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ABSTRACT

Wind energy is one of the fastest growing sectors in Reneviai#egy Wind turbine is a
device thatransduceinetic energy from the atmosphere (wind) into electrical energy. The
main purpose of this studyg to present and perform an investigation onwied energy
potential of an areaamedWETER (9.222 latitude, 41.790longitude), Horizontal Axis
Wind Turbine (HAWT) blade design and investigation of the aerodynamic effeuatfate
dimples over the wind turbine blades

Wind data collected from Diredawdetrological station and satelléesvind dataover a

period of ten yearsf the region were used in order to figure out the wind energy potential
of the site. Analytical result of the potential assessnsarged as an input for blade design.
Amongthedifferent methods of blade design, Blade Element Momentum (BEM) theory is
used to optimize the chord and twist distributions of the blades. National Renewable Energy
Labor at or yS830 wirdNurbihd airfoil isselectedfor the bladedesign The
aerodymmic performance of the designed blade is examined using Computational Fluid
Dynamic (CFD) analysis; Due to its ability to capture flow separation and ac¢cueage

Eddy Simulation (LES) transient turbulence model is preferred and implemented using
ANSYS-FLUENT.A number of dimple configuration were added on both pressure and
suction side of the blade surface and their corresponding effect on the aerodynamic
performance istudied.

Experimentainvestigation on scaled down S830 model is carried out assagpsonicwind
tunnel for validation 3D printing technology was used to manufacture two HAWT airfoils
with dimple andwithout dimple. The result othesestudies reveals that the intended site
have a tremendous wind energytgntialto install a wind fam with a mean annual wind
power density ranging from 458.96 W/tn 663.63/V/m? andwith prevailing wind direction

of SouthEastSouth SES) The designed blade have a rated power output of 0.5MW with a
power extraction coefficient grof 0.41, whilethenumerical and experimental study result
of dimpled wind turbine shows some dimple arrangement will enhancaetbdynamic
performance by delaying flow separation. Theomputational result illustratdimpled
HAWT blade have 6.78% increment in Energy captyefficiency.

Keywords: WETER, Wind Energy, S83Q Wind Turbine Blade, surface Dimple,

Aerodynamic Performance, Wind Tunnel.
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CHAPTER ONE

INTRODUCTION
1.1Background

Energy is a prominent factor; which express the wealth or development level of a nation.
Ethiopiapossess lot of natural resources; nevettdss they are not harnessed in adequate
manrer,asa&c onsequence Ethiopia iIs catcatggayin zed
2014/15G.C, Ethiopia had a total amountpdwer generatingapacityof 4,180 MW; among

this 93.4% from hydrapotential,0.086 from wind energyemaining fromfossil fuel and
biomass. The&sovernmentof Ethiopia(GOE) had plannedfor an expansion of itsvind

power capacity t®,200MW by 2020 to be developed through the private sector, i.e. by
Independent Power Produceflsl OFAOD, 2016.

Renewable energies (RES) represdioadationto steer our energy system in the direction
of sustainability and supply security andwade set of different RE technologies and
resource®ccurtoday The worldwiderequirementor renewable energg growingrapidly
because of the climasetbacksandlimited amount of oil resource¥hecontemporaryocus

on discoveringsolutions for mitigating global warming has resulted in renewable energy
technologies gaining importand&ind energy appears aslean and good solution to cope
with a great part of this energy demadanong the renewable energy technologies, wind

power is one of the fastest growing technologies globally at an average annual growth rate

u

of more than 26% since 199Wshaet al., 2009) As i t eXpessegreviouslyEt hi opi ad s

primary source of energy is renewable energy, anioem wind have a part of only 0.94
generatedirom four wind farms across the countripeveloped nations like Denmark
generatel2% of totalconsumption fronwind energy (MOFAOD, 2016) Figurel.1shows

anaverage wind speed contourkthiopia
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3.0

Figurel.1: Annual AverageNind Speed Contowf Horn of Africa (Vortex Interface 2019)

Wind exist everywheren the universeAs long & the Earth continues tmpartthe right
conditions, it will remain that way. All it takes is a difference in pressure to get a mass of air
moving. This movement of air from areas of high pressure to areas of low pressure is what
generates wind. Becaudes mass of air is moving, it has energy, renewable energy that has
beenconsumedo give thrust to sailboats and ships crossing the oceans, to windmills used

to pump water for irrigation or grinding up graihis believed that thearliestwindmills

were invented 2000 years ago by the Persians and also by the Chinese and were used to grind
corn and also to lift water. Later the Dutch develop windmills to drain their land in the 14th
century and, by the 19th century, millions of small windmills were liestan the United

States. The 19th century also saw the developragsmall wind machines (023 kW
producing 32 V direct current) countrysideregionsin America to operate appliancd$e
generation of grid electricity, using wind turbines, hagiigins in the United States in the
1970s(Hansen and Butterfield, 19p3Even today, wind is still harnessed for much the
simlarr eason as it was thousands of years ago.
electricity is generated by wingHanen andButterfield, 1993

A new market in wind energy technology has emerged that has the means of efficiently
transforming the energy available in the wind to a useable form of energy, such as electricity.

The cornerstone of theew technology is theind turbine.



A wind turbine is a device thatansducekinetic energy from the atmosphere (wind) into
electrical energy. Two major types of wind turbines exist based on their blade configuration
and operation. The fir&tind is the horizontal axis wind tuiiee (HAWT). Thiskind of wind

turbine is the most common and can often be seen littered across the landscape in areas of
relatively level terrain with predictableyar r ound wi nd statopchiatge on s .
tower and have a set of blades that e&diout an axis parallel to tereandirection. These

wind turbines have been the main subject of wind turbine research for decades, mainly
because they share common operatiah@mamics with rotary aircrafA combination of

the lift and drag causebe rotor to spin. This turns the generator and makes electricity

The second major type of wind turbine is the vertical axis wind turbine (VAWT) Kids
of wind turbineturn aroundan axis that is perpendicular to the onconstrgam hence, it
can takewind from any direction. VAWTs consist of two majkinds, the Darrieus rotor
and Savonius rotor. The Darrieus wind turbine is a VAWT thiat arounda central axis
due to the lift produced by the rotating airfoils, whereas a Savoniuguatcarouncue to

the drag created by its blades. There is atsm@ovativekind of VAWT emerging in the

wind power industry which is a mixture between the Darrieus and Savonius designs.

Two blades Three blades Four blades US farm or California type

) RN

G WERN

operation

Darrieus type Savonius type H-rotor

Figurel.2a) Typeof HAWT B) Typeof VAWT (Kalogirou, 2014)



Eachvariety of wind turbine has its strengths and weaknessagrthelese the end, all
wind turbines accomplish the same tasle amount of power extracted by a windbine is
proportional to theube of the wind speel, and isdirectly proportionalto the swept area

of the rotorMA0 so the bigger blade the more power can be extracted

,,,,,,,,,,,,,,,,

n -"000n eééeécéecéeéeeeeéeeée.éeé ..(11)

Cp, is a measure of aerodynamic performance for a wind turbine. It represents the fraction
of kinetic energystreaning through the swept area of a wind turbine thatassducd into
mechanicaénergy It depend upon the aerodynamic performance of the wind turbine blade.

Physical description of lift

The physical description of I|ift ia@netomsed p
namedhe Coanda effe¢David and Sctt, 200)). Lift is recognized as a reaction force, that

is, wingsdevelop lift by diverting airdowrNe wt ono6s first | aw state:
remain at rest, and a body in motion will continue in strdliglet motion unless subjected to
anexternah ppl i ed force. o6 I n the context of fligl
of air), initially motionless, starts to move, there has been force acting on it. Likewise, if a
streamof air bends (such as over a blade), there also must be a forcem@y on i t . Ne
third law can be statedsin For every action there is an e
Newt onds third Iputng an égbat andappositenforseton whatever is
bending it, in thissituationtheblade Then by using Newon6s second | aw t he
thrust) generated is equal to the amount of air expelled per time, times the velocity of that

air.

The Coanda effect has to do with the bending of fluids around an object. Because of viscosity
when a moving fluid comesito contact with a solid object, some of it sticks to the surface.

A small distance from the surface the fluid has a small velocity with respect to the object.
The transition layer between the surface and the fluid at the uniform floanmedthe
boundarylayer. Hence for device which will depend up on the lift force the fluid element

should bend bylinging onthe solid surface.



1.2 Statementof the Problem

Energy is one of the essential inputs for economic development and industriaglization

Because otnvironmental pollution problems and economics benefit of fuel saving; there

has been a growing interest in renewable energy sources, especially in the wind energy

conversion systems (WECS). The preliminary stage for harnessingnengy is assessing
the sitesd wi n direglawa is g gity Igratad atreastera part of Ethiopia .The
primary source of electric energy for the city is frdrasel power generatipmeanwhile
haveatremendousvind energypotential. Thentended sites located on suthern periphery

of thecity atalongitudeandlatitude of 9.222 and 41.79° respectively

Wind power must be rapidly further deployed for addressing the current environmental
challenges associated with the generation of electricity. fdudsssitatereliable and cost
effective wind turbinedn this thesis site specifaeero dynamicadlesign of wind turbine and
wind energy potential estimation based on data from satellite and National Metrological

institute is conducted

According to the analysisf anchester and Betz the maximum possét@unt ofenergy
extraction froma wind by wind turbine is 59.3%f the incoming kinetienergy(Betz,1930).

Neverthelessmost wi nd tur bi nes c¢ &heéommon challergerfer t hi s

the windturbine designer is to maximize the energy capture within the giestrictions
(White, 1997). Wind turbine rotor blades are made by stacking airfoils along the blade span.
The mainincentiveof blade rotation is the lift force creatég pressure differencenithe

flow over ofairfoils. Contemporaryesearch findings revetiat dimples on the surface of

a i r c airifs enbiacehe aerodynamic efficiency and maneuverability of the aircraft by
mitigating stall (Deepenshu2012,Livya, etal., 2015. Even hough airfoil of aircraft and
wind turbine havea distinct differencef r om t hese f i ndi n,glimples 6 s
can also enhance the power extraction coefficient of wind turbims.thesisinvestigate
suitability of dimples for HAWT blade.



1.3. Objective

1.31. General Objective

The generahim of this thesigs wind energy potential predicticof a sitenamedWETER,
located at eastern part of Ethiopia and investigaticaeoodynamic effect afurfacedimples

over wind turbineblades for efficiency enhancement
1.3.2. Specific Objective

The general objective will be demonstratedtii@achievement of the followingpecific

objectives
U Analyze the wnd data of the sitand estimate the powdensity.
U Design wind turbine blade based on theadvinenomena.
U Examine the aerodynamic characteristics of the designed blade.
U Examine the aerodynamic effect of dimples on surface of wind turbine. blade
U Comparehe power extractionoefficientfor thebaselineand dimpled turbines.

U Experimentally evaluatend validate dimple effect on scaled downed wind

turbine airfoil
1.4. Scopeand Limitation of the Study

1.4.1. Scopeof the Study

This thesis isnainly devoted to the study of the flow over wind turbine blades by means of
Computational Fluid Dynamics (CHBimulationsand experimentalork. Special attention
is paid to the study of théimple effect at different size and orientationregions of the

rotor bladesthe scope can be summarized in the following points
U Analytical estimation of wind potentiaf the site
U Analytical design of wind turbine blade using BEM
U Numerical simulation of HAWT blade with dimg@and exemptinglimples

U Experimental work on subsonic wind tunnel



1.4.2. Limitation of the Study

U The wind data source is merely from one metrolaignnast and satellite data from
vortex interface.

U Experimental evaluation is not conducted on full scale wind turbine blade.

U Thisthesisdo notinvestigatehe aereacoustic anderoelastic effect of dimplesn
HAWT blade

1.5. Significanceof the Study

U Examine the suitability of the site for wind farm application.

U Provide a way to enhance the aerodynamic efficiency of wind turbines, hence

maintain an efficient wind farm.

U Fill the Scientific gap of examining the consequence of dimplesirad turbine
blades.

1.6. Thesis Overview

This thesis is divided intseverchapters. The opening chapter describestbigvation, key
concepts and principles for the research described in this thesis. Chdpterves a
literature review covering previous theoreticadperimental and numerical work avind
energy potential assessmeiAWT blade designand aerodynamic effect of dimple
Concentratingon current numerical methodsdthe theoryfollowing the methods used in
this thesisFrom Chaptes 3 up to chapter Slescribesapproachesollowed to conducthe
threestudies; theeare potential assessment, blade design and dimple ieffestigatioron

wind turbine bladeChapter &details the resultand discussionf the studies, described in
Chapter 3,4, and Finaly, Chapter jresents the major conclusions of the work conducted
in this thesis, highlighting the findings and concluding with recommendations for further

work.



CHAPTER TWO

LITERATURE REVIEW

2.1Wind Energy Potential Assessment

The subsequensection eviews precedingworks on wind energy potential assessment

technique and assessméntingsof local andforeignresearches.

The Government of Ethiopia hpsearrangéo scale up and diversify the Renewable energy
mix, to lessenhydropower dependencyconsequentlythe focus has been shifted to
Renewable energy sources to fulfill themand The Ethiopian Government had prepared a
Master Plan for wind and solar energy for investiga@dandwind and solar energy
resource thasuggesthe major policy opons to be developed for wind and solar energy
expansion along with recommendation of 51 wind projects haamaggregateplanned
capacity 0f5,280MW. (MOFAQOD, 2016

A wind potentialsurveyhas been performed at Adama | site and Wind Farm has also been
constructed, in the course of the feasibility study, taking into account data fresiteon
measurement stations. In January 2005, a 10 m measuring mast was installed during the
campaign for identification of promising wind potential sites in Ethiopia. N#zavas
considered as a site with favorable wind conditions and second mast been erected in
September 2005, equipped with anemometers at 10 m and 40 m above ground level height
and a wind vane @0 m height in order to determine the wind conditions clogee hub

height of the wind turbine$GTZ, 2006)

To impart additional data for validation of the measurements, a third anemometer was
established in January 2006 at the nearby. All metrological rhagésbeerquipped with

first class cup anemometdrspredict the longerm wind speed at Adama | site, letegm
correlations using MCRMeasureCorrelatePredic) method have been performed, and
using NCEP (US\ational Center for Environmental Prediction) reanalysis wind data of a
period of 25 years. Thiendings ofthese correlationsiere adapted to the measured wind
speeds in order to make them letegm representative. Additionallthe NCEP data were
used for validation of the calculated wind resourd@é® calculations of energy production

are execwdd by means othe wind resources collected by twend measurements. Wake



effects between the wind turbines were taken into accousgplying the PARK modehat

is integrated in the international standard Wind Rdatkning software WindPro.

Figure2.1: Adama IWind Farm (Kasahun, 2014

The wind potential assessment at Ashegoda site has been perfoynmadans ofthe
feasibility study, taking into account data from two measurement statiesiseohe first

one of 10 m height erected in January 2808 the second one with anemometers at heights
of 10 m and 40 m above ground level, erected in&adtember 2005. Both masts had been
equipped with THIES first class cup anemometers and a wind direction vane (at 10 m above
ground level) The calculationgor the expected energy yield at Ashegoda Wind Fé#nat,

is based on the loAgrm corrected measured wind data, are exedoyetheans othe
international standard Wind Park planning software combination of WindPro and WAsP
With all the methods and aldbe requirements to conduct and implement wind power
assessment and developing the wind Farm, HCIE in a-yemture with Chinese
construction group HydroChirR@GCOC completed a 51MW plant near Nazareth (Adama),
equipped with 34 GoldwWind 1.5MW turbinesdavery recently French turbine manufacturer
Vergnet had built a 1220MW project at Ashegoda using Vergnet and Alstom turbines and
also HCIE is developing a 51MW project at Messelawena(GTZ, 2009

Kasahun (2014, Estimation that has been undertaken oheoto quantify the wind resource
available at Adama Il Wind Farm using the Wind Atlas and Application Program (WASsP).
It was made througtetrieving the data measured by anemometer and wind vakasate
sitethatis stored in a data logger from 16/1Q14 to 9/12/2012 at 70 meters abay®und
level. Theend result of the assessment presented that the prevailingdinection is ENE

direction withmore than one third of wind is blowing in ENE. From the recorded data at 70
9



m, the mean windpeed at 5@ is estimated to be 8.22 méthe mast location for a single
WTG the wird power density is 452 W/andthe Gross Annual Energy Production ranges
from 1.5 to 11.99 GWh at 70 m height. Placing 182 SE7715 WTGs in accordance with
the proposed layout ¢the Wind Farm, the Gross Annuahergy Production is 664.745 GWh
and net AEP at the site is 403.669 GWh

Mengesha(2015) conduct study at Aysha Wind Farm with the aim to analyze its wind
energy resource based on 10 minute mean data for the year 2008/sh@ different
software and statisticatodel, the wind data has been analyzed to: select wind turbine class,
power density & estimate farm AEP, develop site wind resource map and perform
preliminary turbine micresitting. Based on the analysis and sievey, site roughness and

wind shear exponent are also determiedper the preliminary analysis of the farm based

on the selected turbine, total gross AEP of 1819.21 GWh and total net AEP of 1183.62 GWh
have been found. In addition the average powesily anccapacity factorCF) at the wind

farm are estimated at 1392.6 W/and 44.92 %, respectively. Moreover the mean wind
speed at hub height (67 m) is 11.83 m/s whereas the average Weibull shape factor (k) and

scale factor (A) are estimated at 3kl 13.22 m/s, respectively

Abdoulkader etal., (2019) for the first time, examinesind energy potential at Djibouti
city using 5years(2014 2018) wind speed data collected at 10 m height of \pioer
using Weibull parameterSuch a study was not f&hle before due to the lack of data in this
urban area. Thend resuk showed the possibility to implement and develop urban wind
energy sector in Djiboutiity for domestic applications. The statistical wind speed, the wind
rose, and the power densityere computedAccording to the analysis of wind power
production, Djibouticity needs to install the wind turbines whigh hub height greater than
80.5 m for efficient harvesting

Nikolai, (2014) Downscaling simulations performed with the Weather Researzh
Forecasting (WRF) model were used to determine the-krgle wind energy potential of
Iceland. Local wind speed distributions are represemyed/eibull statisticsin addition to
seasonal and spatial variability, differences in average wind speleploaver density also
exist for different wind directions. Along the coast in winter, power density of onshore winds
is higher by 106700 Wm? than that 6 offshore winds. Based on thend result, 14 test
sites were selected for more detailed analyseg tise Wind Atlas Analysis and Application
Program \WVASP).
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Liaquat, (2013) carried assessment of wind potential for the coastal arediwéni
(Pakistai and consequently steps are suggesto optimize the wind turbinklade for
effective utilizaton ofthe available wind enerdiirough numerical modeling and simulation

Four years wind data of the Jiwani was collected and based upon the available data wind

turbine blade was designed and optimized for maximum power output for that area.

Shuet al, (2015) have done the statistical analysis of wind characteristics and wind energy
potential in Hong Kong. Among all the available probability distribution functions, the
Weibull distribution is undoubtedly one of the most frequently applied models for the
statstical analysis of wind characteristics and wind energy potential assessment. The
advantages of the Weibull distribution function have been well addressed by Hennessey
(1977). Hennessey (19ygtated that the Weibull di#bution model not only impargood
representation for wind speed distribution, it also contributes to an easy estimation of the
mean and standard deviation of the total wind power density. This paper ends its work by
mentioning theend result obtained from the methods and calculationhefrtecessitai

parameters like wind powelensity

Ozgur, (2006)in this study, wind characteristics have been analyzed in Kutahya, Turkey.
Characteristics such as annual, seasonal, monthly and diurnal wind speed, and wind direction
variations are examindzetween July 1, 2001 and June 30, 200grakcticalassessment has

been made of the electricity generation using ALWIN program for the wind turbines that
have different sizes between 300 and 2000 kW nao&cer. The energy production analysis
showed thathe average wind speethat indicates the suitability with small size wind

turbines, produces electricity to fulfil the deficient electric power during the peak hours.

Bharani et al, (2019)creates collection of dataset to calculate the wind energytdten

the selected location across India using large volume of wind dataset. The wind energy
potential data were collected at 100 m height from MSL (Mean Sea Level) from 2014 to
2016. The windspeed and direction were used to analyze wind energy chatcseand
suitable site for wind turbine installation. The maximum wind power density was observed
atfour differentmonitoringsites Based on theutcomethe paper come across a conclusion

o f Theialtitude of the monitoring station and geomorphologyhef site significantly

controls the wind power density

Belabeset al, (2015) have studied evaluation of wind energy potential and estimation of

cost using wind energturbines for electricity generation in north of Algeria.pfactical
11



assessment hagén made for the generation of electricity using wind turbines at six sites.
They have used powkaw for extrapolation to obtain the wind speed at the highest by using
the surface roughness coefficient value that is 0.143. Vakiods of wind turbines wre
selected with various characteristics and have able to find wind energy output that can be
produced by wind turbine. It was concluded with amount of energy or power that could be

produced by wind turbines.
2.2Wind Turbine Blade Design

Mulugeta, (2009 studied computeaided aerodynamic and structural design of horizontal
axis wind turbine blades. In his paper detailed review of the designing horiagigatind
turbine HAWT) blades to achieve satisfactory levels of performance starts with knowledge
of the aerodynamic forces acting on the blades and HAWT blade design was studied from
the aspect of aerodynamiiew. BEM method isselectedor the bladedesign. Additionally

the basic principles of the aerodynamic behaviors HAWTs was investigated

Haseebet al, (2014) studied on Low Reynolds Number Airfoil for Small Horizontal Axis

Wind TurbineBlades. Inthis Study anapproach to design new airfoils for small horizontal

axis wind turbines operating at low wind speeds and consequently at lower Reynolds
numbers (Re). Thestalledo di r ect desi gn medesign distous studye mp | o
t ool 0Xfoil 6 is used for optimizatioin of tF
tol drag ratio (L/D ratio) for the tip of the blades. The new airfoih me d -H4JBDHD6, was
tested in 6Xfoild with MWE00iand 1GW0eEach afthgse of 3
situatiors is analyzed at various angles of attack, ranging from O to 20 degrees at one degree
increments. Performances of other existingoairf| options are ad so <co
54946. The new airfoil shows distinctively
airfoils at low Re in terms of Lito-drag ratio at its design lift coefficient and is therefore
recommended for tip of sal horizontal axis wind turbine blades

Siraj, (2017) studieddesign and analysis of horizontal axis wind turbine rdiohis paper,
anoptimization model forotor design of 750 kW horizontal axis wind turbine havthg
bladelength of 21.0 m wagresntedand S809airfoil type was usedor the blade. The

outcomeobtained fromANSYS was compared with the existing design

Peter and Richard, (2012) studied wind turbine blade design. They presented that the
detailed review of the current stagéart forwind turbine blade design, including theoretical

12



maximum efficiency, propulsion, practical efficiency, HAWT blade design, and blade loads.
The review was provided a complete picture of wind turbine blade design and shows the
dominance of modern turbinesnmadst exclusive use of horizontal axis rotors. The
aerodynamic design principles for a modern wind turbine blade are detailed, included blade
plan shape/quantity, airfoil selection and optimal attack angles, described aerodynamic,

gravitational, centrifugalgyroscopic and operational conditions

Jason (2017 studied design and experimental testing of sisedle windturbines. They
presented that the increasing environmental and economic cost of fossil fuels, alternative
sources of energy were needed. Matthe current wind turbine research focused on farge
scale wind turbines. An alternative approach is sswdle wind turbines designed
specifically to produce power at low wind speeds. This thesis investigated the design and
testing of these turbines. Geerned specific to smadicale design, such as low Reynolds
number flow, separation, and low wind speed power generation were addressed. A test
apparatus was developed to validate the design procedure, and specific methods to increase
power generation umd these conditions, such as span wise and axial roughness, two, three,

and fourbladed systems and tgpeed ratios df, 3, and 7, were investigated

Jonkman et al., (1990) developed a 2D CFD model to calculate gteeamfield and
aerodynamic coefficiest of SB09HAWT airfoil and concluded that the standarelk
turbulence model was not appropriate to modektheamseparation on the suction surface

of the airfoil Comparingthe SST ky mo d e | and the Renorlnal i za
model, their resultsanfirmed that the SST-k mo d eglantsatesfactory solutions for

turbulent flows.

Freudenreich, (2002 studied both by experiments and CFD modelling using the standard

k-¥ andk-yS Sfo d e | s -W-30QwindDtur@inkairfoil. TheSST ky mo d e | has
better agreement with experimentatcome than other turbulence models such as tide S

model, the KJ mo d ¢hke Regnolds Stress Model (RSM); suggested to use the 8ST k

model with an imposed transition locatidmat was 10% offset downstream fronthe
predicted point of a fully turbul ent mo d e |

model could improve the agreement with experiments

Serhat, (2005) studied computeraided design of horizontahxis wind turbine blades. In
this paper, HAWT blae design was studied from the aspect of aerodynamic view and the

basic principles of the aerodynamic behaviors of HAWTSs are investigated.-&&dent
13



momentum theory (BEM) known as also strip thedhat is the current mainstay of
aerodynamic design arahalysis of HAWT blades, is used for HAWT blade design in this
paper. Firstly, blade design procedure for an optimum rotor according to BEM theory is
performed. Then designed blade shape was modified such that modified blade will be lightly
loaded regardig the highly loaded of the designed blade and power prediction of modified
blade was analyzed. When the designed blade shape was modified, it has seen that the power
extracted from the wind was reduced about 188d the length of modified blade was
increased about 5% for the samecessitat power.

Wubow et al, (2006) investigated the structure of turbulence intensity comparing their
outcome to common empirical methods. Their study focused on the wake structure
following a single MW class turbine usingpth kU RANS mode l and a de
simulation (DES) model. The empirical model investigated casts the turbulence intensity in

the far wake as the sum of the upstream turbulence intensity andshdyedid turbulence

intensity defined as a function tfrust coefficient and the tippeed ratio. Theutcome of

their study gave an idealized modification to the empirical model by casting the additional
turbulence intensity as three bshaped curves with the primary peakigned with the tip

vortices.

ThekU RANS study si mul atkevdurbme with aengeutradbABE lising s t u d i
a multiple reference frame model in FLUENOutcome were relatively successful at
reproducing velocity profiles measurements downstream, yet due to the averagiaghatur

RANS models the turbulence intensities near the edges of the wake wergrattieted.

The DES simulation used a homogeneous ABL to model an ENERCON EG66 turbine for
which turbulence data was available. This model also produced relatively successful
outcomes. The error in the DES model was attributed to boundary influences from a limited
domain size. This resulted in an ungeediction of turbulence intengifjust outside the

wake region.

Tachoset al (2010)performed a parametric study of RANS alos models on the NREL

Phase Il wind turbine to determine the applicability of RANS closure models. The models
used includeSpalartAllmaras (SA), kU ,-U0 kr enor mal i zati on -wyroup
shearstress transport (SST) closure models. The simulatamset up using a single blade
from the NREL Phase 1|1 turbine in a single

conditions. As a perspective of the size and computation time, the mesh was 4.2 million cells
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andtheky SST model t o0ob2kdaystofecentatpuocessind) unin(CPU) time.

The model was run as steady state in FLOERNhe means of validation useds pressure
distribution on the blade surfaces. They found that e kSST mo d e | had a
correlation with measured valude kU RNG and SA model s had f ali
The miscorrelations found were determined taah®utcomeof flow separation. The-kl

closure model performed very poorly, likely as a result of its lack of an explicit term to
account for rotationOverall it was concluded that because of the near wall formulation, the

k¥ SST model was the most suited RANS turtl

simulations.

Porté-Agel, et al, (2011): Even ifRANS simulations can achieve accurate and meaningful
outcomes they only calculate the mean flow and parameterize the scales of turtfolence
moreaccurate and descriptive results LES simulationsecessitat LES modelemploy

a filter based on grid size so that where the mesh is fine enousfhethiei s resolved, similar

to direct numerical simulation (DNS), and where the mesh size is too coarse, a SGS
turbulence closure schemeeimployedto model the flowFollowing thisperformed a LES

study using a tuninfree Lagrangian dynamic SGS model recentyealoped for wind
energy applications to model both single turbine wakes and wake interactions in an operating
wind farm. Fully resolving a rotating wind turbine significantly increases CPU time and
model complexity. As a means of simplifying the model eost savings, an actuator disk
model (ADM) can be implemented to act as a momentum sink with properties mirroring that

of a wind turbine.

As theseliterature reviewsllustrate, there are many different numerical solutions to the
NavierStokes equatiorthat have been implementsdccessfullfjor HAWT. Of the RANS

closure models,thek SST model was seen to have the m
the tuningfree SGS models were the most widelyiployed Conversely LES necessitate

a very fine gridresolution to not over burden the SGS model. A method to mitigate large

mesh sizes is the wideBmployed actuator disk modgADM). A variety of ADMs exist,

but the best results were found among those formulated using the BEM method over a disk

or actuatolines.
2.3Concept of Dimple

The Concept of dimplearrivefrom golf balls. Golf balls have innéentin form of dimples

on their outer surfaces. These dimpdés golf balls tolower drag. Drag is resisting force
15



from air. A liquid streaming over aqtest tends to drag the question along its stream bearing.

A question going through a liquithatis stationary there is tendencyto back the protest

off. For a stationary question in a liqultatis streaming there is an inclination to move the
protestin the liquid streaming heading. Thendencyof steaming liquid is known as drag

As dimples reduce drag of golf ball they can be useful on reducing wings drag. That grows
the attention of several researchers about dimple. There were a lot of experamen
numerical investigations have been conducted by several researchers around the world on

dimpled effect on airplane wings, golf ball and as a way to enhance heat transfer.

2.3.1 Dimpleson Golf Ball
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.
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™
Transition =-S5

Figure2.2 Dimple Effect onGolf Ball (Burger, 2006)

Josué (2006)test the effects of dimples on the magnitude of the drag force that is exerted
on a golf ball during flight. The@utcome of the tests demonstrate that the presence of
dimples on a golf ball cause it to experience drag forces that aléesthan those on a

smooth ball of theimilar diameter.

Harun, (2016),examines the aerodynangonsequencef dimple depth on golf balls.3D
printing technology wasmployedto manufacture 11 balls with varied dimple depth. RMIT
Aero Wind Tunnel wasmgoyedto measure the drag forces over a range of wind speeds. It
was found that the drag coefficient of golf ball varied significantly due to varied dimple
geometry. Theoutcome indicate that the increase of the dimple depth ratio or surface
roughness othe golf ball can shift the transition to a lower Reynolds number and increase
the drag coefficient ifranscritical regime. Th@utcome also established a positive linear
correlation between relativeughness and drag coefficient.
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2.3.2Dimpleson Aircraft

Deepaishu, (2012); presents a research paper on Flow Control over Airfoils using Different
Shaped Dimples at International Conference on Fluid Dynamics and Thermodynamics
Technologies. He performed a CFD investigation-ID By taking a fragment of #éairfoll

with one dimple on it. He prepared his CAD model using CatiaV5 R18 and simulations were
carried out in Comsol 3.4 and Comsol 4.2adliscome were in agreement that dimples at

first glance on wing model does not influence the weight drag muute st is now
streamlined fit as a fiddleonverselyit can influence its optimal design when the airfoil is at
various angle of attack. This venture confi

can additionally modify stream elements aroummfbé for better streamlined productivity.

Moses et al., (2016; publishedt hei r research paper ACFD
consequence o f di mples on aircraft wingso in |
Science Research. There venture likewise indudalecreasing the takdf separation by
accomplishing high Coefficient of lift at higher angle of attack. Their computational analysis
outcoma have bear the following conclusions for Boeing 737 wings.

V The dimples at 286 C are capable of increasing thagle of stall but with less
Coefficient of lift.

V The dimples at 7% C are capable of increasing Coefficient of lift but angle of stall
is unchanged.

V The dimples at 506 C are capable of increasing Coefficient of lift as well as angle
of stall.

V Thus Inwad round dimple of diameter 0.1mm at 830 C would give better
performance.

Booma et al., (2019 published their article on Computational Analysis of Cavity
Consequenceover Aircraft Wing in International Journal of Mechanical, Aerospace,
Industrial, Mechabnic and Manufacturing Engineering. For their study the wing was
demonstrated in CATIA V5R20 and examinations were done utilizing ANSYS CFX.
Triangle and square shapes dimples were considered. They show that efficiency
improvement can be achieved by imyrg the maximum lift ceefficient or by reducing

the drag ceefficient. Their computational outcomes demonstrate an expansion in lift.
Presentation of dimple is a powerful controlling strategy to increment ie ahgitall and

lift coefficient
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Yanfeng et al., (2016)conductpreliminary experiments to investigate tt@ensequencef

dimpled surface on the performance of linear casoadgas turbine engindwo dimple
configurations with a diameter of 1.0mm and a dep#meter ratio 00.2 that were locat

in 30 %- 60 % and 75 % 95% axial chord lengths of suction side respectiwadye studied

to validate their effectiveness in reducing total pressure loss. Incidence andle¥’ 00

5.3, 7.5°, 10° and inlet Mach number of 0.4 weraployedin ead experiment with 1.5%
Tolerance Total pressure loss coefficients and blade loading force measurements were made
on the dimpled blades by a mininele pressure probe and compared to the smooth blades.
The experimentaénd resulk show that the reductiasf the total pressure loss coefficients

of dimpled blades is obvious at the incidence angle of 0°, 5.3°, and 7.5°, and the change of
the total pressure loss coefficients of dimpled blades is very slight at the incidence angle of
-5.3°, and 10°. In additigrthere exists a slight increase of loading force with dimpled blades.
The comparisornd result also indicate that dimples on 3@%% of suction side is more

effective in loss reduction than that on 759%% of suction side at all incidence angles

Livya etal., (2015); published their research paper on Aerodynamic Analysis of Dimple
Consequenceon Aircraft Wing in International Journal of Mechanical, Aerospace,
Industrial, Mechatronics and Manufacturing Engineering. Their venture incorporates both
compuational and exploratory investigation of dimple impact on airplanes wing, utilizing
NACA 0018 airfoil. Dimple states of Sernircle, hexagon, cylinder, square are chosen for
the investigation. Theiend resukt showed the dimple impact by expandifigproportion

and consequently giving the most extreme streamlimeiuctivity, which gives the
upgraded execution for the airplane

Thamodharan etal., (2016); share their article on Numerical Analysis@bnsequencef
Dimples on Aeredynamics of an Airfoil m International Conference on Explorations and
Innovations in Enginearg & Technology Theyincrease the stall angle by deferring the

stream detachment utilizing dimples at different areas on thiesstrface of the airfoil.

Sonia and Manish (2017 they have published a pagbathas raise the following statement
asamendresut fAiModi fication of aircraft surface -
lift but it also increases the drag as induced vortices. It dstegamseparation and stalling

but also increase fuel consumption. On the other hand dimple gives more lift coefficient and

less drag coefficient than vortex generator and results shows cleafffdhist much more
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in situationof dimple. Hence, Overall performance of an aircraft imtrease if the airfoil

surface is modified by dimple than vortex ¢

Adding of small dimple along the entire upper surface, stopping at 8% chord length, provided
benefits in bottkinds of tests, symmetric and cambered. The delay in separatiooes the
pressure drag and gives the airfoil less drag and more lift. Such surface modifications applied
over to the surface of wing in the form of dimples proves to optimize the value of lift

coefficient of the wing by delayestreamseparation
2.3.3Dimpleson HAWT

Arun, et al, (2018 on their work proved thif The predomi nant factor
efficiency of the wind turbines are lift and drdgat are to be maximized and minimized
respectively. Surface of turbine blades are included with @isnpf various sizes and
arrangements and are analyzed using CFD to obtain an optimum combination, thedugh
efficiency of wind tAccomingite their waknNedslyl.36M&/x i mi z
power was found to be generated and with high lexfedscuacy on comparison with actual

values precededowards the inclusion adimples; Basedn the pressure contoabtained.
Dimplesare included on the high pressure bottom side of the turbine. Further analysis with
dimples have increased therformanceo a greater extent, about 1.56 MW power was found

to be generated, a 14.5% increase in performance, to be precise. Thus, inclusion of dimples

on the surface of wind turbine bladedlwicrease performance levels.

These literature reviews could be summedi as follow. Numerous studies shows that
Ethiopia possess a tremendous amount of wind energy potential (especially eastern part of
the country). In order to harness this energy potential proper design of wind turbine blade is
a necessity, among differemtethods of designing HAWT blade BEM is the most widely

and preferred method in previous workke literature review have also showed Disple

on the surface of aircraft wing have alsphibit enhancing lift force by delaying flow

separation.

In thist hesi s based on the reviewed l i teratur
aerodynamic effect of surface dimple is examined and in addition to that wind energy
potential prediction of a selected site area coupled with HAWT blade design using BEM is

done.
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CHAPTER THREE

WIND ENERGY POTENTIAL AND BLADE DESIGN ANALYSIS

3.1WIND POTENTIAL OF THE SITE

Selecting araptsite isvital to the success of any renewablgergy projecttnonetarilyand
technically. Thispertainto eachkind of project, from thdeastresidential systems to the
largest utilityscale projects. It algmertainto every renewabtenergy technology, from wind

to solar to biomass, arfdrther. Selecting the proper site and designing a turbine array to fit

it are vital to ensuring that windrfas perform as expected.

The eastern part of Ethiopia, down through the Great Rift Valley have noticeatlmtam
wind energy potential. Thatended site ifocated, irthe Oromia regionatate, East Hararge
zoneat latitudinal and longitudinal coordirest 0f9.2228° and 41.79respectivelyThe local

name of the area i s AWETERO and is free fro

Etbiopia

Figure3.1 Geographicalocation of the Site (Google Map, 2019)
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Figure3.2: Satdlite View of the Site (Google Map, 2019)

Utilizing the available long term wind data from the meteorological stations near to the
candidate sités applicable fomakingpilot estimates. These meteorological d#tatmay

be accessibldor long periodswill be extrapolated to estimate the wind profile of the site.
Contemporarywind measurement systerggantthe mean wind speed at the site averaged
over a prefixed timeduration. Terminutesaveragdas verycommon In this analysis five
yearwind (20142018 G.C)datafrom nearby metrological station (Diredawa Metrological
Survey StatiopandTen years windlata (2002018)from VORTEX-INTERFACE (Vortex
Interface 2019 were collected both data sourcegrantan hourly average windgpeed.
Concurrentlatasets among the two sourca® cross checked aitldistratesoundsimilarity.

3.1.1 Mean Wind Speedand Wind Direction

One of the mostaluablefactson theavailablewind spectraof a siteis its mean velocity.
The mean velocity (M) is given by (Duffie and Beckman, 2013)

,,,,,,,,,,,,,,,,,,,,,,,,,,,

w -B wéeeééeéeeééeéeeééecéeeéeéeee .. (31

Where:Vi = wind velocity(m/s) andn= number of wind data
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ConverselyEquation(3.1) is not applicabléor wind power calculatiorHencewind power
is proportioral to the aberate of wind speeayn the other hanitican be applicablenpower

curve for estimating wind power

The wind direction have a tremendous influence in designing and installing of wind farm. Wind
vane is the instrument to measure the windalion .In this study both the speed and direction

of thewind is found from the Diredawmetrological center wind Mast and satellite

3.1.2 Distribution of Wind Velocity

Apart from the mean wind velocity over a period, its distribution is also a cpacameter

in wind resource assessmeWtind turbine installed at twdistinctsiteshavingthe similar

mean wind velocity will produce entirely different power output because of differences in
the velocity distributionThis shows that, along with the meaimd Apart from the mean

wind velocity over a period, its distribution is also a critical patamm wind resource
assessmenin order to address this issue the frequency of distribution should be measured
out. Standard deviation () showsalong with the mean wincheasurallustratevariability

of wind velocities in a given set of wind dat8tandard deviation indicates the deviation of

individual velocities fronthe mean value. It is given byDuffie and Beckman, 2013)
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Lower value of indicate the uniformity of the wind speed data set at the site

3.1.3Extrapolation of Wind Speed with Height

Themovemenbf air above théerrainis retarded by frictionalesistance offered by the earth
surface (boundary layer effect). This resistance caused by the roughness of the ground itself
or due to vegetation, buildings and other structures present over the ground will have a
significance impact to be considered ie ttesign of wind energy plants. The rate of wind
speed increase with height depends on site terrain type. It is usually represented by roughness
class or roughness length and wind shear exponent of the site. Therefore, care has to be taken
to determine thappropriate surface roughness length and wind shear exponent of the site
before extrapolating the wind speed to tieeessitaid height.

The log law equatiothatincorporates the surface roughness length in the extrapolation of
wind speed téhe hub heigt and is given by(Duffie and Beckman, 2013)
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Where:V= Wind velocity at height z above ground lev@h/sec)
6 = Refrence velocity, i.e. a wind velocity at height.
z = Height above ground fdné desired velocity.
U = Surfase roughness length of the site.

U = Reference height, i.e, the height where the exact wind veBcitis known

3.1.4Estimation of Wind Energy

Wind energy density and the energy available inrtlggonover a period are usually taken
as theindexfor evaluating the energy potential at the site than wind speed alone. The wind

energy density (ED) is the energy available inrgggonfor a unit rotor area and time.

Weibull based approach For a unit sweparea of the rotor, power available (PV) in the

wind stream of velocity, is: (Duffie and Beckman, 2013)
0O -mB 6 €é €6 .66¢c¢é.66é6¢e¢eééeé (34
Wher e: [ Esgl t dnéV, =&Vind veldcgynnys t vy ,

The portion of time for which this velocity/, prevails at the site is given by the probability
density function f (V). The energy per unit time contributedvbys PV x f (V). Thus the
total energy ED, contributed by all possible velesitat the wind site, available for unit

swept rotor area and time is expressed as:
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Substituting for PV and f (V) in the above expression and with the standard gamma integral,

it gives:
%=— -3 - eééeecéeeéeée.eéeéeeééeéeéee 30
Once ED is known, energy available over a period El can be calculated as
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Where: T is the time period.

The most frequent wind vel pnoak.flhys, f o6 (V)

®w =0 — Eéééééeccééeeececeeeeeeéeée. 38
The velocity contributing maximum energy to the regiMenax) is given by:
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3.2 BLADE DESIGN ANALYSIS

The aerodynamic design of a wind turbine rotor includestio&ce of the number dlades,
determinatiorof blade length, type of airfoil section, blade chord and twist distribuéinds
the design tigspeed ratio (TSR=rotational speedator radus/design wind speed aub
height). Concerning blade number (NB), a rotathvaine blade can be cheaper aadier to
erect but it is not popular and too noisy. The-tladed rotor is also simpler &ssemble
and erect but produces less powamthhat developed by the thrbladed oneThe latter
produces smoother power output with balanced gyroscopic loads, and isasibretic. The
determination of the blade length (otapsize) depends mainly on theeded energy for
certain application ahaverage wind speed of a specific site. The chafitieekind of airfoil
section may be regarded as a key point in designing an efficientratod (Burgerand
Hartfield, 2006).

In this research, Blade momentum theory (BEM) is used to design a HAWAHalseld up

on the wind data analysithe energy density of the site feund to be 61@v/m?. BEM is
employed for obtaining maximum lift to drag ratio for each elemental constitution of the
blade. Obtainingchord and twist distribution at selected tip gpeatio of the blade, the
aerodynamic shape of the blade in every part is specified with correspond to maximum
accessible power coefficienthe design parameters are poveeefficient, angleof attack,
dragand lift coefficients.

3.2.1 Airfoil Selection

To design a wind turbine proper selection of airfoil is needed so four different types of wind
turbine airfoils are selectethd compareorrespondingerodynamic performancssing site
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condition as an inpus830, S827, SG6041 and SG6050 HAWT airfoils vileeenominated

airfoils for the site.

Maximum
Thickness
! l Mean Camber Line
Leading
Edge

Radius

Leading T Maximum Trailing
Edge Camber Edge

Chord

v

——

Figure3.3:- Airfoil Terminology (Burger and Hartfield, 2006).

For wind turbine blade design and analysis, it is essential to have the aerodynamic data of
the selected airfoil at the cesponding flow conditions, i.e. Reynolds (Re) numbers. The

Reynolds number is defined as

///////////////////////
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Where: Urer is the relative wind speed (m/s).
C is chord lengtkim).

is kinematic viscosity of airg(= 14 x 10° m?/s)

Figure3.4: S830Wind Turbine Airfoil (Aerofoiltools.com 2019
25



Figure3.5: S827Wind Turbine Airfoil (AerofoiltoolsCom, 2019)

Figure3.6: Sg6041Wind turbine airfoil(Aerofoiltools.com 2019

Figure3.7 Sg6050Wind Turbine Airfoil (AerofoiltoolsCom, 2019

The above listed airfoils havedastinctaerodynamic characteor the selected site based on
the Reynold number the aerodynamic characteristics of these #&fowere
compared.(Appendix, A) The comparisorshows that S830 have a better performance.

Therefore s830 is selected for further blade design analysis and studies

26



3.22 Chord Distribution and Angle of Twist

Tip Speed Ratia - The tip speed ratio defined as the relationship between rotor blade
velocity and relative wind velocitigquation3.11 is the foremost design parameter around

thatall other optimum rotor diensions are calculate(iansen et.al, 1993

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Where:ao= T i p sqp=Retational aelocity (rad/s),= radius,Vw = Wind speed.
Featuressuch as efficiency, torque, mechanical stress, aerodynamics and noise should be
consicered in selecting thappropriate tigpeed aslepicted inTable3.1. The efficiency of

a turbine can be ineased with higher tip spee@wventhoughthe increase is not significant
when considering somérawbackssuch as increased noise, aerodynaamd centrifugal

stress

Table 1. Tip Speed Ratio Desig@onsideratior{Peter J. Schubel et.al, 2012)

Tip speed ratio Low High

Value Tip speed of one to two are Tip speeds higher than 10 are
considered low considered high
Utilization Traditional wind mill and Mainly single blade or two blade
water pump prototype
Torque Increase Decrease
Efficiency Decrease significantly below| Insignificant increase after eight

five due to rotational wake

created by high torque

Centrifugal stress Decrease Increase as a square of rotationg
speed
Aerodynamic stresg Decrease Increase proportional with

rotational speed

Area of solidity

Increase, multiple 2ZGequired

Decrease significantly

Blade profile

Large

Significantly narrow

Aerodynamics

Simple

Critical

Noise

Increase to the six power approximately

27



A higher tip speed demantisssenchord widths leading to narrow blade profiles. This can
steerto reducematerial usage and lower production coBtgen ifan increase in centrifugal
and aerodyamic forces idinked with higher tip speeds. The increased foricegly that
difficulties exist with maintaining structural integrity amdroid blade failure. As the tip
speed increases the aerodynamics of the blade design become increasingly chtadd. A
which is designed fogreatrelative wind speeds develops minimal torque at lower speeds.
This results in a higher cut in speed and difficulty -s&dfting. A noise increase is also
associated with increasing tip speeds@ise increases approxiret proportionately to the
sixth power.Modern HAWT generallytilize a tip speed ratio of nine to ten for two bladed
rotors andsix to nine for three blade3his has been found to produce efficient conversion

of the winds kinett energy into electricalquver (Peter, eal., 2013.
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Figure3.8 Dependencef Power Coefficient imip-Speed Ratio for Distinctive Wind Turbines
(Hanseret al,, 1993)

Blade Plan Shape and Quantity- The ideal plan form of a HAWT rotor blade is define
using the BEM method by calculating the chord length according to Betz limit, local air
velocities andhirfoil lift. Several theories exist for calculating the optimum chondtlethat
range in complexityHansen etal., 1993, with the simplest theorpased on the Betz

optimization(Equation3.12). For bladeswvith tip speed ratios of six to ningilizing airfoil
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sections with negligible dragyagvwesadgoodp | os

approximation(Peteretal., 2012.

In instances of low tigpeeds, high dragjrfoil sections and blade sections around the hub,
this methoctould be considered inaccurate. In saithatiors, wake and drag losses should
be accountedHansenet.al, 1993 The Betz method gives the basic shape of theenmod
wind turbine bladefigure 3.9. (Hansen et.al, 1993

,,,,,,,,,,,,,
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Where 6 6 5
r = radius (m), n = Blade quantity,
C,= Lift coefficient, o = Local tip spee
V' = Local resultant air velocity (m/s), U= Wind speed (m/s),

Uwd = Design wind speed (m/s)qge= Optimum Chord length

1

|
= |
i Radius (¥ ! i
H 1
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Figure3.9 : Nomenclature of wind turbine blade

Low tip speed ratios produce a rotor with a higioraf solidity, whichis the ratio of blade
area to the area of the swept rotor. It is useful to reduce the area of solidity as it leads to a
decrease in material usage and therefore production doetscersely problems are

associated with high tip spd=
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Figure3.10: Optimal Blade Plan Shape for Alternate Design-3peed Ratios and Number of
Blade

Assuming that a reasonable lift coefficient is maintained, utilizing a blade optimization
method produces blade plans prindipaependenon design tip speed ratio andmber of
blade For this thesis based up on the wind potentiaféasibleto employ25 m span blade

and TSR value 06.75.

Turbines are designed to operate withirspecific range of wind speeds. Based on the
selected site cut in wind speed3s, cut off wind speed 22 m/s and rated wind speed 10m/s
are selected dngential speed of blade vary across the span of blade amount lift vary across
the blade span. In order to have a uniform lift coefficient thedcmtribution of the blade

vary from the root to tipBy using BEM method the chord distribution result along the span

is plotted orFigure 3.11
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Chord Distribution
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Figure3.11: Chord Distribution versus Span Length Ratio

Angle of Twist

The lift generated by aairfoil section is a function of the angle of attack to tH®wing

air streamThe inflow angle of the air stream is dependent on the rotational speed and wind
speed velocity at a specified radius. The angle of twasessitatdisreliantupon tip speed

ratio and desiredirfoil angle of attack. Generally tladrfoil section at the hub is angled into

the wind due to the high ratio of wind speed to blade radial velocity. In contrast the blade tip

is likely to be almost normal to themd.

BEM methodemploys Equation 3.180 calculate blade twist angl@iansen et.al, 1993

s A~
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Where} is the local speed ratid is the blade twist angle.

Thejustificationfor the twistis to produce uniform lift from the hub to the tip. As the blade
rotates, there is a difference in the actual speed of the various portions of the blade. The tip
of the blade travels faster than the part near the hub, because the tip travels a garater dist
than the hub irsimilar length of time.Figure 3.12 depictend resuliof the angle of twist

based onheabovemathematical correlatioemployed
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Angle of Twist
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Figure3.12: Angle of Twist versus Span Ratio
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Figure3.13: Chord Distribution and Angle of Twist of Foils

Analytical result of BEM model gives an output of maximum chord length 3.4 m at span
radius of 5m andminimum chord lengthof 0.77m at span radius of 2&. The following
figure shows schematend surface drawing of the chord distribution and angle of Twist of

the designed blade using S830 airfoll.

32



Circular Foil

’ 4.000 m
e &6.000 m
2.000 m
11.500 m
14,000 m
16.500 m
19.000 m
21.500 m

Figure3.14: Schematic Drawing of Designed Blade

X
Circular Foil
4.000 m
&.000 m
Figure3.15 Designed wind Turbine Blad
As it os erevousesectoraihd turlnine blade have three sections; namely root,

mid-section and tip. Average angle of twist result corresponding to these sectiofi,-die 25

and-3.73 respectively. The total swept area of designed turbih®68.5m?.
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Figure3.16: Designed Wind Turbine

3.23 Aerodynamic Characteristics of the Blade

Aerodynamic performance idasic for efficient rotor design Hansen etal 1993
Aerodynamic lift is the forceeliablefor the powe yield generated by the turbine and it is
therefore essential tcapitalizethis force using appropriate design. A resistant drag force
thatcounterthe motion of the blade is also generated by friction which mulgisken It is
thenvivid that an airfd section with a highift to dragratio (Equation 3.1} typically greater
than 3 bechosen for rotor blade desigransen et al., 1993

0 QROI YD o Qe — eeéeeéee.eéeé ()3.14
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According to Cetin, the power coefficient is a function of TSR, blade number and maximum
lift/drag ratio(Peter et al., 2002

0 p — p—8) eeéeéééééceceeceeeée. ééé. Y3.15

WhereZ is the blade number, which is-3;is the maximum lift to drag ratio

Cp schmitziS the Schmitz poer coeffigent, which is 0.5926.

An aerodynamic phenomenon known as stall should be considered carefully in turbine blade
design. Stall typically occurs at large angles of attack depending on the airfoil design. The
boundary layer separates at the tip rather thahdudown the airfoil causing a wake to flow

over the upper surface drastically reducingdiid increasing drag forceBhis condition is
considered dangerous in aviation and is generally avdiaegbitchcontrolledwind turbines

stall is still considred as halt so in this design the operating angle of attack of the blade is
selected free from stalneanwhile for stalregulated windurbines stalcanbe utilized to

limit the maximum power output to prevent generator overload and excessive fattoes in
blades during extreme wind speeds and could alaa acintentionally during gustsiansen

et.al, 1993) It is thereforedesirablehat the onset of the stall condition is not instantaneous

for wind turbine airfoilas this would create excessive dgmic forces and vibrations
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CHAPTER FOUR

NUMERICAL AERODYNAMIC PERFORMANCE ANALYSIS

4.1 Introduction

The computational fluid dynamics (CFD) approach has kegrioyedto model andstudy

the aerodynamic behavior of wind turbines, the detailed flow ibaracteristics around a
rotating wind turbine rotor/blade as well as the power performance cattalpeedby the

CFD appoach With the increasing computing capacity, the CFD approach is becoming a
practicalapparatuso model and simulate wind turbirerodynamic performance in three
dimensional spaces and instantaneous time doih&nmaininterestof solving CFD
problems are turbulence models and mesh topology.

Computational Fluid Dynamics (CFD) is axtension of fluid mechanics; it describésd
motion through the use of numeri¢athniques using a computeridtconcerned with the
solution of the velocity field ahhence, the pressure field fgiven fluid properties (e.qg.
density, viscosity and siace tension) The twokey obstacles in fluidmechanics to a
workable theory are viscosity argeometry In a small number of idealizesituatiors
viscosity can b neglected, rendering tistreamfields inviscid. Conversely for the vast
majority of situatiors viscosity is present and may even véngtincreases the difficulty of
constructiy and using the basic equatio(@/hite, 2008). Moreover, it can have a
destabilizing effect on the aforementionstteamfield creating a disorderly, random

phenomenon known as turbulence

Complex geometry featury rapid changes in theegmetrical bounds of the fluidyake it
difficult to find sonamed6 ¢ | dosmedlanh y t i c a | s ol u.tltispossbietoof pr
solve problems featuring congxX geometry and viscosity usimgmerical techniques on a

computerthatis commonly known as Computatiorfauid Dynamics (CFD)

CFD implements conservation principles, including theee fundamental conservation

equations of
A Mass (continuity)
A  Momentum (Newtonds second | aw)

A Energy (first |l aw of thermodynamics)
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By applying conservation principles to fluid motion it is possible to define the NStides
(N-S) Equations, which can be given in differéarms. Equatiort.1 and 4.3jivesthem in

incompressible vector form. These equations describe the motion ofeavtgmian fluid.
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Whered®i s t he velocity vector, t is tiNsa,

source term and is the Laplacian operator

Incompressibility is assumed for flows when theal Mach number (the ratio ttie speed
of an object to the speed of sound of the flisd)elow 0.3. For wind turbingke flow has
velocities nor masultingina Machunurdberofiledsamd/lstherefore
the incompressible assumption is completely justifigldael, 2003)Themean wind speed

of the site 10 m/s therefore treamis assumed incompressible.

——— Injection

M N of energy . Dissiparion of
. /(’ . energy
| > (/ ) &/‘) o /

\‘\
~— X Dissiparing
Large-scale Flux of energy

| eddies I eddies |
Resolved |
ADNS
Resolved . Modeted _____
Argps
Resolved Modeled
—-—I— ———————————————————————————————————————— ——
AR_AJVS

Figure4.1 lll ustrationof the Resolved and Modelled Parts of the Flgvhite, 2009)

Even ifthe incompressible Navie&tokes equations implicitly describe turbulent flow fields

they are inherently difficult to solve due to the dimrear nature, specifically the conire

(4

acceleration term .Due to this there are a number of different CFD methodologies, each of

that numerically resolve the NaviStokes equations and model the resulting flows to

varying degrees as shown in Figutd. Four such methods are the Reynckigeraged

NavierStokes (RANS), Large Eddy Simulation (LES), Detached Eddy Simulation (DES)
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and Direct Numerical Simulation (DNS) There is much research reported in the literature as
well as a number of textbooks with greatitail regarding these methodBechmann,

2006).Thedifference between these models is their consideration of turbulence modelling.

Turbulence is characterized by random velocity variations within gteeamthat are
generally modelled using statistical methods, based on experimeanrta{Wilcox, 2006).

If a fluid is not turbulent then it is said to be laminar, and is normally characterized by steady
parallel fluid layers with no mixing. The problem with solving turbulent fluid problems is
that turbulence is inherently threémensioml, and operates at a smaller length scale than
laminar (norturbulent) flows. The Atmospheric Boundary Layer (ABL) can have a length
scale ranging from approximatelkfn to as small asmm (Stull, 1988and blade boundary
layers can have even smallealss. This creates a problem in trying to resolve all the length
scales.Conversely it is sometimes feasible and memedDirect Numerical Simulation
(DNS) thatis extremely computationally expensive and is not always viable. To overcome
this a large numdr of turbulence models have been constructed for these small length scales,

allowing the large scales to be resolved.

Reynolds number Re, is a dimensionless number (has units) that is used in fluid
mechanics to describe flow. In 1883 Osborne Reyn@dynolds, 1883showed that the
transition from laminar to turbulent flow occurs at a critical value. The Reynolds nisnbe
commonly calculated using Equatioh8 and4.4, referred to as the ratio of inertia force to
viscous brce Laminar flows featurdow Reynolds numbers. The higher the Reynolds
number the more likely a flow is to be turbulent; and the finer the small lengtbss

(mixing) within the flow.
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Where” is the densityp isthespeed,i s a characteristic | ength,

and’ the kinematic viscosity

4.1.1 ReynoldsAveraged NavierStokes

The ReynoldsAveraged NaviefStokes (RANS) method is the fastest CFD approach. It was
first descriled in 1895 by Osborne Reynol(Reynolds, 1895). lemploys time averaged
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motion, which introduces a new quantity known as the Reynolds stress. RANS models
compute this variable either through the use of an-edaypsity model or Reynolds Stress

model.

The eddyviscosity models vary with compleyi and approximate the Reynoldgesses
using theBoussinesq hypothesis alsamedthe Boussinesq approximatiand Boussinesq
eddyviscosity assumption. The Bssinesq hypothesis, proposedBnussinesqs a linear

relation, shown in §uation4.5, between the stress tendor and mean strain teas(S)and

is analogous tthe linear relation between thiéscous stress tensor and viscosity. It relates
the Reynolds stresses to Welocity gradients through an eddyscosity, in an analogyt
molecular viscosity, assuminpat the Reynolds stresssor is coincident with the mean
ratetensor. In particular, Schminalyzedhe validity of the hypothesis using databases as
well as DNS and LES testtuatiors andfound that it is almost never verified. Despite this

the a@ldy-viscosity is widelyemployedto model turbulence and can perform well when used

correctly,
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WhereT is the stress tensor and S is the mean stra t eTrisghe eddyiscosityu is

the mean velocity component, xi, j is the Cartesian d¢oate system and i, j represent

components in the i, jth direction

The eddyviscosity models vary with complexity, ranging from algebraic models to two
equaton models. The most commorgynployedin wind turbine applications are thed
equation models-KJ Joges, 1972k-v W(lcox, 2006)and kw SST(Menter, 1993)where

k is the turbulence kinetic energy per unit mass (or specificlerbe kinetic energy) isU

thespecific dissipation and is the specific dissipation rate.

There are numerous modélsat employthe eddyviscosity concept to different geses.
These models are divided into algebraic ni®dene equation models and twquations

models.
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a) Algebraic Models

Algebraic or zero equation turbulence models are computationally the simplest models and
often compute the edeyscosity in terms of the mixing length. The mixing length

hypothesis wasproposed by Prandtl in 19ZBechmann, 2006).

The hypothesis leads to definirtbe eddyviscosity as:
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Wher e €T dviscosity/més densltyhyd mix is the mixing lengthThe mixing
length is empirical, depending on the flow and must be specified in advance. Therefore, by

definition the algebraic models are incomplete turbulence models.

b) One Equation Models

One equation models calculate one turbulent transport equation, usually the turbulence
kinetic energy. It is technically the specific turbulent kinetic energy as it is jtemass,

shown in Equation 4,%ven ifitis commonly jushamedhe turbulence kinetic energy. One
equation models are incomplete as they normally relate the turbulence length scale to some
streamparameter. The original one equation model was developed IngtPma 1945.
(Bechmann, 2006Prandtl calculated the specific turbulent kinetreergy as shown in
Equation 4.9nd assumed that the turbulent dissipation (e) was proportiochatXox The

turbulence length scale still needs to be defined iaachto close the system.
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Where k is the specific turbulence kinetic energy, xi, j is the Cartesian catrdiystem,

O=eis the mean velocity component, tistimiég, s densi t y, ecgistheeddy he Vvi :
viscosty, 0 are closure coefficients, jirepresent components in thgth direction andis

the turbulence length sca®i nce Prandtl| s one eenqnargymoré&@ n mo C
models developednor e el abor at e t hannetessites tw@cloguredt | 6 s

coefficients(C,sk) whereas other have many more such advBaBarth modelthat has
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seven closure coefficients and two damping functeomd the Spalalimaras modethat

features eight closure coefficients and three damping functions

¢) Two Equation Models

Two equation models are complete, providing a closed system and are the simplest complete
systememployed in CFD modelling. They calculate two equations: one for the specific
turbulence kinetic energy and the other is related tautieilence length scale. There are
many different models, the main difference being the second equatioth@ndriable
calculated, including the turbulence length sc&@e gpecific dissipation-{ or specific
dissipation ratel () .The first two eqution model was developed by Kolmogorov in 1942
that was a K model. (Bechmann, 2006). All two equation models feature closure
coefficientsthat have beeremployed to replace doubl@and triple correlation terms with
algebraic expression involving knownoperties. If turbulence theorywas exact these
coefficients would be set from firstipciples but it is not and thenodels are developed
based on dimensional analysis and observatidrerearemany models but the main models

employedtoday arehe k-, kj and k§ SSTmodels thatire discussed in more detail

l. k-£ Model
The k- model is the most popular model and iamgsituatiors the default model. features

equations of the specific turbulence kineticrgygk) and the dissipation penit masge)
often just referred to as the dissipationwds first developed by Joned &under and later
improved by Launder and Simaa. The model is so widegmployedit is normally referred
to as the standardkmodel or just thek model wihoutany refeences. The model defines

k usingEquation 4.8nd£ usingEquation4.11

"""""

M— M — Z— MR — | — — éééeeééeecée.é.. A1)

M— M — | -Z— [M— — { — — é6ééé6é6é6é6éé  .12) (4

Where k is the specific turbulence kinetic enefgy,is the Cartesian coordinates

system; is the mean velocity componeris the timemis the deasity,{ is the
viscosity,f EOEMA A WE OA,j NEROM are closure coefficients and i,j represent

components in the i"jdirection.
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The k- model does have a number of flaws &ndtations thatare well documentesiuch

as peforming badly with severe pressure djents and separatiomo this extent there have
been a large number of mdidations to the standard modt& improve it. The most
commonlyemployedof these a: RNG k- model and realizablie- - model. The RNG &
model or Renormalizain Group Method ¥ model adds term to the turbulence dissipation
equation to acamt for the interaction betweethme dissipation and mean shear. The
realizable k- model changes one of the closaefficients (C) to allow t to vary based

on the velocity gradients.

Il. k-0 Model

There are a number of methods taplythe specifidissipation raté (). The mostommon
k- © model is often referred to as the stard k © model or the Wilcox k¥ model.This

model defines ksingEquationd.13and| usingEquation4.14
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M— M — Z— [ MDY — t At —éééeeééée.é.a18

rrrrrrr

M— M — | —-Z— [ M — { At —éeéeéeéééé. (4149

Where k is the specific turbulence kinetic energy, xi, j is the Cartesian coordinate system,
is the mean velocity component, tistimie, s densi ty, erisithe edtlyh e vi s
viscosity;] is the specifidissipationratg ,r ,r ,A ,A are closure coefficients and i,

j represent components in the i, jth direction

It is known to perform better under adverse pressure gradients and for flows featuring
separation thn the k- model. It is also considered more accurate within the wall region
.Even ifit has been shown to be more sensitive to free stream velocities at the boundary layer

edge
[l k-0 SST Model

The lg shear stress transport model normally teritky SST or SST ¥ model isa
combination of the standakd ®© andk- £ models defied by MentetTheky SST model
is a variation and improvement ofthaseline (BSL) model. The B&hodel varies between
the l§ and k& models in an lmost linear manmewhereas thé&kj SST model also
accounts for the turbulent shear strdsappliesthe k| definition inthe inner part of the

boundary layer and the k definition outside the boundary lay@echmann, 2006)
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Menter created one set of equations ®nding he k| and k £ model equationdyy first

transforming the kkE model into a kK formulation, shown ifequation 415.

M‘Fa') " ip) S TO " h £ D)

O o ! E*Fg 7 | U T

Ch ——— Eéééeééee.eeeeeééeeeeéeeeécée. a1y
Where| r B ,, h are the new closure coefficients and all other variables are

as previously defined. The two models are combineddate a new set of equations for k

and] as shown irEquationst.15

The lg SST model is an improvement over theesttwo equation models fanany flow
situations,Even if it is limited by theapplicationof the eddyviscosity and Boussinesq
hypothesis These models assume isotrofibulence thats not normallyvalid and can

cause unrealistiend resul

d) Reynolds Stress Model

The Reynolds Stress Model (RSM) also knowra&econd moment closure modsbses
the ReynoldsAveraged NavielStokes egations without relying on the Boussinesq
hypothesis. Instead, it solves additional transgoyations for all components dfe
Reynolds stressensor (ti j) (Bechmann, 2006Conversely the derivéion of the RSM
necessitate higherorder correlations tde modelled. RSM avoids the isgpic eddy
viscosity assumptioallowing the full 3D nature of turbulence te Imodelled. This added

accuracynecessitate additional computational resources to solve the additional equations

Nearly all RSMs start from theame point, the exadifferential equation of thReynolds

stress tensor as shownkquation4.19

~
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Wherer is the dissipation tenson, is the pressuretrain correlation tenso# is the
turbulent transport tensag, is the Kronecker d&a and all other variables @ preiously

described

RSM is good for accurately predicting complex fioas it accounts for streamlioervature,
swirl, rotation and high strain ratésven ifit does struggle with stabilitwithout the eddy
viscosity term and has a highemgputational eg e n s e ( 2cbm3pareditontlee ©ther

turbulence models

4.1.2 Large Eddy Simulations (LES)

As the name suggests, LES resolves large eddids eddies smaller than tlggid size are
modelled using a sugrid scale (SGBmodel. This approach is basaglthe assumption that
the smallest eddies have a mordess universal characteristitat is not dependent on the
flow geometry. This tinction between resolved anabdelled is done through a filtering
function appliedo the NavierStokes equationhis introduces a new termamedhe SGS
stress (similato the Reynolds stress tensdithe RANS method). This stressapliedto
representhe effects of the SGS modelleddies on the larger resolved eddies of the flow.

This stess needs to be calculdtendthere are a large number of models available.

CFD modeling has come a long way in the past couple decades and has made great progress
in the field of wind energy. In the most ideal simulation, the entire farm of fully resolved,
rotating turbines woudl be modeled with a very fine grid, and the solution would be achieved
using LESwith a tuningfree SGS model.

LES s generally considered the engineering research standard turbulence model. It is not a
RANS model, but rather a filtered solution of thentinuity, NavierStokes, and heat
equations This formulation places in the turbulence model hierarchy between direct
numerical simulations (DNS), where all scales are resolved down to the Kolmogorov length
scale, and RANS where all scales are modélE& is able to handle ursady anisotropic
turbulent flowmuch better than RANS, burtquiresmore computational resources. LES is
increasinglybeingapplieddue to the increase in computemwer and resources that are now
availableThroughthis filteringmethod, LES resolves the larger energgntaining motions

while modeling thesub gridscale motionsThis gives for a much higher accuracy than
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RANS models produce. However, LES simulatioesessitata much finer grid resolution

and this increases compudtat time at least linearly. Most LES simulationscessitata

filter and grid resolution such that 80% of the energy is resolved (Pope, 2010). For
simulations in this thesis work a dynamic Smagorinaskly SGS model wasapplied

Relaxation factors had twe adjusted tanpartstability.

The equations describing the motiohamy incompressible Newtoniaruftl in abounded

domain are the weknown NavierStokes equations

" 40— O— 0— — C — — — YéEEEEEé. .41
" b— 00— 0 — — f — — — YééE66666.6 (418)
" d— O— 0— — C — — — Y6666 66.410)

Where Xx,y, z is the Cartesian coordinate systeimy, w is the Cartesian velocigystem, t

istime,” isdensity, g s t he pr escedgityand X, zidasoulcderen. v

The differentiation between the large eddies (resolaad)the small eddies (modelleaf)
the flow field are accomplished using a filtayimethod. The filtering procesdfectively
filters out eddies smaller than the filteidth. A common filtering methodecomposes a
flow variablel ¢fD into the large scale filterguart¢ @O and smalkcale suMiltered part

[ oo

CAO Cad ¢ Addéé ééééééé.céeééeééeéeéeééeé (420

CP _Cal YA@ééééeéééeeéeéé . 6e6éeééé 421
Where U is the fluid domain, G is the filte

The filter function depends on the filter widtlF[D1D2D3)*3 where Di is the filtewidth in
the i" direction. There ara number of differenfiltering functions, the mostommon are
the Gaussian filtethetop hat or box filter, and ctdff filter as shown in Equatioh22, 4.23
and 424, respectively.
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Whichever filtering function igppliedit is applied tahe NavierStokes equations to create
filltered equations, as shown iBquations 4£5 and 426, which are solved in LES

simulations.

— T eéeéeée.eéeéeéeéeéeééeéeé ée. 425
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Where5 the largescale idiltered component ang is the subgrid scale stress term.

4.1.21 Sub-grid Scale Models

Most subgrid scale models are edgiscosity models using tHgoussinesdpypothesis. The
most widelyappliedmodels ardoased on the Smagorinsky model (Smagorin$8¢3 that
appliesan algebraic eddyiscosity. This has beeapplied due to its simplicity as the SGS
eddyviscosity ( ) is determined by:

t m#Y ¢33 éeeceééeeceééee.eeeeeée. (421

Where3 is the rateof-strain tensor for the resolved scafeis the Smagorinsky constant

usually varying between 0.1 to 0.2

Fromthe models based on the Smagorinsky m{fsielagrinsky,1963 the most commonly
appliedis the Smagorinskiilly model (Lilly , 1966)which appliesa modified SGS eddy

viscosity given by:

t M (33éée.eéeceéeeecéeceéeeceéeecéece. (428
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Where, is the mixing length for the SGS, k is the von Karman consthist the distance
to the closest wal# is the Smagorinsky constant, and V is the volume of the computational

cell.

One problem with these mddes that Cs is not universal. Lillgerived a value of 0.17 for
homogeneous isotropic turbulen€gonversely this can cause excessive dampening near
solid boundaries and a value of around 0.1 has been found to yield tleadessul for a

wide rangeof flows.

LES is a transient method, requiring time discretization and definition of a time step. This is
normally defined tdkeepstability and to accurately resolve turbulence in time. The most
common condition is the Couréafiriedrichg Lewy (CFL) condtion thatnecessitate

,,,,,,,,,,,,,,,,,,,,,,,,

y
I p eeeéeéééécececceeceeceeéééeeeee....@a30

WhereYGthe timestep and/@is the spatial step

4.2 ANSYS-FLUENT

ANSY S Fluent iscommercially available generplrpose finite volume code used to model
turbulence, heat transfer, and reactions and hasadesolvers and discretizatisors. It has
beenappliedfor several wind turbine studies featuring single blgt#shy, 2011 Qunfeng
etal., 2011), for full rotors (WuBow etal, 2007 as well as actuator disceékridis, 2009;
Makridis, 2013)

4.2.1 Model Description

The geometry of thedesignedreference turbine was created in SolidWorks to the
specificationgound in thepotential assessment aBlhde design sectid3.1 &3.2)for rated
conditions. This geometry was then exported into ANSY&ignModeler, where the
domain geometry was created. The domain was ¢iZech) upstream of the turbine, (2ij
downstrea of the first turbine, and (b%) span wisen either side of the turbineBhe total
height of the domain was set to (8). Eventually the whle model and flow tunnel was

scaled down to a ratio of oneliandred
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A

30.000 {m)

Figure4.2 : Baseline model in Virtual flow tunnel

The following figures illustrate HAWT blades; baseline blade model and six other different
dimple orienation imparted on the baseline model are inclutiedrder to simulate thiguid

mechanics phenomena these moa@eésimported into ANSY®ESIGN MODELER and
the corresponding virtual wind tunnel is created

0.000 3.000 6.000 (m)
I T 1
L1500 4.500

”:.?\V

Figure4.3: Baseine Model
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0.000 3.500 7.000 (m) ZA X
I T 1

1750 5.250

Figure4.4 : Bladewith Dimple OrientationOne.

0.000 3.500 7.000 {m)
1
1750 5.250

Figure4.5: Bladewith Dimple OrientationTwo.

0.000 2,000 4.000 (m)
Looo 3.000

Figure4.6 : Bladewith Dimple OrientationThree
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Configuration number one, three and five include an outward dimple vdistmctdiameter
while, for configuration number two, four and six inward dimples are imparted and the

corresponding aerodynangonsequencis examined.

0.000 L1500 3,000 (m)
I I ]
0.750 2.250

Figure4.7 Bladewith Dimple OrientationFour.

A

0.000 2,500 5.000 (m)
I T ]
1250 3.750

Figure4.8: Blade with Dimple orientatiofive.
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Figure4.9: Blade with Dimple orientatio®ix suction face

.

1500 3.000 (rm)
— 1
2250

Figure4.10: Bladewith Dimple OrientationSix.

Figure4.11: Blade with DimpleOrientationSix Suction Face

51



Table 2 Specificationof Models

Model Name Span length | Airfoil type | Dimple Location

specification

Baseline 25m S830 - -

CONFIG. One 25m S830 10cm, outward| 0.5 of chord length
on the suction
surface

CONFIG. Two 25m S830 10cm,inward | 0.5 of chord length
on the suction
surface

CONFIG. Three 25m S830 5cm,outward | 0.4 of chord length
on the suction
surface

CONFIG Four 25m S830 5cm,inward | 0.4 0f chord length
on the suction
surface

CONFIG. Five 25m S830 10cm,outward| 0.5 of chord length
both on the suction
and pressure surfac

CONFIG. Six 25m S830 10cm,inward | 0.50f chord length

and 0.5 inward on suction sidé&
at suction | 0.80f chord length
surface on pressure side
4.2.2 Meshing

The noslip condition isappliedif the LES fltered Navier Stokes equationare integrated
hi gh

number flows with thin boundary layersdtnecessary to economize on computing ressurce

to the wall, whicmecessitatfine grids with neawall gridpointsy O 1 .

by means of graded non uniformeshes(Versteeg, 2007)

For
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Meshingis performed in ANSYS Meshing using an unstructured tetrahedral mesh.z@ésl| si
were set to oneillimeteron the blade face$,5 millimeter on the blade tips. Cells were
kept to a maximum size ofrhill-meters in the horizontal directions and vertical direction.
Inflation layers were implemented on all solid surfaces with amaxi growth rate of 1.2.

The meshes of all variations of the stationary reference turbine contained approximately two

million cells.

Figure4.12: Blade mesh

Figure4.13: BladeMesh Skewness
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Figure4.14: Detail of a mesh slice, showing a blade section and the adjacent refinemenbregion
virtual flow tunnel

4.2.3Grid Independence Study

The first concern for the quality of the solution is the influence of the sunfasé on the
Solution Since the boundary is interpolated onto the solution @&l approximation of the
Surface mesh as a representation of the geometry can cause errors if not refined enough. In
order to evaluate the goodness of this approximationuttiece mesh is rearranged in both
finer and coarse spacing between el giment s.
selected for the tesdjmilarfluid grid used were computed with the fin@nd coarser surface
mesh, which showed that the solutisnndependent of the surface rhgas can be seen in

the plotsFigure 6.29andFigure 6.30 In general, the surfageeshneed to be refined, but

the surface used for the first simulations is accurate enough to capture the most important
flow features irthe present thesis. These results show that the solution is independent of the
surface mesh. (ANSY-ELUENT setupof GISis presented idppendix A-3)
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Table 3: Grid independence study(GIS)

Mesh Element size| Number of | Lift Drag
name elements | coefficient coefficient
Mesh1 | 3mm 436,911 1.85 0.428
Mesh2 | 2mm 855,713 2.08 0.3758
Mesh3 | 1Imm 1,942,807 2.109 0.349
Mesh4 | 0.9 mm 2,234,257 2.1 0.347
Mesh5 | 0.7mm 3,520,421 2.08 0.335
Mesh5 | 0.5mm 5,258,523 2.072 0.332

4.2.4Solution Scheme

All CFD moceling was pdormed in ANSYS FLUENT V. 17.0Models were run as
transientLES at a Reynold number df.32»p T1uLilly Model was selected for the sghd
scale with a model constant of QLilly, 1966) .

The pressure field is unknown in most applicatiamsl the main task in fluidgtream
modeling is how to relate the pressure to the velocity distribuiible main velocity
pressure coupling algorithms are SIMPLE (Sémplicit Method for Pressre Linked
Equations) AlgorithmSIMPLER (SIMPLE Revised ) Algrithm whichis an improvement
of simple algoritghm , SIMPLEC Algorithm( SIMPLEC differs from SIMPLE only in
velocity correction) , PISO (Pressure Implicit with Splitting gfe@ators) Algorithm and
Coupled(Versteeg, 2007)

In this thesis Coupled pressurelocity coupling algorithm is selected for its fast
convergence quality and good accuracy. For spatial discretization there are a number of
methods studied in computionfilid dynamics studies among thesacondorder have a

bette accuracy and convergem rate (Versteeg 2007) suitable initial and boundary
conditions must be supplied to generate a well ppselolem. Rateavind speed of the site

is found as 10m/s, In spite of that fmeating uniformReynold number for actualzeand

scaled down modehe simulationis carried ouait windspeed of 1000m/s.
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CHAPTER FIVE

EXPERIMENTAL EVALUATION

In this section the details of the experimental procedures done to complete this study are
explored. It covers themodel preparationfest equipment needed, ethmeasurement

technique and equipment, and the uncertainty of the experimental measurements.

5.1 Model Preparation

3D printing, alsorecognizedas additive manufacturing, is a ndarm of manufacturing
developed inthe 1980s. llappendmaterial layer by Iger to createan object instad of
removing it from a solidlock of material like older manufacturiragpproacheslo. Before
printing afeatureon a 3D printer, it is designed on a DAoftware andifterward"sliced"”
by a specific program. It means thaetheededourseof the head extruder to produce the

objectis computed.

In this study3D printing was the best choice to manufactureHASVT airfoils, due to the

fact that it is the best economic choice to maintain an acceptable surface resolution and to
capture the geometric featurdsis important to note that the different blade crssstion

was mounted at the wind tunnel test section withilar phenomena of the wind to ensure

the uniformity of test parameters.

Figure5.1: 3D-Printer
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Figure5.2 : Printing Modelll
5.2 TestEquipment

All testing was performed in th&STU Subsonic Wind'unnel(HM 170 demonstration wind
tunnel) developed for experimentation and demonstration purposes inietbe of
aerodynamics and fluid mechanids GUNT Inc. Its subsonic, open wind tunnel with a
square measurement sectmnfile. The extensive range of available accessories permits the
performance of numerous experiment. The HM170 demonstration wind igrene open
wind tunnel of thenamecEiffel type, where the air is drawn in from outside and blown back

out in to the open. This wind tunnel reach a Mach number of atba.1.

Figure5.3: Schematidiagram ofA s t WiadsTunnel

The air is drawn in from the atmosphere via the streamfimetel (1).Any transversestream

components are filtered out in the flastrainer(2).] t rdagle of a tubulahoneycomb
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structure. The air exits from thereamstrainer as a parallel flownd is accelerated to
roughly 3.3 times its original velocity in the jet(3).The static pressure(4) is measured
downstream of the jet entrance to the measurement section. &ashd assumption of
virtually loss free flow, thetreamvelocity can be determed from the pressure difference
with respect to ambient press(Fetal pressure at zero velogifyhe air then flows through

the measurement section(5) which has a constant-secti®n. After the measurement
section the flow is decelerated in the diBug$6) and part of the pressure drop required to
accelerate the air in the jet is recovered. The diffuser angle is designed in a way to prevent
flow separation. An axial fan (7) with downstream guide (8) draws the air out of the diffuser
and conveys in tthe open. A guard (9) in front of the fan prevents damage caused by foreign
matters or model, whereas the guard {llpwing the fan prevents contact with the fan
wheni tirdoperation.

The wind tunnel has a velocity range0.6-28 m/s, a turbulence tensity of 0.2% and a
24x24x48 inch test section. Additionally, the velocity variation over the test section is less
than +£1%.

Figure5.4 : ASTU wind tunnel
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5.3 Test Apparatus

The airfoil testing was performed using tHi&UNTO manufactured force balance
constructed fo the ASTU Subsonic Wind TunnelThe mounting rig allows for the
adjustment of angle of attack by a frictiscrew The flow forces at the model are measured
electrically in this windtunnel. The forces are comted via the lever arm of the model
holder in to proportional moments which deform a bending and torsion beam. The
deformation is measured with strain gauge and displayed digitally as force onchannel

measurement amplifier.

Figure5.5: Force Transducer

Figure5.6 : BaselineS830 Airfoil Model in Test Section
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5.4 Testing

To ensure valid airfoil data, testing was performedwatreedangle of attackanging from-
10° to 30° to examine theconsequenceof dimples on aerodynamic performance of the
airfoils. Detailed testing was performed at aliéween54486 148082)and is within this

range of insensitivity

Figure5.7 : DimpledS830 Model on Test Section

At different wind speed and angle of attack six experiments were carried out .In order to
change the AOA therie degree scale on the mountimgg. Inoneexperiment for one model
ten differentflow phenomena are examined by varyingdhngle of attack

Figure5.8 : ForceSensoandMounting Rig
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Figure5.9 : BaselineS830 Airfoil Model in Test Section

5.5 Summary of Experimental Procedure
Step 1 Model preparation using 3printer
Step2 Assemble model irhe mounting Rig
Step 3 calibrating force sensor to null value

Step 4 close the test section after ensurgggureinstallation of the models at the
required AOA

Step 5 Run wind flow at the intended wind speed
Step 6 Read the lift force and drdgrce from the display

Step 7 Repeat all steps starting st2ffor different Reynold numbeAOA and Model
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CHAPTER SIX

RESULTSAND DISCUSSIONS

This section presents the results of numericagstigations of the wind energy potential
assessment, wind turbinkatle design and dim@effect Experimental validation resukt

alsopresented in this section
6.1 Wind Potential of WETER

6.1.1Mean Wind speed

Wind speed is prime factor which will determine sites suitability for wind fdime. mean
wind of the sele@d siteat a hub height of 80ms calculated by using the data source from
metrological station Mast andatellite data. The satellite dathave awind speed
phenomenon data at tirequiredheight while the metrology data is takieam a Mast with
height d 10m; hence| t eftsapolated to 80m hufeight. The two data sources results are
compared andevealsa goodagreement. Figurgb.1, 6.2, and &) shows resulof monthly

meanwind speedat a height of 80rfor consecutive years starting from 2009 td 0

MONTHLY MEAN WIND SPEED(2Q091)

——2009 —=—2010 ——2011

e
N A O ®

MEAN WIND SPEED(M/S)
=
o

O N M O ©

1ST 2ND 3RD 4TH S5TH 6TH 7TH 8TH 9TH 10TH 11TH 12TH
MONTH NUMBER

Figure6.1: Monthly Mean Wind Speed (2062011)
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MONTHLY MEAN WIND SPEED(22025)
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Figure6.2 : Monthly Mean Wind Speed

MONTHLY MEAN WIND SPEED(2Q048)
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Figure6.3 : Monthly Mean Wind Speed (2015018)

The above result showed thatBVER have a mean wind speed ranging from 3 m/s to 18
m/s.Figure 61 depict the ten year average mean wind speed of the site ranges from 5m/s to
15m/s. The highest wind speed season is from May to October while the least will occur on
December and Januamyind speed largely determines the amount of electricity generated
by a turbine. Higher wind speeds generate more power because stronger winds allow the

blades to rotate faster
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6.1.2Site®Wind Direction and Distribution

Wind rose is @iagramwhichill ustratethe prevailingwind directionalong withits matching
frequency of occurrenc& he undemeathdiagramshows the sites wind direction; south (S)
and soutkEastSouth (SES) is the most frequent wind direction of the site. Therefore, any

wind turbineinstallation of the site should be facing this wind direction

Wind rose

NNW NNE
NW NE
20
WNW ENE
W P i
WSW ESH
SW SE
SSW SES

Figure6.4 : Wind Roseof theSite

Wind energy is intermittent energy sources; occur with irregular interval. Hence hereunder
Figure 65 depicts frequency of occumee result for different wind speed. The result vividly

exhibit most frequent wind speed of e is between 6m/s and 13m/s.

FREQUENCEY OF WIND SPEED

=R e
o N B
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frequency

Figure6.5 : Frequencyf Occurrencedf Wind Speed
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6.1.3Wind power Density (WPD)

WPD is quantitatve measure of wind energy available at any location. It is the mean annual
power available per square meter of swept area of a turbine, and is calculatestirfot

heights above ground

Monthly Average Power density
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Figure6.6 : Monthly AverageWind Powe Densityat Hub Height Of 80m
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Figure6.6 : EstimatedAnnual WindpowerDensity at Hub Height of 80m
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The National renewable energy laboratory (NREL) categorize sites based on their average
wind power densityTable 4 showsrci t e r i a 0 sforadtegdrizingasithl. Rie kesult

of predicted wind power density of the studied gigs at height of 80m therefore the result

is extrapolated to a hub height of 50BMployingthat wind power density &0m equals
490.64 w/n? . Therefore the site is classifieshderclass fou(GOOD) for wind farm

Table2. Classe®f Wind Power Densityhtlp://rredc.nrel.gov)

Wind | Resource At10m At30m At50m

power | potential Speed Wind Speed Wind Speed Wind

class (m/s) power density | (m/s) power density | (m/s) power density
(W/m?) (W/m?) (W/m?)

1 Poor 0-44 |0-100 0-51 |0-160 0-5.6 0-200

2 Marginal 44-511]100-150 51-59 |160-240 5.6-64 |200-300

3 Moderate 51-5.6 | 150-200 59-6.5|240-320 6.4-7.0 |300-400

4 Good 5.6-6.0 | 200-250 6.5-7.0 | 320 —400 7.0-7.5 |400-500

5 Excellent 6.0-6.4 | 250-300 7.0-7.4 | 400 —480 7.5—-8.0 | 500—-600

6 Outstanding | 6.4—7.0 | 300 —400 7.4—-8.2 | 480—-640 8.0-8.8 | 600—2800

7 Superb 7.0-9.4 | 400 — 1000 2-11 | 640-1600 8.8—11.9 | 800 —2000
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6.2 Aerodynamic Characteristics of Baseline Blade

Aerodynamic characteristics of blade is e to predict the extraction efficiency and flow
phenomenan this section the aerodynamic performaatthe baskne (designed) blade is
presented .The hereundsgction presertheresult output of ANSYS FLUENTTheflow
simulationwascarried out aa Reg/nold numbeiof 1.32)p mutilizing LES; Hence LES has

superb ptential to analyzand capture flow separation.

6.2.1 Pressure contour and velocity streamline

Wind turbine blade experiencedifferent flow phenomenawith respectto distinct flow
condtions. Angle of attack and velocity are primary factor which influence aerodynamic
forces and the flow behavior. In this thesis the designed blade flow phenomena is examined
by varying the angle of attack frorh(® to 25 ata constant Reynold number. Tiolowing

plots posepressure contour and velocity streamlaleng the designed blade; at selected
AOA

,“‘ Y
! 2
0 0.050  0.100 (m) ‘1—-?
[ — —
0.025 0.075 4

Figure6.7 : Location ofTip, Mid and Root Section Velocity Contour

Figure(6.7) depictsthree distinct contour capturingpsition (i.e. tip, mid & root)because
of wind turbine bladéhaveanangle of twist the fluid willalsohave different flow structure

across théladespan.
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6.2.1.1 At anAngle of Attack of (5°)

Figure6.8: Velocity S r eaml i #%¢ At U =

As its shown irFigure6.8 at verylow angle of attack flow separation exist at pressure side
of the blade,Hence the blade will have a low lift to drag ratio.The lift and Drag coefficent
are-0.09 and 0.26 respectively which is minor
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3.44e+05
2.54e+05
1.63e+05
7.21e+04
-1.87e+04
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-2.00e+05
-2.91e+05
-3.82e+05

54e+05
-7.45e+05
-8.36e+05
-9.27e+05
-1.02e+06
-1.11e+06 ﬁ‘
> 3

-1.20e+06

Figure6.9 : Suction Side Pressure ContourlAt=5°
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Figure6.10 pressure Side Pressure ContoutJat5°

At anAngle of Attack of (8)
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Figure6.11: Velocity StreamlineAt 0

Figure 6.12: Suction Side Pressure ContourlAt © 5
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Figure6.13: PressureSide Pressure Contour At MiBection

6.2.1.2 At anAngle of Attack of (16)

Figure6.14: Velocity Streamlina t (° =

o 0.01 0.02 (m)
. at

10.005 0.015

Figure6.15 Pressure Contour at Root Sectionlbn =°

o=o
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Figure6.16: PressursSide Pressure Contour At MBectionU= °1 0
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Figure6.17: SuctionSide Pressur€ontourat Mid-Sectionh I' °m n

In the above three figure the fluid streamlines at an angle of attack f &nd 1 are
presented. As itobés shown the fluid el ement
hence there is no flow paration. As a consequence of that the amount of lift force on the
blade become high and Drag foiseninimized. Ath d(°ratio of CFD result of lift force to

drag force is 9.76 which is very good for wind turbine blades

6.2.1.3 At anAngle of Attack of(15°)

Figure6.18: AttachedFlow at Mid-SectionatU = °1 5
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Figure6.19: Separated Flow at Tiectionat U= 15

6.2.1.3 At an Angle of Attack of (29)

Figure6.20: Pressure Contour at MiBectionU= °2 0

Figure6.21: Velocity Streamline At MigSectionU = °2 0
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0.0175 0.053

Figure6.22 SuctionSide Pressure Contour at M&gction U= °20

o 0.035 0.070 (m)
|
0.0175 0.053

Figure6.23 PressureSide Pressure Contour At MBectionU = °2 0
6.2.1.4.At an Angle of Attack of (29

Figure6.23: Pressure Contour at Mi8ectionU= °2 5
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Figure6.24: Velocity Streamline At MigSectonU = °2 5

o 0.04 0.080 (m) /L.
1 Za x

0.02 0.060

Figure6.25: SuctionSide Pressure Contour At MBectionU= °2 5

o o 0.04 0.080 (m) )(7\
1
0.02 0.060 < Y

Figure6.26 : Pressureside Pressure Contour At MiBectionU = °2 5

The f1 ow p hEnlo=n?ednld= 2igpre€hted in th@bovevelocity streanline
figure (Figure6.19, 6.21 and 6.34The figurs vividly shows the fluid element reaching the
leading age will not reach at the trailing agesimatios o f | o we fluidiéleweatl ues t
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adhere the surface stagi from theleading edge to trailing edge .As the angle of attack of
the blade is enhanced there is tendency of stall occurrence . for the baseline bladdastall st
at an angle of attack of 4around the tip section latter on if the angle of attadirither
increased the stall will propagate throughout the blade and Eventually, no lift force will be

generated

Aerodynamic performance of winturbine, vehicle aircraft, or any othedevice or
component is examined by calculating the ratio of lift faccdrag force .The lift coefficient
and drag coefficient of the designaddde atifferent angle of attack is calculated using LES
results.All The CFD result of the simulation are presented inAppendix; basedn those
result the following graphs anglotted Thesegraphrepresent thdift coefficient, drag

coefficient and aerodynamic performance of the baseline blade.

LIFT AND DRAG COEFFICENT VERSUS ANGLE OF ATTA

25 0.7
——Cl —O0—Cd
2 0.6
0.5
o 15
© 04 8
1
0.3
0.5
0.2
0 0.1
5 0 5 10 15 20 25 30
-0.5 0
AG3
Figure6.27: Lift andDrag CoefficientversusAOA
Cly cp VERSUS ANGLE OF ATTACK
12
10 —e—Cl/Cd
8
6
Q
O 4
U 2
0
2 -5 0 5 10 15 20 25 30
BOA

Figure6.28 AerodynamidPerformance VersuaOA
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As itis illustrated in th@revioussection flowseparation othe designed wind turbine blade
starts form angle of attack @f°. The above two figures also demonstrate the decrement of
lift force and aerodynamic performance aftédA of 15° due to stallHence the designed
wind turbine should operate with angle of attack randg® wf 12°.

6.2.2Grid Independence Test

In sectiord.2.3the effect of theelected messize forthe simulation werstudied by varying
the size of meshlrhe hereunder graphs shows that both lift and drag coefficients are not

dependent up on the selected mesh size.

Grid Independence Test for C
2.2

2.1 —C—= °
2
1.9
== C|

1.8

lift coefficent

1.7
436,911 855,713 1,942,807 2,234,257 3,250,423 5,258,523

Number Of Elements

Figure6.29: Grid Independence TeResultfor C

The lift and drag coefficierthavelittle variation with variatbn of the number of elements
Hence the selected mesh size (1 mm) with number of element 1,942,807 is accurate enough

to capture the flow phenomena.

Grid Independence Test fof; C

05
0.4 \. —
0.3 —e

0.2
0.1 o—cd

drag coefficent

436,911 855,713 1,942,807 2,234,257 3,250,423 5,258,523
Number of element

Figure6.30: Grid Independenc&estResultfor Cq
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6.2.3 Validation

CFD simuldions are a very promising method for predicting the aerodynamic behavior of
wind turbines in an inexpensive and accurate way. One of the major drawbacks of this
method is the lack of validated moddfer this thesisexperimental result of small scaled
S8&30 airfoil is used for alidating the computional workif§ilar computional fluid dynamics
procedures, mesh type,mesh size and solution scheme is used for the scaled Giedels
analysis.Figure 6.31 shows experiematal anBDCresult of S830 airfoil at &eynold
number of 114,234.The results show that the variation of lift coefficent amongGR®
analysis and expermentaladwation ranges betwedid up to 12) %,Therefore the mesh

type,mesh size and telutionscheme of the CFD analyissgeod ancacceptable.

Experimental and Numerical result of Lift coefficent of S830

—4—CFD

0.8 —@— Experiemental
0.6

0.4

Cl

0.2

40

-0.2

AOA

Figure6.31: Comparison of Experimental and Numerical Analysis result
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6.3 Aerodynamic Characteristicsof Blade with Dimples

In secton 6.2the aerodynamic characteristics of the designed blade were presented and the
correspondingesults shows that stallad mitigate the aerodynamic performance a#ar
angle of attack of 18In the hereunder portion the evaluation result of diffeckmtple

configuration for delaying flow separation is presented.

Six different dimple configuration werstudiedafter a preliminary parametric stuayn
dimple. Both inward and outward dimples were studied. In the first nfiftyeflve outward
dimples wit a diameter of 10 cm at a chord length ratio of 0.5 were imparted. Theafesult
model one explicate clearly that outward dimpi# not delay flow separation rather they
will induce additional drag force on the blade.

gg‘:ar‘n ine 1 AN SYS
" 2.176e+003 R17.2

- 1.632e+003

- 1.088e+003

 5.440e+002

' 0.000e+000

[m s-1]

<
0 0.005 0.01 (m) L X
— E— ]

0.0025 0.0075

Figure6.32: Separ at e ?forFCONRNGH#IAt U=15

The second dimple orientation consists of fifty eight inward dimple at half of the chord .The
dimples were created with a diameter of 20 cm. The study results shows that this orientation
have a very good resudtith respect to delaying flow separation. Consequently this dimple
arrangement create a higher lift force than the baseline. In the figure below the velocity
streamline at an angle of attack of° 1§ presented. The figure vividly illustrate dimples
configuration number two had created an attached flow on the flow field.
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Figure6.33 Config#2 Velocity Streamline AD =78

The third andfourth configuration models have 5cm outward and 5 cm inward dimples
respectively. The location of the dimple fusth situatiors is at 0.4 of the chord length. The
study on these dimple arrangement shows that both dimple orientatierehlanced the

lift force with a small value, while Dimple orientation number five and six have a different
aspect than the previous fasituatiors. CONFIG#5 and CONFIG#6 have surface dimples
on both the suction surface and pressure surface; the prémioustudies were on dimples

at the suction side (low pressure surface) of the blade.

The aerodynamic performance of the fifth and sixth dimple arrangestaws that
configuration six possess good quality with regard to delaying flow separation wHiféhthe
arrangement increase both #imaount ofdrag and lift force .




Among these six different configuration of dimplekde configuration number two and six
showed a betteesult with regard to delaying flow separation. The next two figures shows
the blade pressureontour atU = 2 for CONFIG#2 and CONFIG#6.The legend of the
contour shows that these two dimple arrangement have changed the amount of pressure force
created alog the blade. The baseline blade have a lower a pressure retvgeen the
pressure and suction surfaces
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204504005
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Figure6.35: Config#2 Pressure and Suction Side Pressure Contour

80



Sonanre Soszsry
6.517e+005
3.560e+005
6.043e+004
-2.352e+005
-5.308e+005
-8.264e+005
-1.122e+006
-1.418e+006
-1.713e+006
-2.009e+006

-2.304e+006
Pa)

ANSYS 6.517e+005 ANSYS

R17.2
3.560e+005
6.043e+004
-2.352e+005
-5.308e+005
-8.264e+005
-1.122e+0086
-1.418e+006
-1.713e+006
-2.009e+006

-2.304e+006
Pa]

Figure6.36: Config#6 Pressure and Suction Side Pressure Contour
The amount of lift force is directly related with the flow separatioattachment. Théft
and drag coefficient of wind turbine blade with the digtinct dimplearrangementplots

for different angle of attacis presented in the Appendix{2); using these plots as an input

the underlift coefficient comparison among the baseline blade and blade with different
dimple configuration is made.

COMPARISON OF LIFT COEFFICENT OF DIFFEREI
DIMPLE CONFIGRATION VERSUS AOA

—¥— config-1 config-2 —e— Config-3—— config-4 config-5 —%— config-6 === Baseline

AOA

Figure6.37 : Lift Coefficient of BaselineAnd Various Dimple Configuration
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6.4 Performance Improvementon the Wind Turbine

wind turbine$® extraction efficiency is largely dependent up on the aerodynamic
performance of the blade. In the previous sestitve aerodynamic performance of the
baselineblade and blade with different dimple configuration is presented. These result show
that some dimple arrangement enhance the aerodynamic performantéadé alnthis
section the effect of aerodynanperformanceon the aggregate efficiency of wind ture

blade is analyzed and discussed

[ 0.005 001 (m)
00025 00075

Figure6.38: Comparison of Flow Stream Line for Baseline Blade and Blade with Dimple

Aerodynamic performance is the ratio of lift force to drag force. The aerodynamic
performance of thbaseline and blade with dimple is analyzed and the hereunder result is
found.

COMPARISON OF AERODYNAMIC PERFORMANCE OF
DIFFERENT DIMPLE CONFIGRATION VERSUS AOA

—¢=—DBaseline—@—config-1 W config-2 —— Config-3 —<— config-4 —&— config-5 —A&— config-6
12

10

CL/CD
oN M O @

AOA

Figure6.39: AerodynamicPerformance of Baseline and Various Dimple Arrangement
82



Presumingf the designed wind turbine blade reaches the Betz timitamount of power
could be extracted is 1.2 MW. Nevertheless no wind turbine had ever reach this efficiency.
The maximum amount of power coefficient of the designed turbipeesented in the figure
below.CONFIG-2 wind turbineis preferred among the sdifferent dimple configuration
examined bladedy its higheraerodynamigerformanceThe power extraction coefficient

of baseline and CONFIG#2 blade analyzedby selectingnumber of bladeasthreeand
comparison amonipe power could be extractextione Using cetin correlatiothe amount

of power extraction coefficiert ) for designed blade becomes 0.4181 fandavind turbine

with CONFIG#2blade havet value of 0.4467.Reter,2012.Using the corresponding
values, at rated wind speatieamount of power could be extracted at the site is plotted for
consecutive years starting from 2009 up to 2018bEtsgine bladecouldextractanaverage
power of 501.856 W while CONFIG#2 bladecan extract an averageowerof 535.7952

kW from 20092018

COMPARISON OF POWER COULD BE EXTRACTED
WITH BASLINE AND BLADE WITH CONFIG#2

700 ——Designed blade —o—dimpled blade

600
500
400

300

POWER IN KW

200

100

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
YEAR

Figure6.40.: Power Extracted By BaselimdConfig#2 Dimpled Blade
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6.5 Experimental Result

In addition to the CFD work the aerodynamic effectioffle on wind turbine surface were
examined by using a small scad® printed S830 wind turbine airfoil Six different
experimenty varying the wind speed is carried and the following results were found on

each experiment.

The first test was done at wind speed of 8.4m/s the Reynold number of the test was 57,117.As
itis proded on the CFD Analysis the aerodynamic performance of the dimpled airfoil exhibit

a better rsult than the baseline airfoil.

Aerodynamic performance comparison
of Baseline &Dimpled S830 @Re=57,117

4.00
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35
-2.00

Clicd
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-6.00

-8.00

Figure6.41 : ExperimentOneResult

Aerodynamic performance comparison
of Baseline &Dimpled S830 @Re=76,156
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Figure6.42: Experiment two Result
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Aerodynamic performance comparison
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Figure 6.43: Experiment Thre®esult

Aerodynamic performance comparison
of Baseline &Dimpled S830 @Re=114,234
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/A\A
N —

-10 - 40

Figure 6.44: Experiment FouResult

Test two, three anfdur were performed at wind speed of 11m/s,14m/s,16.8egfectively.

The result of thee test is msented in figure 82, 6.43, and 6.44vhich shows even for a

higher Reynold number the aerodynamic effect of diffga@erformance enhancement still

sustained.
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Aerodynamic performance comparison of Basline &
Dimpled S830 @Re=133,273
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Figure 6.45: ExperimentFive Result

Aerodynamic performance comparison
of Baseline &Dimpled S830 @Re=152,313
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Figure 646 : ExperimeniSix Result

Eventually hence all tests reveal that surface dimple enhance the aerodynamic performance
itdéds possible to say the computational flui
enhance aerodynamic performanceabd.
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CHAPTER SEVEN

CONCLUSION AND RECOMMENDATION S

7.1 Conclusion
This research had focused on the wind energy potential assessment of Eastern Ethiopia
district named WETER, design of wind turbine bladend investigative work on the

aerodynamic effeatf dimples.
From theeresearch results, the following conclusions can be drawn

The mean wind speed ranges between 2.5m/s to 1,8nudsthly mean power density varies
between62.196 W/m? (January and2296.29W/m? (July) atan altitude o8Omwhile the
annual mean powetensity forten years (2009 to 20} 8aries tetween 458.96 W/fand
663.63W/m?. Finally, WETER that is an oshorearea can beproposed as onef the
favorable locations fowind turbinesinstallation Basedup onsite wind phenomena ah

BEM methodHAWT blade is designed for cut in ,rated & cut off wind speed of 3m/s ,10m/s
and22m/s espectively. The tip speed ratio of
airfoil S830 is selected for blade profile from aerodynamics performamsparison among
different airfoils. The chord distribution from root to tip ranges between 3.39m to 0.77m

while angle of twist ranges fro®i1.13%toi 3.73°

The aerodynamic performance of the designed blaaevaluated using LES. Maximum
aerodynants performancef the blade occur at an AOA &P° Presuming if the designed
wind turbine blade reaches the Betz limit the amount of power could be extracted is 1.2 MW.
At angle of attack higher that¥ ° flow separatioroccurat pressure side of thmaline
blade.This adverse phenomena will lessen the efficencey of the TuBaised up on the

cetin correlation the power extraction coefficient of designed blade is found to be 0.41

Different Dimplessize and configurationn the surface of designed bladere added and
the aerodynamic performarssereevaluatedAmongthe examined dimple configurations
aerodynamic performance of configé2. fifty-eight Inward dimple on the suction surface
with a diameteof 10 cm at 0.4 chord lengthith 10 cm spacingpetween theinshowa very
good enhancemetihan othersvith a maximumreachableAOA of 17°. At a rated wind
speed of 10 m/By usingC e t icamrélation the power extraction coefficiaftConfig#2
were foundto be 0.4415. The first model (Config#l) &if five outward dimples with a
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diameter of 10 cm at a chord length ratio of 0.5 were imparted. The result of model one
explicate clearly that outward dimple will not delay flow separdafiionvind turbine blades

rather they will induce additional drag feron the blade; with maximum aerodynamic
performance 06.9 which is lesser than the baselifiee aerodynamic performanceldbdel

six (L10cm inward dimples at the suction surface and 5 cm inward dimple at the presgure side
enhancd the aerodynamic perforance of the baseline bladea®3 while the remaining

three configuration have small enhancement which is approach fbolvalidate the result

of computational work on effect of dimplesxperiment were carried out at small scaled
S830 airfoil using gbsonic wind tunnel. By varying the Reynold number six different
experiments were done for both dimpled and Baseline models. The experiment result show

that dimples will increase the aerodynamic performance by delaying flow separation.

Eventually, this stdy come acrossa conclusion of Eastern part of Ethiopia have a
tremendous potential of wind energy; more speally the site studied have an average
power densityof 610 w/m2. Therefore the site is suitable for installing wind farm. Power
extraction coeftient of wind turbine blade can be enhanced using inward dirhglese

the result shows that dimple will delay flow separation. In this study dimples extend the
maximum reachable AOA before stall from 1%0 17°; at a rated wingpeedwind turbine

bladewith dimple have a 6.76% Increment amount of poweextractedhan the baseline.

7.2 Recommendationfor Future Work s

U The selected site have a superb wind energy potential so the GOE should make
further studies using a number of wind mast on the sderestall a wind Farm
.Hence this study is carried using wind data from Diredawa metrological station mast
and satellite data
U There are a lot of addn device on aircraft to enhance the aerodyng@eiformance.
Forfuture work recommend to investigatesecaddon devi ceds suitabi

turbine blade.
U Investigation of Aeroacoustics and Aero elastic effect of Dimples on Wind turbine.

U Experimental work is carried using small scale S830 airffile aerodynamic
performance and dimple effect should begstigated on full scale wind turbine
blade.
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U LES s an accurate turbulence model to predict flow phenomena. Eveiliicect
Numerical Simulation(DNS) have a better accuracy to predict turbulence

Recommend to future researcher to utilize thismethéd i t 6 s accessi bl e

U Exergy analysis based on the second law of the thermodynamics can support to create
the strategies and managements for more economical and effective use of energy
sources. For future studies recommend to utilize Exergy analysis to wtndy

energy system
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APPENDIX

A -1 Aerodynamic Property of S83Q S827, Sg6041an&g6050Airfoils

Table: Legend
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A-2 ANSYS FLUENT Result Plots
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A-3 Grid Independent Test Setup

Details of "Mesh”™
=l Sizing
Size Function Proximity and Curvature
Relevance Center Medium
Initial Size Seed Active Assembly
Smoothing Medium
Transition Slow
Span Angle Center Fine
| Curvature NMormal A... Default (18.0 =)
' Num Cells Across G... Default 3)
Proximity Size Functio... Faces and Edges
. Min Size 3.0 mm
| Proximity Min Size Default (0.130180 mm)}
. Max Face Size Default (13.0180 mm)
. Max Tet Size Default (26.0360 mm)
| Growth Rate Default (1.20)
Automatic Mesh Base...  On
. Defeature Size Default (6.5091e-002 mm
Minimum Edge Length 7.48270 mm
=
Use Automatic Inflation  Program Controlled
Inflation Option Smooth Transition
| Transition Ratio 0.272
- Maximum Layers =
| Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No
Assembly Meshing
Advanced
=! Statistics
| Nodes 75892
| Elements 436911
Mesh Metric None

0H

0HM

Defaults -~
Sizing
Size Function Proximity and ...,
Relevance Center Medium
Initial Size Seed Active Assembly
Smoothing Medium
Transition Slow
Span Angle Center Fine

| Curvature Normal Angle Default (18.0 5}

. Num Cells Across Gap Default 3)
Proximity Size Function Sources Faces and Ed...

| Min Size 3.0 mm

| Proximity Min Size

Default (0.130...

Max Face Size

Default (13.01...

| Max Tet Size

Default (26.05...

Growth Rate

Default (1.20)

Automatic Mesh Based Defeaturing

Oon

. Defeature Size

Default (6.509...

Minimum Edge Length

Use Automatic Inflation

7.48270 mm

Program Cont...

Inflation Option

Smooth Transi..

| Transition Ratio 0.272
Maximum Layers s
| Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options MNo
= v M =
Advanced
Statistics
MNodes 149757
| Elements 855713
Mesh Metric None =

Fig: Mesh #1 setup

[Details of "Mesh”

7

Lomaas )

Display
=

=l Sizing
Size Function Proximity and Curvature
Relevance Center Medium
Initial Size Seed Active Assembly
Smoothing Medium
Transition Slow
Span Angle Center Fine
| Curvature Normal Angle Default (18.0 %)

| Num Cells Across Gap Default (3)

Proximity Size Function Sources Faces and Edges
[ | Min Size 3.0 mm

Proximity Min Size

Default (0.130180 mm)

| Max Face Size

Default (13.0180 mm)

Max Tet Size

Default (26.0360 mm)

| Growth Rate

Default (1.20 )

Automatic Mesh Based Defeaturing | On
| Defeature Size Default (6.5091e-002 mm}
Minimum Edge Length 7.48270 mm

=l Inflation

Use Automatic Inflation

Program Controlled

Inflation Option

Smooth Transition

Transition Ratio 0.272
| Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No
[+ Assembly Meshing
+| Advanced
=] Statistics
MNodes 337007
| Elements 1942307
Mesh Metric MNone

Fig: Mesh#3 setup

Fig: Mesh2 setup

Details of "Mesh”

|
Bszro &

Proximity and Curvature

Size Function

Relevance Center Medium

Initial Size Seed

Active Assembly

Smoothing Medium
Transition Slow
Span Angle Center Fine

| Curvature Mormal A...

Default (18.0 %)

' Num Cells Across G...| Default (3)

Faces and Edges

Proximity Size Functio...

| Min Size 3.0 mm

| Proximity Min Size

Default (0.130180 mm)

| Max Face Size

Default (13.0180 mm)

| Max Tet Size Default (26.0360 mm)
Growth Rate Default (1.20)
Automatic Mesh Base... |On

m

| Defeature Size

Default (6.5091e-002 mm)

0HEH

Minimum Edge Length |7.48270 mm
Inflation
Assembly Meshing
Advanced
Statistics

' Nodes 388188

| Elements 2234257
Mesh Metric None

Fig: Mesh#4 setup
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Size Function

Proximity and Curvature

Relevance Center

Medium

Initial Size Seed

Active Assembly

Smoothing Medium
Transition Slow
Span Angle Center Fine

| Curvature Normal A...| Default (18.0 )

' Num Cells Across G... Default (3)
Proximity Size Functio... | Faces and Edges
|| Min Size 3.0 mm

| Proximity Min Size

Default (0.130180 mm)

| Max Face Size

Default (13.0180 mm)

| Max Tet Size

Default (26.0360 mm)

| Growth Rate

Default (1.20 )

Automatic Mesh Base...

Oon

| Defeature Size

Default (6.5091e-002 mm)

Minimum Edge Length

7.48270 mm

Inflation

Use Automatic Inflation

Program Controlled

1]

Inflation Option

Smooth Transition

0EMH

| Transition Ratio 0.272

- Maximum Layers 5

| Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options| No
Assembly Meshing
Advanced
Statistics

~ Nodes 911696

| Elements 5258523
Mesh Metric MNone

1

Fig: Mesh#5 setup




