.10: Effects of solidity orthe perbrmance of HAWT (Burton, et al2001)

Increass in the number of bladewill lead to higherrotor solidity, so the performance of
the turbinewill drop in direct proportionto the numberalthoughthe maximum power
coefficients increaseThe solidity of a three blades wind turbine, for instance, could reach
to 0.0345; however, this number might alter by changing the number of bladelsait:
chord of the bladgBurton, et al., 2001)Figure 2.10 shows that higlol&lity curves are
relatively shorter than thatf the low solidity It was because the high solidity shifted the
performance curve i nto t hedheto@tis@lrblade aaogteg of @
U. High solidity turbine could work likea solid wallwhich impedes incomingwind speed
from freely passing through the blades and that causes low performance.

Hau (2006)mentionedhat a wind turbine with three blades can prodRite £%
morepowerthanone withtwo bladesApparently, thecurves ofa high solidityturbinetend
to become narrow with a sharp peakvith increasingtip speed ratio Additionally, the
maximum performance coefficieny Changeslightly with high solidity even though high
drag forcesaccompanyby high solidity. Optimum performances likely to be achieved
with the three blades turt@ndesign neverthelesghe two blades turbine magisoachieve
acceptable performance. This is due to the pesthkgwidely spread along the performance
curve in spite of the gbeingslightly lower than that of three bladesrsion(Burtonet al,

2001) Moreover, the increase in solidity expands the striedoa that may cause deviation
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of incidentflow from geometric angle of atta@ds well as affectingurbine loadingwhich
then strengthens the waleecording tdDanao et a) (2013)

2.5 Modelling and Numerical Simulation of Wind Turbines

2.5.1 Computational fluid dynamics (CFD)

General overview

Computational fluid dynamicsCfFD) can be defined generally by employiegmputer
codesto study and analyse numerically mulfieatures of the flow.This entailsthe
predictionof the behaviour oflow pastobjectsby numericalmethods rather thdab work

and analytic solution.Computational fluid dynamics bkaoffered a significant but
inexpensivavay to testthefluid flow system and solve such complex equationslager

Stocks equation@NS).

CFD makes itpossibleto test flow conditions that cannot be measured easily in
experimental work(Versteeg and Malalasekerap07). Inthe field of wind machines
researchCFD has been evolving recently because of its capability to model phenomena
these machines suds rmt losses, dynamic stall and the effect of rotationkioth 2D
aerofoils and 3D blade®eélbaere2015)

The various stages ofCFD analysiscan be summed up as followBirst, post
processing involves buildg the geometry and mesh generatamtethe flow domainhas
beenbroken down intosufficiently small elements. The next stage is the solver which
defines the flow domain, setthe fluid properties, apigs the boundary conditions, and
specifes initial condtions. Once the results have been obtairtbeé,final stageinvolves
analysis ofthese results using methodbkat include contour and vector plots, and
streamlines.

CFD govers the mathematical equatignsamely,the mass continuity equation
and the momentum equatioos NavierStokes equationg hes equatiors could be seen,
in anaher view, asapplication ofNewton's second law of motion for fluiddssuming the
flow is an incompressible Newtonian fluid, this yieltdse following equation which
represents the combination of three components in Cartesian coordinates in one vector form

equation:

— n " ‘N w Equation2-13
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These equations ane the form ofpartial differential equations (PDEs) and they are
partial due to changes of the variables involwedhin. The PDEs are typically
combirationsof flow variables and the derivatives of these variables. These equations are a
group of coupled differential eqtions and can be solvedimericallyby using modern
mathematical methods. Howeveas these equations are practically complex to solve
further approximations and simplificationsave in the past beemade to solvethese

equationsanalytically.

ReynoldsAveragedNavierStokes Equations (RANS)uld be defined aan opentime-
dependent equatiofy whichinstantaneousariables (as velocityjan be decomposed into
the mean and fluctuation¥o some extent, thesxjuations simplif the NS equatias to
enablesimulaion of many engineering fluid flow applicatiorsuch aswind turbines.
Furthermore, these equations prodaset of terms knowasthe Reynolds stresses, which
are functions of fluctuations, and requirtiebulence modehat will be discussed later.

Nowadays, high speed computeasse being used to solve these equations
approximately The partial differential equationaretransformed into numerical form$he
solution canbe reached by separatitige flow domain into small cells via three main
methods which: the finite difference thed, the finite element methoahd the finite
volume methodAnsys ®ftware bases othe finite volume methodFVM) which is a
numerical method that converts the partial differential equations into discrete ordinary
algebraic equations over elements or cé@leukalled et al., 2016) The solution can be
consideredasconvergntas the values of the variables at the points in the domain tend to
move towards some constant valisgghe solution ieingprogresse.

All'in all, a CFD package consists of three main softwacEessespre-processor,
solver and posprocessorPreprocessing represents configuration and mesh generation.
The numerical solution is run to calculate the numerical solution to the flow prablem
what is the solver stageél'hen last process is analyg the results and cheakg whether

they are acceptabfer determinng the required flow data.
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Turbulence models

The timeaveraging of the instantaneous Nay$toke equations mesaithey decompose
into two quantities: an average and a fluctuation compom®@omposing equation-23
producesa termowing to the fluctuating velocity field, generallgpresents whas known
asthe Reynolds stress thatill be modelledo solveand close the RANS equatiohhe
Reynolds stresgefers to the rate of strain of the mean velocity multipliedh®y eddy
viscosity b, which is a coefficient that represents the average shear stress within a
turbulent flow to the vertical gradient of welity. Fluid flow applications have recently
utilised many turbulence modelBlowever, three active models are especiallyusedin
aerodynamics applicationeamely,the Spalart Allmaras (S-A) model, the standark 1 U
andthe standard and shear stress transport df they ,@ar&l Thesevill be overviewedn
the followingsections Thesesectionswill consecutively provide short definition of these

models and their applicationsspecially irrelationto NREL phase VI wind turbine.

Spalart -Allmaras model

The new onequation economicmodel hasrecentlystarted to be moneidely usedand

was employedfirstly by Spalat and Allmaras(1994) for directly compuing the eddy
viscosity This model, whichwas developed at Boeinggroducesa good perspective on
boundary layers in pressure gradiemsecially in aerospace fieldén general,it is hard

for this modelto capture a separation in the flow field particular at the leadingdge
(Spalat and Allmaras,1994) Song and Pero2015) later employed the(S-A) model
directly in their numerical simulation of the NREL Phase VI rotor woskthout any
comparison to other model$he CFD results were good compared to the experimental
datg especially when fine mesh was made at the leaglifygof the blade

kiU model

This two-equation eddyiscosity model was ffstly used by Jones and Laund&B72) k

and U refer to the turbulence kinetic ener (
andtheseare gained from solving differential equations numericafyorder to compute

the eddyviscosity. This model showed an abilityo satisfactorily simulatehe flow

behaviour on the distance outside the viscous-laydr. Derakhshanl et al(2015)
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conducted durther numerical investigation study and it was valethby the NREL Phase

VI rotor work using this model.

k1T SST model

In 1988, Wilcox designea two-equationmodel (k-¥ )  w lkain leehutilised in thesub
layer of the boundary layewhile Menter (994, whose workhas priority overthat of
other researchers iterms ofusing the SST modetonstructedhis modelwhich works
near wallswith the previous mentioned model-(k)in the free flow stream neahe
boundary layer edge¥he new combined model has enhanced the ability of the RANS to
predict theseparatiorand wakeregion in the boundary lay¢€ebeci,2003).Furthermore,
Ekaterinarisand Mente(1994) applied thek T $STmodelandvariousturbulence models
in their studyto investigatethe effects ofcomplex flow conditions omwings or slender
bodiesT he k1 ¥ Speducednmorksatisfyingpredictionthan other model®r the
flow separation and stall cases

Similarly, Tominaga(2015) examined th& T ¥ SST model and oth
modelsto investigate th@erformance of thansteady part of thRANS, withthek 1T ¥+ S ST
model showng high ability to predict the fluctuation and flow separatiom addition
numerically, results produced by Danao et €013) showed that both fully-k S hear
Stress TransporSST) and thel-equation Transitional SSihodel gave an accuracy than
other turbulence models such as the-egeation Spalafllmaras (SA) and the twe
equation renormalization group RNGkiIn the case 02D simulationa 2D S809 aerofoil
wasmodelled by Harf2011)andthe SSTky t ur bul e nt d{Rloettaibplayed ANSY
adequateonvergncewith the experimental data.

For reasons beyortiosementionedalove,t he kT ¥ S ST freqoedtly | i s
used,especially in the simulation of NREL phase VI wind turbjn@scording to many
recent published studieShoughtheky S ST mo d emostlyappted to éhe NREL
Phase VI, Park et a2007)found that the ) mo d e | performed tern torq
than otherturbulentmodek over a wide range ofind speedsThe k¥ SST model W .
alsoadoptedby Johnson Z012) to study the effect of unsteady flow on the erosion of the
S809 aerofoil after comparFollovgngisa selacton af he r e

studies which dealt with this model atygpe of horizontal wind turbine
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According toSgrensen et 22002)t he k1 ¥ S S 3electeshdcause otz s
succestl applicationin prediction of flow separatioand valuable @nnection with the
NREL/NASA Ames experiment datdoreover, Tadamasa and Zangeii2@l11) selected
this turbulence modeainly onthe basis opast successful experiences at different operating
conditionsand similarly, Lynch and Smith(2013) and Zhou et al (2013) Additionally,
Velamatiet al (2016 selectedhree turbulent modefer conducing theirnumerical study
includingt he k1 ¥ SI%f€rmmwfchd €HD the other two modelperformedess
well compared tdhe SST ky  mo HuetHermoreYelmule and Anjuri (2013arried out
a comparisorbetween their CFD results and the NREL experimental datkthen the
CFD resultswith those produced bsesearchers. The SST modeéy usedshowed high
agreement among all the resultdthough the prediction of the aerodynamics of the blade
could be at ct ed at high angle of at twallcakthese t he |
massive degreeand matched with the experimental wditlee and Ho02012). Finally,
Sobotta(2015) conductedanindependentase studwndthencomparedhe data with those
from the experimenthstudy done by Devinant et gR002). Thenumericalwork simply
involved measuringhe aerodynamics of the NACA 6321 aerofoil. Thenainaim was to
analyse the turbulence models from tha,%-U  a +¥ dnodkl groupsas shown in Figure
2.11
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Figure2.11 Validation of NACA 654421 aerofoil for SA, k-U amd model s at R
0.4E6a n d USobotta)(203).
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Thek-y model group r eve aihpadiculerovithsSSElovBent pr e
mode| which showed relatively small deviations from the experimental data compared
with other models.Hence Sobotta(2015) chosethe k¥  mo thesimulate starting
sequences of the NREL Phase VI rotor wind turbine.

In contrast, the CFD daigained byMoshfeghi(2012)revealed that he ki1 ¥ SST
model could not alwaysanticipate the separation paqiitt particular when itoccurredfar

from the leadingedge;however it was able to predidhe flow details beyond this point

ANSYS Fluentand ICEM Software and CFD Simulation Studies
ANSYS Fluent softwee could be considered the mdspendable and widelysedCFD

tool for physical modelling validationn terms ofproviding prompt, accurate resulfsr
many academic and industrial applicatiohteanwhile, the ANSYS ICEM tool might be
considered s flexible and powerful software which can offer a schematic view of a
geometry in arious forms of mesh generatidfollowing aresomesamples of research
studies and articles which have functioned the CFD to achievesthdy aims

Computational domain configuration

Song and Perof2015) builta doublebladed full scale NREL Phase VI rotor inside a
rotating cylinder.Similarly, Xie et al.(2012) Figure 2.12a), configured two concentric
computational cylindrical domainghe inner fine mesh dynamdomain andouter coarse
meshstagnant domairOn the other hand, many researchers have utilissdgéebladed
wind turbine to minimise the mesh size and save tither example, Yelmule and Anjuri
,2013; Sgrenseret al. 2002; Sgrensen et al. 2015; Mo and Lee 28tBptta,2015) as
seen in Figure 2.1B). All of theseconstructed only a 180° sectarsedvarious software
packagesand includedone blade of the doubldaladed turbineof the NREL Phase VI

rotor.
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Outlet

Inlet

a
Figure 2.12: (a) 360° mesh domains configuratioKie et al., 012) and(b) 180° mesh
domains configuratiorSobotta,(209).

Number of meshcells

A thesis submitted by Han (201frjodelled the 2D S809 aerofoil. Both structured and
unstructured mestvere applied separately for the accuracy test. A large number of cells
wereset close to the aerofoil where the gradient in the flow erbeibe capturedwhile
the mesh of far field was coarse. The structured roeshistecbf 5x10¢* quadrilateral cells
whereas the unstructured mesbmprisedl.5 x1d triangular cells with 300 cells set on
the aerofoil surface in both cases. Compared with experimental work, the unstructured
mesh exhibited high accuracy at high angles of attatk0(AO U O10A) . | n
structured mesh showed precise results at low A©@AiIng to unaligned cellsand
according to the flow direction and keeping the aerofoil°gpi@h anglerelative to the
plane of blade rotation

Another study, by Park et gR007) utilise CFD toexamine the effect of the same
blade scalesincluding the 6 % scaleThe structured quadrilateral and hexahedral mesh
type were usedaround the wind turbine surface and boundaries from the hub to positions
on the blade respectively. A tetrahedral meshe ty@as also usedto fill intermediate

boundariestherefore, the overall mesh was about 3.3%xdIs. Additionally, an article
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submitted by Song and Per@R015) reported that using of CFD to simulate the
aerodynamics of tapered, twisted and rotatMBEL, for instance,presents exciting
possibilities Thes t u ciyndlationwas based on thexperimental work of Hand et al.
(2001) andthe resultswere validated against the findings of Robinson et(4999). The
full scale NREL bladevas covered by a rotag cylinder andeverything was set inside a
cubewhich represented the wind tunnel. An unstructured refined mesh was appéed
thin layer next to the surface of the blade at massive Reynolds nomieto 18. In order

to avoid high aspect ratio, very flat prisms were set next to the surface. Wlierdas,
remaining geometriea coarse meskvas used Different mesh densgs 4, 6.3and 10
million cells were tested. The results showed that the high quantity mesh can capture the
solutionaccurately In their studyMo and Lee(2012)used aotal of 3.0 x 1§ hexahedral
grids Of these,200 grids were meshed achordwise direction on the both sides of the
blade ad the majority of these gridsese aroundhe leading and trailing edge aabther
200 grids were set up alan the blade.Hexahedral meshwas also mployed by
Chaviaropoulo®t al (2003) andn total more than 1.0 x fthexahedral gridand 64 grids
totally were meshed ia chordwise direction on the both sides of the blade ammther
167 grids were set up along the bladBarthermore, Xie et al2012) useda number of
hexahedragrids rangingrom 3.6 x 1§ to 5 x1(F.

Performance of wind turbines

CFD method haslsobeen used to analyse the effect of unsteadiness and physics of wind
speed on performance of a Vertical Axis Wind Turbine (VAWIThis has been done by
solving the unsteady RANS equations and applying Reynolds decomposition as well as
taking timeaverage ofthe continuity and momentum equatiphsadingto the unsteady
RANS equations for incompressible flow§he obtainedresults then compared with
experimental data dbanao et al(2013). The final results showed that high fluctuating
wind speeds have a rage effect on the performance of the VAWT. Thef@ steady

flow was 33% better than that of unsteady flow at mean velocity 1ivhike the figure
droppednegativelyto 1.6% from G for steady flow at 3.42 m/s. Therefore, high fluctuating
winds might etrimenally affectthe performance of the AWT. The performance of the

horizontal wind turbinewas testedusing Fluent codeby Velamati et al. (2016)
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investigatingthe influence of different pitch angl¢st 10 A, O0A, 5A, &0A, 20
three different wind spesdagainstthe work o the NREL phase VI wind turbinélhe
performance of the wind turbine showiegprovementwvhen the pith angle was increased

due to the low drag generated by this pitching.

2.5.2 Blade-Element Momentum (BEM) Method

This approach can bgenerallydefined as anathematicamethod used to calculatbe
aerodynamicandthen the performance of a wind turbine at different wind flow conditions.
Moreover, this method has been used recentlytimate the design of thetor (Manwell

et al.,2009).Use of theBlade Element Momentunmethod was firspromoted in 1935 by
Glauet from acombinationof two main theories; momentum theory and blade element
and over time its usehas been modifiedThe momentum theorwas briefly mentioned
earlier in section 2.2.1 in this chaptermrelation to howthe turbine casimply be shown as

a diskgenerates a difference pressure in a stream a&gbsghown previously in Figure 2.2.
Meanwhile, according tathe blade element theqgrg rotor blade is initiallydivided into
small strips where no aerodynamicsynergy between them, asesein Figure 2.2. Then

forcesare calculatedrom the lift and drag forces on the strip.

Figure 2.B: Blade element schem®lanwell et al(2009).
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Where ¢ and dare the chord and trerip-spanfrom axis of rotationthe aggregate of
forces acting on eadtrip and moments are gained by integrating the individual forces and
moments on each strip

Recently, many researchers hasugccessfullyimplementedBEM in their work
especially in the wind turbine fieldhe BEMhas been productively used to design a small
size horizontal wind turbine by Bat al.(2013).Lanzafame and Messirfd007) conducted
a comparisonstudy toinvestigate the vality of the BEM with the experimental NREL
work (Lindenburg,2003) and thie results displayed acceptable agreement with the
experimental work Similarly, Taehwan and Cheolwa(2014) conducted a comparison
study with thescaled down NRElphase VI wind turbine anther resultsalso showed
agreement with the experimental dadoreover, Yelmule(2013) who conducted a
comparison of CFD results frothe NREL Phase VI turbinavith thosefrom other CFD
predictions studies aralso the BEM observedsatisfactory resulttfor BEM predictionsin
comparison with experiment@FD results.

In this study the BEM will be appliedin armother form namely the QBlade
software This new tool which harnesses the Blade Element Momentum metivag,
firstly used by the Technical University of Berlin in 204:0d it has steadily beesalidated
by researcher® simulate performance of both HAWTs and VAWTS.

Theaim, behind this open source toads to enable engineers and researcherstitmulate
and desigvarioustypes of windurbinesMartenet al.(2013) QBladehas, moreover, been
successfully validated against computation results from the BHM. QBladesoftware
tool is used for simulating and for designing wind turbirierrten, 2013) It includes
several modules such as design and analysis of aerofoils, lift and drag p@poletion,
design of blade and turbine simulatiddahmuddin (2017)eveloped a computational
method which depersdon the Blade Element Momentuheoryandcomparedhe results
with data gained from th@Bladetool. The findingsderived by the two differérmethods
showed a good agreemetiterebyindicating thathe QBladetool is a trustworthyool for

conducting theogresentomparison.
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2.6 Unsteady fow conditions
2.6.1 Overview

A wind flow that is only a function of spads called steadffow; in other words, time
dependent flowso turbulent flow is considerednsteady by definitionSteady flow is
practicably more @ictable than the unsteady flow (Eri@Q06). Unsteady flowhowever
prevailsin the environment and that should be tak&io consideration when designing
wind turbinesThe atmospheris dominated by fluctuating air flovandthus wind turbines
frequently face unsteady dwads(Leishman2002).

The flow of air carbe considered as steady even though boundary layer flow has
turbulent characteristics suchfastuations invelocity and pressure. Mountajrbuildings,
plants and other bumpy terrain might generaig-uniformities even at low wind speegds
that will thenaffect thewind flow that pasesthroughthe wind turbines(Jonkman2003),
Figure 2.1. The shape of the higinequencywind flow (turbulent flow) can be represented
in idealised shapes such as rectangular, trapezoidal and sinusoidal shapesawtbeh
described by either a sine or cosine functath convenient frequency and amplitude,
calculate loads on wind machind$e sinusoidathapejn addition, waddentified asthe
best example of unsteady flow behavioua study byScheurich and Brow(2013).

Sine waves are relatively simple and allowsearchersto understand the
fundamental aerodynamics that occur with unsteady flows. Some papers have looked at
very complicated flows, but these are very hard to then understand and even harder to
understand the effect of the performance of unsteady flow.

Thus, tke current researchers has chosgrsinusoidal shapeto representthe
unsteady flow that wilbe used to rotatthe NREL Phase VI turbine rotas described in

chapter six
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FERE:

Uniform Flow Shear Turbulent Flow

/

Uniform Flow

Figure2.14: Characteristics of air flouncident on a wind turbin@lonkman2003).

2.6.2 The unsteadywind flow form

The unsteady wind flow haseen frequentlyused as an argumeagainst harnesgy the
power of wind(Hau, 2006) The fluctuations in wind speed from season to season have
been considered very significant issuegamrms ofwind turbines investment$n addition,
theoretically, theenergy in winddepends on the third power of the averaged wipeked;
therefore, it idogically to study the fluctuations wind energy.
The following specified equation represents, at a local point in time, the
instantaneous wind speed:
wo Y @Dp Equation2-14

The termV ) refers to the fluctuating wind speed, U is the average wind speetCgrisl
the fluctuatingwind speedwvhich occursdue tot he wi nd speedds tur bul
thus, can be defined as timstantaneous wind speed deviatingdomly fromthe averaged

wind speed, as shown kigure 2. 5.
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Figure2.15: A wind speed measured with tir(€rich, 2006)

Moreover, the percentage of the standard deviation ofmihd speedfrom the
averaged wind speed represents the degree of turbulence or turbulendsy.iftbissratio
has been measured over the agdeingb% or less, while ihas been measured 23% or
more in forests oarbanregions(Hau, 2006).

The instantaneous inlet velocity can be modelled more specifically using modified
(equation 214) to obtain the equation belomwhich represents generally temusoidaform
(Danacet al,2013;Wekesa et aR015;Toshimitsu, et al.2012)

wo Y ODEJ Qo Equation2-15

Where a is the frequency of the iosond | ating

2.6.3Wind turbine operating in unsteady flow

To the best author's knowledgdeijs only recentlythat unsteady wind effects studies have
been taken into consideratiandthis field of studyis still not completely maturd.argely,
steady wind flows are still the dominate reseadain horizontal wind turbinestudies.
Following is discussion oBeveral selected reseaestthat havedealt with the unsteady

wind condition.
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Danaoet al.(2013)conductedooth experimental work and numerical simulation to
investigate thenfluenceof unsteady wind on performance afertical wind turbineThis
was a significant step forward in the understanding of VAWT performance in unsteady
wind conditions.Unsteady windflow wasobtainedby usingthe shuttersn a low speed
open system windunnel. A Reynolds numbeof up to 510% of 7 m/s mean wind speed
was utilised with 7% and 1% fluctuatedfrom wind velocity at frequency 0f0.5 Hz.
Fluctuations ofrotational speed of the VAWT were conducted to produce poRah
steady and unsteady powmgrformance wergestedutilising unsteadyReynolds Averaged
Naviefl Stokes Computational Fluidynamics The result$rom the laboratory showed that

the unsteady imd gives rise to a fall in performance of the VAWHgure 2.16

04 -
steady Cp ,6m/s
0.35 steady Cp ,7m/s
08 H = steady Cp, ,8m/s -
S £12% fluctuation ,’/ % RN
C ¢§0.25H e +7% fluctuation
=R d
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e & 0.15
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)
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 S
Tip speed ratio, A

Figure 2.16: Effect of steady and unsteady flow on the performance of VA¥anhao et
al., 2013)

The same VAWTmodel was utilised agaim a numerical study byanao and
Howell, (2012. The wind conditions in their study weset atthree different frequencies
(1.16 2.91and 11.6 Hz) with 50% amplitude of the average wind speed. The findings
showed that the highest frequency reduced theageeperformance of the turbibg half,
while the performance decread®d75% withother two frequencies

A case study conductdry Wekesa et al(2015)illustrated that the unsteady flow is

prevailing inthereal environmenandfurther studies are still continuing-he yearly mean
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velocity and standard deviatiowere measuredto give the amplitudeof fluctuation of
unsteady windor two locationsn Kenyawhich haveoffer goodwind speedsaindtherefore
potentially good energyharvesting using wind turbines. The valwesre 11.00 m/s and
3.42 m/s with standard deviations of 4.26 m/s and 2.60 m/s.

Experimentallyand theoretically,examinations ofthe influence of gusts (high
turbulence)on a VAWT inside a wind tunnelvere conductethy Hara et al.(2012).Then,
this wind turbine model wasubjected tovariousaverage wind speecngingfrom 7 to
13mk, with amplitudes of the fluctuating windf betweenl and 2n/s One finding of their
studywasthat the turbiné performance increasadhenthe wind amplitude was low.

Likewise, the performance of the three types ofMB&VT, in steady and unsteady
wind flow, was reearched by Scheurich and Bro(@®13). Inthe case of unsteady wind
speed, a frequency of 1 Hz at average wind speed 5.4 m/suseds basedn an
experimentdone by Bertényid01Q cited in Scheurich and Brow2013). Moreover,the
researchers utilisetivo amplitudes: 10% and 30%he findings showed than terms of
the Cp, the straight blade and the curved blade turbine were less efficient than twisted blade
turbine. However, the Cp of these blades showed instailitijferent attack angles

A Japanesengineeringgroup Toshimitsu et al(2012) researchethe performance
of botha flangeddiffuser shroudand only rotomwind turbine, which has high performance
(Ohya et al cited inToshimitsu et al 2012)in both steady and unsteadynd conditions
The tip speed ratios were 3.7 and 5 whereas the freigseriche wind speedluctuations
wered = 0.033, 0.05, 0.083 and 0.25 Hz for unsteady flow. The numerical analysis was
basedonthek-f t ur b ul eAmula-blocks dnstituctured-B meshof 6.4 million
gridswas utilized Thelab and CFD resultshowed a comparativagreementFrom Figure
2.17, it can be seen that the performance of wind turkiite only rotor (no shroudl was
high with low fluctuations.High frequency, in addition, enhanced the performance of the
shroucekd wind turbine.Neverthelessthe width of thecurves inthe case ofthe shroucd

wind turbinein comparisorwith therotor only has nobeenfully explainedin their study
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Figure2.17: How performance oHAWT is affected by thevind frequenciest desi gned

= 5(Toshimitsuetal., 2012)

2.7 Summary of this chapter

As introduced earlier, théwo-bladed NREL Phase Vlhorizontal rotormachinewas
chosen with a full diameter of 10.05& andan aerodynamidladesectionthat has been
exclusively built formany S809 aerofoils. The iterature reviewhas demonstratethat
computational fluid dynamics a powerful toolfor solving numericallythe equations of
motion and has shown anability to mimic many aspects ofexperimental research
Moreover, itrevealedhatt he SST ki1 ¥ 4Reydokld corredtiond option made
more satisfyingredictiors than other turbulent model&urthermore, CFDcan provide
somerequiredoutstandingdetaik in the understanding of theteady andunsteadywind
flow andpredict preciselghe physics of air flowthat influence the overall performance of
a HAWT. Therefore, ANSYS FLUENT CFD software simulation will be fully utilised
the curent researchto solve the output of the ICEM tool usirthe hybrid (mostly

structured grids) mesh.
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The prevalenstudies in recent timdsavelimited their focusto, or even assumed,
steady windconditions A finite number ofefforts however,have beemmadeto study
experimentally or numericallyor boththe behaviour of MWTs that workin fluctuating
wind conditionsand thencompare the findingséo steady wind dataFrom he available
body of researcherswork, a noticeable gaphas been observeoh the fundamental
aerodynamics oHAWTS in unsteadyflow. This gapprovidessubstantial motivation for
carrying out the current researcfhe aims ofthe current researaten be summed up as
follows:

1 Thereis lack of experimental work 0 the effects ofluctuating winds.This lack of
understanding of the flow physissirrounding blades the fluctuating windcould be
addressed through applyi@fD modelling

1 The estimated frequency of the fluctuatiamsvind conditions in the current study will
rangebetween 0.5and 10 Hz in various amplitudes (7, 15, 25, and 45 &)l it is
expectedhatusing these frequencies will assist to address thénghap literature.

1 Furtherto theabovepoint, these windonditionswill be selectivelyapplied in order to
obtain abetterunderstandingf theimpactof Reynolds numbeon the output powerfo
the HAWT.
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Chapter Three Numerical Modelling of NREL Phase VI Rotor

3.1 Introduction

The NREL phase VI was successfulbstedexperimentally orthe NREL/ NASAAmes

wind tunnel in 2000.This work has remainedas unique and vital since it wdsst
conductedHowever there has been muchcent experiments wotk developscaled down
NREL phase VI wind turbire The dataof the full scale NREL wind turbine were
considered substaally accurate and trustworthgnd many researchers havencebeen
utilising these datani their validations andurther studies Nevertheless, some key points
need to be examineduch asthe effect of unsteadflow on the wind turbinesCFD
analysishas demonstrategffectiveness in prediction of this phenoraemand will be usel

in the same wayn this researchTherefore, the current research adopts the same blade
shape used in the NRBRhase VI tests as an analysis target for CFD simulation using the
released informatioandthe ANSYS ICEM CFD software package which is used for CAD
and mesh generatiofhe major objective from this work is to calculate numerically the
coefficient torque (Cm) anthenconvert it to the torqueo compute the power that can be
generated by the wind turbine.

3.2Methodology

The CFDmodule is a numerical simulation tool for accurate descriptions of fluid flow
processes in addition to engineering designs. The simulation work in general iribkeides
following steps: building or importing the model geometry, generating mesh elements, and
selecting solvers. Finally, a full NREL rotavith a hybrid mesthas been modelled in
ICEM for use inthe Fluenttool.

3.2.1 Specification of NREL Phase VI wind turbine

Accarding to Seige (1999)there arein generaltwo reasonsfor designing the blade
scientific and commercial. Choosing the blasignis logically based on scientifiather
than the commerciateason,although the firspproducesthinner aerofoils. Thereforehe
S809 aerofoils blade coutthptureenergymoreeffectively. Fundamental building features
of the NRELare presenteth the table belowThe NREL model in this research was built
with 13 equally space8809aeofoils from the root at 0.459 m radius to the tip &29 m
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radius except for a shontansition area nedhe rootwhich has a maximum thickness of
21% of the chordength Figure 3.1 displays the change of size and angle with increasing
the main radiusThe selected blade cross section geometry datprasentedn Appendix

A.

Table3.1 NREL Phase VI blade fundamental form.

Number of blades 2
Full Rotor diameter 10.029 m
Velocity of blades Up to 72 RPM
Blade aerofoils S809 along the span
Blade feature Twisted, linearand tapered
Angles of twist Nonliner twist from-20.04(root) to 2.5(tip).

ﬁ Wind velocity

Figure3.1 The NREL blade.

Additionally, theNREL phase Vbladehasa sharp trailing edgédiowever,in this
study a small blunt modificatiors applied tothe blads. This bluninesshas played a
decidedlysignificant role in enhancing the quality diet meshAccording to SongZ015),
blunting about 2%of the total blade chord at trailing edge alkfer higher quality cells
than a sharp trailing edge. The same technique was appli¥elible (2013)at 1 mm
along the bladeSimilarly, Lee 012)createda blunt leading edge by truncating 1 % from
the whole aerofoichad to ease the construction of the hexahedral gritierefore, the
trailing edge of the present wowasmodified in order to reduce the skewness ofdbks
as isshown in Figure 3.2The quality of the meshas been improved massivelgy
applyingthis techniqueHence it will be used as well fothe current wind turbine medty
trimming less tham% fromthe whole chordavithout any aerodynamic consideration
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Figure 3.2 The trailing edge mesh, sharp edge (left), modified dgat) and 75% cut

plane

3.2.2 Angle of attack along the blade

The design of the modern wind turbine blade depends on a maximum ratio of lift to drag
ratio at various wind spes@long the blade. Moreovesincethe rotor blade shapgould

need tobe wisted to generate a maximum output powearm optimal angle of attacht

would be necessary to investigate mathematically the angle of attack along the blade.
Various wind speeds (5, 7, 10, 13, 15, 20, and 25 m/s) were examined at different locations
along the blade. FiguB3, shows the distributions of the angle of attack of these seven
wind speeds from the top to the bottom of the blade using the following fomithl&° is
theglobal pitch angle of the blade

I — 1 o Equation3-1
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Figure 3.3 Angle of attack along the blade for various wind speeds.
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3.23 Building the model geometry

A full scale NREL of S809 aerofoils, full detaids which are providedn Figure2.7 and
Appendix A, is used to createthe blads for this study. The Iterature survey of
methodologies used iprevious researctvork showed that single blade model witfull
structured or unstructured mesh in periodic boundary conditindsa two blade version
inside a rotating disk with full unstructured mesh were built andsediliFor the current
study, afull-scaledoubleblade NREL wind turbine was built with an entirely separated

structured mesh around both of its blades, as shown in RBgure

Figure3.4: The fullgeometryof blades and the disk

The two rotorghat werebuilt consig only of the blade andoot, eliminating the hub in the
middle in orderto obviate skewedrgls and reduce their numbets. a previousstudy by
Hsu et al (2014) that usedthe NREL phase Viwind turbinewithout a hub the overall
findings closelymatched the experimental daMoreover,Carricaet al (2012) who built
the same wind turbine modetmericallybut with a hubfound that inclusion of a hub did
not substantiallyaffectthe resultsMoreover,other studies have found thtaedirect efect

of both tower and nacelle on the aerodynamfosind turbinescanbe negligiblgSgrensen
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et al, 2002 Tadamasaet al, 2011; Song and Perp2015) so these components armt
simulated in this study

Before generating mesh fire whole geometry, the two bladesach 0f5.029 min
length from the centre of rotatiorto tip, wereformed using Ansys ICEM 16.Blocking
was usedo cover thebladesand wassplit into smallpieces with one at the tip,oneat the
root and one at each aerofaéction Blocking is thelast main stepbefore mesimg the
parametersTheybladeswereboth surrounded by a diskith a circular base slightlwider
than the diametdo becoveed by the twdladeswhen rotatingEach face of this diswas

givendifferent namdrom thosein the outer domain in order to ma#e interface between

them later, as shown in Figureés3.

10.029m

24m

T
4—'/’T//’

Figure 35: the full geometry of the current study.

The outer computational domajrwhich represents the wind tunnel test sectionludes
two regionsan inner regiomn which the blades would be set up anddbeer region which
would bestationary.The diskshapedspacewherebladesare placedis located in4dR from
the inlet in order to mimic the test sectiontbé NREL/ NASAAmes lab.No blocking
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would be usedo build the test sectiotecausethe tetrahedraheshwould be fully

employedand thatvould save time and memory storaggpacity

3.2.4 Generating mesh

According toAli and Tucker @014),it is necessary to considar compromise between
structured and unstructured meshes when choosing mesh fdélexibte geometries like
turbomachinery flows.Therefore,and to benefit fromthe advantages of both types, a

hybrid mesh approachias chosefor application in the presentork.

2D Independent case study

A study into the aerodynamic characteristics ofwa-dimensionalS809 aerofoilwas
conductedto test the density of the mesh around the bladgiredto capture the flow
details like the pressure gradient at the boundary I&gertheS809aerofoil at 75%along

the blade spana numerical simulation was carried out and validated by expatatwork

of Jonkman(2003), Mo and Lee (2012)using the same boundary conditions as the
Reynold's number (Rehamely 3x10° at various angles of attack (AOA).

A mesh around the S809 aerofoil was generated by using ICEM 16.1 ANSYS
module to mimicthe viscoseflow behaviour around the blade surfaddne orthogonal
meshhas many points a2@0, 280, 320and 380 cells) chosenin order todetermine how
many cells are required to accurately capture the fldwe wall coordinate (y+)which
depends on the Re, is 38°. The ky SST t ur bwabapplied innhe dotution
because of its high accuracy in case of the turbulent @y J. et al., 2014)In addition,
the same boundary conditiongre appliedas those useexperimentally Many iterations
of the solutionwhich were up to 1800 iterationgyere carried outintil convergencevas
reachedAn O-meshtype was modelled in the ICEM ANSY&ndthen solvedn ANSYS,

the resultof which areshown inTable3.2.
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Table3.2 The lift to drag coefficient of 2D S809 aerofoil against angles of attack.

Lift to drag ratio, C/Cp
Angle of attack
- Experiment, Mo CFD
U degree
and Lee(2012) | 200 Grids| 280 Grids| 320 Grids| 380 Grids
0 8.974 4.632 7.701 7.720 7.721
2 26.465 17.072 23.629 23.740 23.744
4 45.407 29.100 33.510 34.220 34.220
10.2 33.217 22.210 23.200 25.440 25.445
12.2 18.229 16.320 17.500 17.980 17.988
15.15 11.383 11.121 11.852 11.320 11.322

A good agreement can lobservedbetween the findings of the experimentairk
andthe Fluentresults Table 3.2 shows the 2D result®r the ratio of lift force coefficient
(CL) to the drag force coefficient (L along with their experimental counterfzat attack
angles (0, 2°, 4°, 10.2° ,12.2° and 15.5°). However, there arpoticeabledifferences athe
angle ofattack4® where theC,/Cp valueis high The mesh density may nbe enough to
capture the flow details atithangle Moreover, the thickness of the S809 aerofoil at 75%
along thebladecould belessthanin the experimental work and that could affect the results
sinceJonkman(2003) did notprovide anymore details about the aerofdilhe CFD values
in this table follow the experimental curve andcreasing thegrids around the aerofoll
causecho changen the resultsindicating that320gridsareappropriatdor this study

Setting up the mesh

The main componentsf the meshareillustrated in Figure 36 and 37. The mesh domain,
which includes the blades and the rotating disklivided into two main blocksThe first
block contairs stationary mesh and the otheermesh that rotates at the same angular
velocity as the blades.h& meshthroughoutthe domain was tested withthree cases
4,500,000, 6,400,000 and7®0,000 quadrilaterajrids Below this range, themesh was of
low quality, albeit of sufficient qualityo run the jobs quickly isupercomputersOn the

otherhand while using a large number gfids would obviouslyincrease the qualifythe
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CPU time required to achieve convergenarild be relatively largeThe mentioned range
was thereforeselectedas the base of the current researdtore than &10° grids were
selectedhatachievel the Determinant 83x3 and the Eriksson skewness above @f3ch

is good indicator of the mesh quality accordingdimo (2016) as shown in Figure 8. The
Determinant is the ratio of the smallest determinant of the Zacahatrix, which is the
matrix of all firstorder partial derivatives of a vectealued function, to the largest
determinant of it. The Determinant value is defaulted between 0 to 1, Wimglicating a
high regulated mesh elementhereas 0 indicating a higher regulated mesh element in one
or moreedges and the inverted elemenindicated by a negative sighhe skewness of the
mesh element refers to the mesh quality and suitakilign itrepresents criterion of the
shape ofgrid distorted from a standard shapede Hence, &rge skewness of a grid
compromises theaccuracy of the generated mestowever, the aim is to obtain low
skewness as much as possiiee Eriksson skewness is an empirical criterion ther
hexahedral mgh

An H-mesh shapeavas used surroundinthe aerofoils with an O-mesh shapereated
aroundthe whole structureand thesevere fittedto the outermost part of the blade. Up to
153 grid pointsverelocated in the span wise directjomhile 320 grid pointswereapplied

in the chorewise direction. This mesh size was selected aftesnducting agrid
independence case studymasntioned in th@revious sectionThe density of the meshas
set up near the leading and trailing edge in order to capture precisely all flow details in the
boundary layerin particular the pressure gradiemtthe blade surfacen addition the k¥
SST turbulence model with Ie®e correctionsvas usednd the tickness oheighbouring
cells to the blade surfacewas adjused to be 0.06 mm, matching the value used by
Belamadi et.al(2015) Hence y+ valuewasfounded to becceptableandmore than/0%

of the results fell withirthe rangeof 1to 5, as reported biylo and Lee (2012).
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B

Figure 36: The cut plan mesht 75%alongthe bladeand wall mesh above the blaftep)

and leading and trailing edgésottom).
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Figure 38: Displayof premesh qualityin ICEM-CFD.

A disk madeof dynamicmeshwasthenplaced around the blades so as to enable tbem
rotatewith respect to the outer mesh of the wind tunnel in the FluentNeost the turbine
was set inside a rotating disk as an interfates rotating disk was positioned inside a box
which was used taepresentthe st section othe NREL/NASA Ames wind tunneln
addition an interfacevasadded between the rotating cylindersineand the wind tunnel
mesh.A (24.4x36.6 m) wind tunneést sectionwas established with an inlet, an outkaid
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an internal dislshaped space whichas builtto house the rotating disk, and whehe
rotating disk and the bladesould be rotated withespect to the inlet wind velocity and the
blade speed, as shownFigure 39. In order tominimisethe mesh sizand thereby reduce
drasticallythe time taken on meshing and obtaining resalisunstructured mesh was used
for the whole regioncomprising770,000 tetrahedral mesharsd including 12 layers of
prisms around theosition of the blades. The interface boundary conditions va@mied
between the inner and outer regi@imilarly, Song and Perof2015) used unstructured
meshes with(4, 6.3 and 10) x fOtetrahedral cells that included flat prisms set out
vertically to the surface of the bladghe high of the Prisms wagtat5 x 10° m to capture
the flow details around the blades, as shown in Figui@®. s the inner meskdynamic
mesh)rotates, at each time step the solution is interpolated between the inner and outer

zones across the sliding interface boundary.

Wall

Outlet

Inlet

Interface Disk

Figure3.9: The full unstructured mesbf the wind tunnel.
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Figure3.10: Cut plane mesh of the wind tunratithe hollow disk

3.25 Reynolds numberalong the blade

In general Reynolds numbelRe) is an indicator ofwhether theflow is laminar or
turbulent flow or possiblyevenanin betweertransitional flow.The following weltknown

equationcanbe used tealculatethe Reynolds number
2 A — Equation3-2

Where \& is the relative velocity used when the blades are rotatinghandtationaryto

employ the stream flow @) instead of V. Thedenominatop is the dynamic viscosity.
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Reynolds numbewas calculatedat the root, where the chord of the aerofolil in the
crosssection islonger than other pointsind at thetip, wherethe chord lengtralong the

bladeis shortestand the resulteaareshown inTable3.3:

Table3.3 Reynolds number values.

Wind speedm/s) Re at theoot Re at the tip
7 593,057 907,763
10 685,074 923,033
13 792,991 943,472
15 871,037 959,682

The results showed that the flow is turbulent at theselectedocationswhen the
Re at each poingxceedsa typical value of Re5 x1(®), from which point theRe can be
consideredhigh according to(Burton et al., 2001) therefore the flow is completely
turbulent along théladespan

3.26 Solution Procedure(Fluent Settings)

The software used in this research is Ansys Fluent 16.1. The coupled algorithm, which
combines the momentum and presdoased continuity equationgjas used to solve the
Reynol ds 6s A-StekesaguatidnsIheaCouraatrumber, which representise
transfer offlow particles from one computational cell to another withiretime step,was
specified at 1 (FLUENT user guidejhe Ansys Fluent 16.1 is the flow solver for the
current study and it is the newest academicioetthie University of Sheffiel hasavailable

for download to standalone computers. The boundary conditions of this wilidipe
detailedin the following paragraphs.

The velocityinlet was set to indicate the velociof wind sucked into the test
section andan absolute reference frame was seledmdwhen flow was normal to the
boundary. As the entranegs exposetb the atmosphere, the initial gauge pressure was 0
kPa.Assuming this studyould be conductednder incompresble flow conditiongM <
0.3), the temperaturevould bestable roughly at the room temperatgcethat the density

was remained largely unaffecteBecause of the density of fluid is independent of the
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temperature in (incompressible flows) and then iedeent of the energy equatioa,
pressurebasedsolver couldbe used tsolve these equations.

As regards the two wall boundary conditions (blades and wall of the test section),
the naoslip wall category of boundary conditions was utilised. Theslippwall boundary
conditionwaskept as default at the blades astigp wall boundary conditiofor thewall of
the test sectignwhenthe wall shear effects at these boundac@sld be ignoredand the
coarse mesh was appliGNSYS Fluent user guide)

Whereasbecause the flow had already been considered to be sulibenstatic
pressureat the outlet boundary conditiomas adjusted to 0 kP&enerally, flow can be
described as subsonic whigre flow motion is lower than the speed of sound everywhere in
that flow, in other wordswhere the Mach number less thanThe Mach number (M) is
defined aghe ratio of the wind velocity tche speed of sound\ccordingto Handet al.
(2001, the maximumvelocity of theNREL/NASA Ames wind tunneis 50 m/s and this
velocity causesthe Mach numbeto be lower than 1, so the flow in that tunnel is
permanentlysubsonicln addition,due to theMach numbein the flow in the wind tunnel
not exceeithg 0.3, compressibility effects could usualtigignored.

The symmetric andoossible in this study thperiodic boundary conditiencould
not normally adequate when the aim is to investigate the effect of the unsgsadf the
wind velocity. At the beginning of this study, tb&ection of thefluctuatingflow would be
intended tobe simulatel, hencethe decisionwastaken tobuild a full model wind turbine
but this idea was then cancelled

For moving of the blades, two cases of rotating the dynamic mesh were applied; one
with various wind speeds and the other with the mean wind speed. For the CFD validation
and to mimic the experimental work, seven various vgipeedsrom 5m/s to 25m/svere
employed and the bladspeedwas fixed atroughly 7.54 rad/{72 rpm)to compute the
power coefficient at various tip speed ratidéhereasn the unsteady flow cases, the mean
wind speedf 6m/s was constantly used fall conditions. According to Che(2016), the
turbulence intensity anturbulentlength scaleof the experimental work were 0.1% and
0.02m respectivelywhich is similar to Edwards et al. (2012) turbulence intensity value
of 0% can never occur on earthenceit should beadequatefor unsteady wind flow
simulations The turbulence intensity can be considered as the ratio of theneamsquare
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of the velocity fluctuations, to the mean flow vatgowhich also indicatedhe turbulence
level. The turbulentengthscaleis a physical quantity in Fluent which represents the size of
the active large eddies in the turbulent flow.

A mesh interface was set between the surfaces of the hollow of the disk in the test
section and the surfaces of the rotating disk around the blades so abl®the disk to
spin whenrunning. In this step, the mesh interface created between the hexaedr
tetrahedral meshes and the interface options werebkamjas default.

The pressurbdased solver was chosen in the current study. This solver includes two
manner of solution: segregated or coupled. The coupled algorithm, which is used in this
study, solves the momentum and presshased continuity equations simultaneously,
whereas, the pressubased segregated algorithm solves them separdthby.solution
methodwas setas acoupled schemeahenthe second order upwind for the momentum,
turbulent kineticenergy,and specific dissipatiomate. The second order upwind &n
approachwhich is used by FLUENT to solve numerically algebraic equations at cell faces.
Although the second order upwind apgeb is more difficult to converge, it provides more
accurate results than the first order ofie turbulent kinetic energy is generated in then
transferred from the mean flow to the fluctuating flow @nid lost as heat energy due to
interactional force between the motions of different scales what is called edgpesific
dissipation ratel i k e for examplej¥la parametewhich refers to the energy lost by
the viscous forces in the turbulent flow.

The steady flow conditiosimulations were primarily ruat a constantvind speed
of 6 m/s After that variouswind speed from 5m/s to 15m/svere tested in ordeto
validate the current simulationat highsabovel3m/s, the bladdisplayedarge scaldlow
separationand the toque curve flutuated with flow time. Additionally, unsteady
simulations wereun for the meanvelocity of 6m/s wind speedvith different amplitudes
and oscillatingwind periods In unsteady flowcases, the timstep size was set to 48,
from 0.00182s at 8 TSR to 0.0164s at 1 T&kh 30 subiterations per timestep.All the
simulations weregerformedon theUniversity of SheffieldHPC ICEBERGsystemin order
to minimisethe timetaken For the different wind speedke rotational speedf the wind

turbine with constant wind speed are 1.193 to &f&l/sfor the tip speed ratio to 8
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respectively while the rotational speed of the wind turbine is 7.54 rad/s, leading to tip
speed ratios &m 2.78 to 7.6.

In eachof thesimulatiors conductedh this research, awould flow in throughthe inlet of

the wind tunnel and some of the amuld passthrough a refined mesh thatas stuck
around the blades in the rotating disk.efiéfore, the bladeinside thisdisk would rotate

with respect to the diskircumferencenhile the rest of the air flowould gothrough the

outer wind tunnel meshndthen to the outlet and so on.

3.3 Stepdn creating the model of this study
The modelling and mesh generation ipiag in this studycan besummarisd as follows

1. Prepare the geometry by modifying the S809 aerofoil at each bladesecism
(thickness and twi st ) geometrgas mach asppbssilfley i n g
to avoid the sharp trailing edges.

Createa surrounding bindindisk that is wider than the bladepanwise.
Generatdlocksaseither solid (blades) or fluid (around the blades).

Split the main block into four @Qrid blocks aound the blades.

o~ 0N

Deform two blocks to fit aerofoils geometry and twthers to goaround the

aerofoil asan O-Grid.

6. Associate block vertices ardiges to points of the aerofggometry.

7. Edit meshing parameters by insegtgridsin each block elements.

8. Test the mesh quality anuh the presence dhe cells havea big distortion deform
themto obtainbetter meslguality.

9.Comput e t h ex3x3 deteonmanaamd Eikssdn Skewness to test the mesh
quality.

10.The above stepapply tothe structured mesh, whilgeneratingthe urstructured
meshfor the outer box is less complex. Create the elements of the wind tunnel and
leavea spaceto enablethe diskto fit around the bladeshen compute a volume
meshanddelete the mesh inside tispaceo avoid overlapping between the cells.

11. After testing for cells with determinant below 0.3, export the ICEM file to the

solver (Fluent).
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3.4 Summary of this chapter

To sum upthe work implementedin this chaptera full size of NREL Phase VI was
configured using Ansys ICEM package. The two blaafethe wind turbinewere inserted
inside a mesh box to simulatbe lab work ofthe NREL/ NASAAmes. In this study,
interface boundary conditionsere chosen rather than periodic or symmetranditions
which would not have beeoonvenientor carrying out thenextunsteady flow simulation.

In addition a hybrid mesh technique was employeaich combinesthe hexahedral grids
on the blades and on the abihg interfaces around thewith the tetrahedral grids for the
surrounding box which also has many prisms layers generated on the circumference of the
internal hole The size of the mesh was investigated inirtiependence case study and
6.6x10° grids approachto the experimental datd@he mesh refinement was achieved by
modifying the sharp edge of the blades and setting up tlsd@pe mesh around the blades
to make the gridsnonorthogonaland thereby avoidan inaccurate or fluctuated CFD
solution. Themesh fileswere therready to set up in FLUENTor initialising solutions.All

the solutions with 200, 280, 320 and 380 cells sftbyood similarity withresults from the
experimental workhowever,the 280<n <380 rangeemerged as probably thest choice

for this study
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Chapter Four Computational Fluid Dynamics (CFD) Validation

4.1 Introduction

In this chapter, the results of the modelled wind turliescribedn chapter threevill be
discussed and analyseddthen compared with the findings of thNREL/ NASA-Ames
lab andQBladedata.The results of this chapter will pave the way to the next essential part
of the present study which is to investigate the effect of unsteady flow on the wind turbine
coveredn the next chapter.

The optimum total number ofgrids for the rotatingcylinder will be examinedin
addition the appropriate turbulence modsl will also be tested and validatety

experimental workThen themain findings of this chaptevill be shownconsecutively

4.2 Mesh size case study results

Before initiatingthe jobs in Fluent, the quality of the mesteded tde checked to ensure
the solutionsvereindependent of that meshhree mesh sizes were examined, at 4 million,
more than 6 million and roughly 9 milliagrids andthese were testea wind speeds of 7,
10,13 and 15 m/swithk SST tur bul ence model . The comp!
bladewerecompared witithosefrom theNREL phase VI rotarGenerally, in all casethe
computed powevaluesfollowed the same trenaks those ithe experimental workn the 4
million grids case howeverthere was only slighhgreement with the experimentawer
valuesexceptat | ow Rey nanttpspeed ratedoelov when all valuesvere
relatively identical as can be seen in Figure 4This could mean that this numberadils,

is not sufficient to capture the flow details around the bladéereas the other twlarger
mesh gridsagreel more closelyith values from the experimental resgixceptin the case

of an obvious divergence Htetip speed ratio =3.8ince9 million is quite a high number
of cells and there would have beamgnificant additional timeto reach convergence for
each case ruihe 6 million cell meshwasselectedor the current study
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Figure 4.1 Comparison of different numbers of grids at various wind speeds.

4.3 The boundary layer and the turbulence model

The y, whichis a distance fronthe blade surfagewas calculated usinthe following

formula and the ¥ value is within the viscous and buffer layers:
0w — Equationd-1

This was usedot capture the flow details near the w@aldiscous subayer), where
viscous effects are dominant, and to model the viscousageb and the buffer layer-or
the current workthe SST k¥  mo wlite low Re correctionwas chosen in the current
work which requires a wall y+ to be around or less than 5 for accuracy. In this study, the
wall y+ varies from 2.5 to 15 along the blade and the average value of y+ generally is about
7 at 7 m/s, which is acceptable, accordinylmand Lee (2012).

A comparison study of turbulence moslelas done to indicate which modeimost
appropriatefor the requirement®f this workand tvo popular turbulence modelssk S ST
andkU, were tested. The r e damtdhey afedhe maddisosdt si n g
frequentlyusedby researchers whuaveutilised the NREL phase VI within their works.

The equatiorused to obtaithe performance of the wind turbireeshownbelow.
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#D 3 Equation4-2

This equation refers to the ratio thfe produced powefrom the wind maching¢o
the kinetic energy available in the wind flodks mentioned earlierin chapter twothe
maximum achievable theoreticalue of the power coefficient is 0.59Betz's limij, soit
IS na possible to exceed this valuEne simuléion with respect to experimental data was
assessedindas shown in Figurd .2, there is highagreement between the simulations and
the experimental values of the performance achieved for many wind speeds. All the results
followed the same trends theexperimental findingshowever, one tip speed ratfd.85
displays an obvious deviatipwhich is similarto the finding byYelmule and Anjuri2013)
of reasonable agreements with experimental data except at 10 m/s windvepesedthe
flow separated ovethe whole blade pressure sidmilarly, Park et al(2007) reported
high agreement between thaumerical solution with the experimental work except at 10
m/s wind speed. This wind speethsc onsi der ed as ficrhardioc al p C
predict stall startedto appearMoreover,separateCFD studiesby Sgrensen et a{2002)
and Derakhshan et al(2015) produced results that wereighly conformable to the
experimental dataexceptinghe 10nvs resultwhich showed clearly oveprediction

@ k-o SST model ® k- mode]l @ Spalart -Allmaras ¢ Experimental Data(Hand et al, 2001)
1200
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Wind speed, m/s
Figure 4.2 Comparison oftireedifferent turbulence models at various wind speeds.
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Comparison of these turbulence models with the NREL experimental work at
various wind speeds illustratedearly visible difference betweehe kU  m oathctHe
experimental dataThek-¥ S &nd@ Spalart Allmaras modek, howeverare close to the
experinental workover most of the range testefio sum up, khough all the models
showedsimilar trends to the experimental data, thexk SST model showed
resultsandmatched the experimentabwervalues at allvind speed closelyexcept atlO
m/swhere the curveslearlydivergedfor the reason mentioned abovd the wind velocity
5 m/s, the CFDpredictionscould not perfectlyollowed the experimentata upto 7 m/s,
where theresultsconverge Since 25m/s isisedvery rardy, more realistic, and common
speeds wereun. The current CFD studyvas not able torun 20 m/s and 25 m/s and this
alsohappened to Hao (2016)he current CFD results, however, are generally acceptable

and could beonsiderecdequatdor perforning the next studies.

4.4 Torque of therotor

The coefficient oftorque Cm from the CFD simulatiorwas used tocalculatethe torque
developedy the turbine and calculated usieguation(4-3). The resuk werecompared to
the experimental data.

# MR Y @ Equationd-3

The data in Figure 4.3 shows a large difference betweersimulations and
experimatal results at wind speed rangibgtween5 and 5 m/s. At 10 m/s however,
thereis an obviousinconsistencywith the experiments achieved. All in athe results of
the current simulations work follow the same performance and tamgmels as the

experimentalvork to an appreciable extent
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Figure 4.3 Torque coefficient against wind speeds.

Another comparisobetween two turbulence modeisas conducted to investigate
the behaviour of the 1@ at high wind speednd te results were presented in Figudes It
seems cledrom the figure that the curve tife torque is fluctuatingn thek-¥ SST model
whereasnthe kU model t he Thiulikely meansshatshiee $ST furbulence
model capturedhighly the boundary layer details around the bladen compared tthe
other turbulence model

35 k-o results =—k-m SST results
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Torque coefficient, Cm
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Flow time t, sec

Figure 4.4 Comparison of torque coefficient of two different turbulence models at wind
speed = 15m/s
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4.5 Time step size checking

The time step (dt) is the gradual change in flow time for which the governing equations are
beingsolved, in other wordatime for a rotationTo capture all the flow fluctuationasing
asmall timestep size would be advisdout the smaller theme step the longer the time to
convergenceln this casehe solver time in Fluerghould beset to be transient.

A study case was conducted to investigate the effect of time step size on the
accuracyof the CFD results Threetime step sizes were exan@dat three different degrees
of rotation 0.5, 1 and 2 degreeAll of threetime steps were run at a chosen wind speed
which was 7 n¥ (e=5.4).

The results, as shown in Figuteb, illustratesa slight disparityin torque coefficient
betweernthesethreedegres of rotation although the 0.8legreeresultseemsmoreaccurae
but was more timeconsuming.In addition, the continuity convergence lineachedl0*,
which is close to the default value8,@or both0.5 and 1 degree, while it ditbt exceed
103 with 2 degreesSo,a 1 degredime step size was adapted for the next runs.
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The solver wascomputel for 30 iterations to simulatéhe process of thexperimental
work. However, this number of iterations was not chosandonty but based onan
independent case studynd the findingsre demonstrated Table 4.1.

Table 4.1Numbes of iterations per time

: Cp, NREL _

Wind speed at 7 . _ Computational
Cp, CFD experimenal Difference % _
(m/s) time, hr
data

10 iterations/time | 0.417754 0.35859 5.92 20
20 iterations/time | 0.390627 0.35859 3.2 63
30 iterations/time 0.37842 0.35859 1.98 88
40 iterations/time 0.36966 0.35859 1.11 124

Regarding the number of iterations in this case study, three numbers of iterations
were employedn orderto find the best converged solution. From table 4.1, it is obvious
that the firstof these 10 iterationsandpossibly20 iterations also, did not paure the flow
detailsaccuratelybut oncethe number of iterationsasraisedto 30or 40the results were
closely convergent witthe experimental datdhis indicate that it was unnecessarydst
more than 30 iterationsvhich would also have incread the calculation time for the

simulationandis no noticeable change in the numbafrthe power performance

4.6 Friction coefficient (Cr) and Pressure coefficientvalidation

In this sectionof the studyfriction coefficient could provide mormformation regading

the flow attachment cas€&he friction coefficienC; is defined as:

P

3 Equation4-5

wherel}, is the component afrosssectionakhear stressngential to the surface.

The friction coefficientCs along the blade spanise in Figure4.6 for four various wind
speeds rangingdm 7 to 13 m/s. Contours for the, ©@btained only from the-k SST
turbulence model, are showmhe surfaces are coloured by the value of the skin friction

coefficient which is the nedimensional valuassociated to the wall shear strdssthe
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region near the leading edge, the flow starts with a maximum pressure valoe at
stagnation point then decreases up to a minimum value, while the flow velocity increase
along the surface. This is the favourable pressure gradient region (dp/dx<0) and (dV/dx>0)
and there is no chance for separation in this regiprQC

After that the pressure is recovery and begins to increase along the surface, while the
velocity decrease (dp/dx® and (dV/dx>0) so, there is a risk of separation ().

It is observed that in the case of 7 m/s wind speeds, the flow stays attacheda@xitept
middle section close to trailing edge which shows local separation. At 10 m/s, the previous
local separation moves towards the root of the blade. The flow also detachedoctithe

side in a region in #front of the blade.

Finally, the plot fo the wind speed of 13 m/s reveals, to some extent, has an analogous

behaviour to the previous case.

The pressure coefficientFCat some specific points along the blade chord was investigated
numericallyandthen compared tthe experimental workBefore highlighting the results,
this coefficientneeds tdbe determined since it hasa significant aerodynamical effect. In
general, lhe pressure coefficient can be defined to be a dimensionless term which represents
the ratio of thestatic pressures into the dynamic pressure throughout a flow field. The
pressure coefficient is widely used in aerodynamics when the lift force generateulttie
difference between the pressures up and down around theldad $Anderson 2068).
This coefficient iscommonlyappliedto study the flow of incompressible fluidandthe
low-speed flow of compressible fluidglathematicallyit is expressed as

#0 D b Tmdm 6 ) Equation4-6
This equatiorwas actually mentionedin chapter two, but the relative velocity used here

instead otheincoming wind speed.
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Figure 46: Skin friction coefficient (suction sidgt wind speed’m/s @), 10m/s b), 13m/s
(c) and 15m/sd).

In this study, two sections along the blade were seldcted@omparisonto the
pressure coefficients (CP) at each ratio of the aerofoil length to the chordh@t/@)as
taken from the NREL experimental work, as shown in Figure®he first section iS0 %
alongthe bladewhich is near the root whethe angle of attack is higfihe second section
is 80% alongthe bladewhichis near the75 % point ofthe blade wherenuch of the power
is generated.
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As shown in Figure Z, for the low wind speed of 7isy high agreement is shaw
for two spanwise sections except the leading edge at 30% where a miscepancy
between the two curveslikely owing to high angle of attack.

Similarly, the CFD data of the 10 m/s casatisfactorilypredicted the pressure
distribution along the bladexcluding the leading edge separation at the r/R =30%osgcti
which is relatively similar behaviouto that shown in theother CFD resultsThere is a
noticeablediscrepancybetween the computed results ahd measured results. This could
be due to the unsteady behaviour of the flow around the aerofparticular at thesuction
sideof 30% spanwise caseThe Reynolds numbers are higher, which might make tke flo
more unstable.

Looking at Figure 4. again, it is obvioushatfor the higher wind speeds (13 and 15
m/s), the blade revealsmuch separation and the flow is riill steady.The CFD results
showedgood agreementvith the measuredlata, in particular at the tip better than at
10m/s.

On the whole the CFD findingswere highly predictive in relation tahe NREL
results althoughthere wereslight disagreemen&s t  7.884(5m/s) Meanwhile,a t 2863 =
(15m/s) low momentum keeps the turbulent boundary layer attached emntitdly surface
of the blade. Moreover, when wind turbieeperiences stall it could vibrate the blade and
that could lead to loweringoft he CP. Wh e rat2.82 andB.8, rare @bgicels
tolerance can bseenbetween the data and that cobleldue to hgh unstable flow around

the bladehowever greater separation is likeglongthe suction side dhe blade.

1/R=0.3 ¢ NREL data R=0.8 ¢ NREL data
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Figure 47: Comparison of pressure coefficientfatir wind speed 7, 10 13 and 15 m/s.

4.7 Surface limiting streamlines distribution

Figure 48 displays the streamlines of the wind veloaityund the rotor blade at 7566
the blade sparshowing both the attached and separated flow on the suction side of the
blade. Similar to the NREL experimental work, five wind spegése testedt 75% span

wise of the blade, to reveal the flow behaviour above the blade. At pais ), it canbe
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seen that the flows still attached on the blade surfaedien the angle of attack is low then
the lift force is also lowWith further increase in wind speed specifically at 7rmpsnt b),
angle of attack increasesdthentheflow startsto separate near the trailingged At high
wind speed (pointsc, d ande), a remarkable flow separation occurs when the stagnation
point on the pressurede surfacds seen near the leading edgeaddition, the lift to drag
ratio drops rapidly(becauseof high drag) and the bladestalledfully as a result ohigh
angle of attack.

Figure 4.9 displays an overview of the flow behaviour on both blade surface
(pressure and suction side) at five different wind spegt@sing with high tip speed ratio
at 7.58, it is clear thatthe streamlineslirection is entirely parallel to thechord, which
meanghat the flowaround the blades attachedo thewholeblade surfaceNonethelessn
a small area ithe root,as indicated by the red circié¢appearghe flowis unableto attach
the surfaceWith furtherdecreasef the tip speed ratito 5.428 theflow begins to separate
nearthe trailing edgen the pressure sidef the bladeas indicated by the red ellipsehile
onthe suction sidflow separation clearliakesplaceat the midspanarea of theblade.At
& 3.8 the separation linshifts afteward towardsthe trailingedgeof the blade Similarly,
atlowt i p speed r at2b59 air flev=sBparftidan cannbd sebrther away
from the leading edgeon the pressure sidéoreover,flow separation still predominates
and coversmostof the suctionside areaand he centrifugal force can pull the stagnation
point line up over the suction side area of the bladeording to Hanse2008) Coriolis
Effect and centrifugal force bothave an #ective and influential role in the boundary
layers beyond the stallhe Coriolis Effect, which wasmentionedbriefly in chapter one
accelerates the wind flow in the chesise from the leading edgevieanwhile, the
centrifugalforce, whichcan bedefined as an outward fortieat likely affectsrotating wind
turbines forces the air to flow radially from the rotut the tip of the bladéDu et al.,2005
andCarcangiu, et al., 2007Jhe prediction oftie flow in the tip(end of the bladejegion
coud be consideredomplicatedvhenthreedimensional effectaredominatedhere.
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® CFD results
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Figure 48: Current CFD databtainedat 75% of the bladspan.
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o 253

Figure 49: Limiting streamlines distribution opressure side (left) and suction side (right)
of the bladeatv ar i . ous @&

4.8 Blade element monument theory (BEM) Validation

The QBlade is run by creating a rotor when all its aerofoils are defined. These aerofoils can
be formed via a NACA aerofoil generator within th@Blade tool or impored
otheraerofoilsareunavailable

The flow around the aerofoils can be mikedby the XFOIL and then analysed for
a limited range of ®A values. Then, the rotor can be designed apimised in the
HAWT and VAWT command Thefinal full geometryover a range of windpeeds can be
simulated after setting the simulation parameters.

XFOIL is a software program used to compute and analyse flow details ax@0nd
aerofoil section The XFOIL codeis usedto compute lift and drag coefficient poléor
aerofoils A full scale NREL wind turbinenodelwas builtin QBladeas shown in Figure
4.10.
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Figure 410: Full scale NREL wind turbinbuilt in QBlade

The validation ofQBlade was initially conductedusing the various wind speed
experimental worlandthen CFD resultsrerecompared tahe constant wind spee@Blade
results as shown in Figurel4. This procedurewas followed due to the lack in the
experimental work at constant wind speed for this wind turbine model.

® Qblade results ~ # Experimental data NREL (Hand et al, 2001) @ CFD Results
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Figure 411: Validation of full scale NREL wind turbine i@Bladeat various wind speesl

In figure 4.11 there are missing points for tip speed ratio of 1.5 gndh2ch should be
available,due toCFD limitations at high wind speeds mentioned earlieHHowever, CFD
results demonstrated the ability to come close to matching the experimental dataaexcept

& 8.8, which wasot so muchwhen the Cp value seems ungegdiction.Ilt seems that the
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CFD cannot reliably predict the stadt this tip speed ratio then the power vatlieerges
from the experimental value

All'in all, Figure 411 shows agood agreemertietween all the curves; therefof@Blade
tool can be relied on farse inthe next phase dhe study Moreover, the current findings
can support thawvere obtained froma study conductedby Mahmuddin (2017)that

mentioned earlier in chapter two

4.9 Summary and findings of this Chapter

To sum upthe work carried out in this chaptéing performance of the NREL phase VI was
obtained from FLUBRT using thethree most widely usefiilly turbulentCFD turbulence
models (ks S,8WUandSpalartAllmaraover a wi de oaatintervaipoe o f
1. Theky S ST nrceimobelvhsdoundio bethe mostaccurateurbulence model for
this study, when compared with the measured Cp fdata wind turbine withthe same
scaleof wind and specificationsThe mesh near the walin addition,was needed to be
properly sized in order to achieve a desiygdthen that would capture a more accurate
simulation of the flow fieldThe power coefficientezerecompared at four wind speedsd
datawere examined numerically against experimental data dfIREL phase VIThe k¥

SST model wasonsideredhe most appropriate to this studgcauset best captured the

full flow details. In addition the mesh quality was investigateeviouslywith three grids

and thegrid containingaround6 million cells was consideretb be most suitable for the
next studiesFurther comparison work was performed with experimental power coefficient
results of the wind turbine. The simulation work showiadyeneralacceptable prediction

of the performane and computed torques at the all tip speed ratlt®ughfor Vp=10m/s
there wasan obviousdiscrepancywith the experimemti work These findings paved the
way for the main part othis work. Moreover,the BEM simulation resultsshowed an

acceptablagreement with the NREL experimental results.
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Chapter Five Steady Stae Simulation

5.1 Introduction

This chapterwill highlight the results gained fromsing the CFD model at constant
average wind speed. The resdiendwill be utilised when thenfluence ofunsteady flow
on the performance ofhe NREL phase VI wind turbines examinedin the next chapter

The performance of a scalddwn turbinewill, in addition, be examined.

5.2 Validation of the constant wind speed case

Due toa lack of experimental data at constant wind spgedQBladetool was employed
in order toobtaindata touse incomparson withthe performance ahe HAWT model

An independent simulation case study was conducted to validate the performance of
awind turbine atthe constant wind speedf 6m/s, with theQBladetool, Figure 5.1The
results of odd numbers tip speed rate® hidden, and the even numbers could be
sufficient to show the result3he full scale NREL wind turb@ CFD results followthe
trend of theQBladeresults except at TSR 6 aBdwherethere is a cleadifferencebetween
thedata pointsHowever, the optimum perferance of the NREL wind turbine phase VI is
still wi t hi n thand thaSrRentioreedig E4R0B6) &dndladamasand
Zangeneh(2011)for all models shownFurthermore, th&Bladesoftware codes limited
in that it cannotcapture flow details around the blade a@erfect matchwould notbe

expeced
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® Current CFD ® QBlade tool results © Tadamasa and Zangeneh, (2011)
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Figure 5.1 Validation of full scale NREL wind turbine i@Bladeat constant wind speed.

As shown inFigure 51, it is obviousthat the pealperformances Cp=0.435at e 6
andthen itfalls off, gradually showing aelatively high powertrendregion when compared
to thatfrom the QBladetool anddata fromTadamasand Zangenef2011)when the pda
valuer anges b e tav=e7ha poistefpeakperformancas considered to be an
essentialalue whendesigrng wind turbines The peakpoint of the current studys still
within the same widtltompared tdhe above mentioned referenchkreover, Tadamasa
and Zangenel(R011)stated thatheir wind turbine performeldss wellthan that used ithe
actual environmenin general, the current CFD dathowed a high degree of similarity to
the comparative referencesspeciallyat low tip speed ratie- = 2 . Ne vtharetihee | es s,
differencein resultsate«a=4 bet ween the current study and
due to thehardstall initiaing at this region othetip speed ratiaswasdemonstrate@nd
discussedn chapter fourAll in all, the performance of the variotip speed ratioshows
an acceptablerend andwvasstill within the rangecitedalsoin Erich (2006).

5.3 Analysis ofstudy wind flow simulations

Two locations along the blade span were selected to highlightehaviour of the wind

flow on the blades using streamlind$e selectedocations are75% and 30%alongthe
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bladespan. The 75% location was seledbedausehe blade at this poing thin andseems
untwist, so the bladegenerats power and flow would beexpectedto be attached to the
surface at this positiofror the30% location, which iselatively thickerthan the previous
aerofoil andnext tothe root, the angle of attack liggher, and separatiors more likely to

occurat lower wnd speeds

5.3.1The powertrend for the turbine at 75% of the blade

Five points of the power performancarve were chosen to show tlstreamlinesplot of

flow arounda crosssection of the blade at 75% of the blafen At each pointof the
power curve there is anillustraton of how the flowbehavs, seeFigure 5.2a) In the
Figure, heillustrationsshow clearly that the blade tends to separate at low tip speed ratios
f r o m2 umtile=5 and that separation leads to reductiothefoverall performancef the

wind turbine Furthermore, thdift to drag ratio CL/Cp increass slightly, which could
explainwhy the @ in that range igelatively low and the effect of stall is seen clearly.
Following this the trend moves further down with an increase in the tip speed ratiod
with separ atiBat vadfamdr a@deflow WBascloselyattachedto the
surface andheC./Cpr at i o decreases after the optimum
& =andrthat could happen as a resulflofv resistance on separation with increase in
Reynolds number.

5.3.2 The powettrend for the turbine at 30% of the blade

Similar tothe test7’5% of the blade, the streamlines of flow around the esesg8on of the

blade at 30% of the blade spams plottedat five tip speed ratiasAs in Figure 5.2(a),

5.2(b) alsodisplaysmore details about the flow at this length of the bldde illustrations
showclearlyt hat the bl ade tends to separat.e at
Separation initiates near the leading edge of the aerofoil and extendwl libgotrailing

edge. Thdift to drag ratio €/Cp, moreover, risesntil it approachks the peak of the curve

at o=6. The peakvalueof the performance rangbetweens- =086 = Beyonod a=7
separation occsrto causeaeduction ofthe overall performancgtherefore the streamlines

arestill attactedto the surfaceThe bladecouldget to a certain tip speed where the angle of

attack will no longer drive the rotation rather resist it
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Figure 5.2 Performancdrendof the full scale NREL wind turbinat constant wind speed

(a) at 75% andb) at 30% of blade.
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