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ABSTRACT

EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF TIP INJECTION ON
THE CHARACTERISTICSOF THE TIP VORTEX ON A MODEL WIND
TURBINE

Anék, Ezgi
M.S., Department of Aerospace Engineering
Supervisor: Assoc. Prof. Dr. Oj

February 201574 pages

This study presents the results of an experimental study performed on a horizontal
axis wird turbine to investigate the effects of spanwise steady tip injection on the tip
flow characteristicof a model turbine Experiments are performed in front of an
openjet wind tunnel facility on a specially designed model wind turbine that has a 3
bladedrotor with NREL S826 airfoil profile. The turbine has a specially designed
injection system which consists of a pressure chamber, a hollow shaft, pressurized
hub and blades with injection channels for tip injectiohhe model turbine is also
instrumented wh a torquemeter, a-éxes ForceMoment transducer for load
measurements, an electrical motor to control the rotational speed, a nacelle, a tower
and a base. Time Resolved Particle Image VelocimetnP (V) measurements are
performed at 5 m/sonstantwind speed, at TSR=5 for baseline and two selected
injection ratios. T4PIV results showed that, injection changes the tip vortex as well
as wake characteristics of the model turbine. Injection affects the size, location,
vorticity and the trajectory of thigp vortex also; it causes an expansion in the wake

and increases the velocity behind the turbine depending on injection Iratio.
\%



addition, a power budget analysis is performed to see how feasible to use tip
injection in sense of an active flow control tm@ed To understand the relation
between performance changes and tip flow field characteristics a 1D mass flow
analysis is doneResults show thatlthough tip injection has an increasing effect on
performance characteristics of this model turbinés mostly inefficient to use
injection according to the power budget analysiscording to the mass flow
analysis, tipnjection increases the effective span therefore the mass flow rate which

results in increase in performance characteristics dependentotianjratio

Keywords: Tip vortex characteristics, Active flow control, Tip Injection, Horizontal

axis wind turbine

vi



¥Z

Ut ENJEKSKYONUNUN U¢ GKRDABI NIN KARAKTER
ETKKLERKNKN MODEL BKR R! ZGAR T! RBKNK ! Z
OLARAK KNCELENMESK

Aneéek, Ezgi
Y¢ksek Lisans, Havacél ék ve Uzay Mg

Tez y°neticisi: Do - . Dr. Ojuz

Kubat 742&fh5 ,

Bu -al ékma kanat boyunca s¢rekli yapeél a
rézgar téerbininion u - dikkelkerve ¢sperfi odm&n
i ncel emektedir - ebDenkeeyslietrl i birrg zgg-ag&k t ¢nel i
tasar | alrehéekbimo r ¢zgar t ¢rbini kull aneél ar ¢
S826 kanat pr dibirrbtorasea hs phiip . ¢ U-pa&njeksiyo
sistem® z e | tasadrbasemexk| &eodaya, - bok bi
g°bejindeveae-i enpeksiyahar & - bol hatwm Kalnl

Ayr éca moydéeekl Otl¢-relimitoekmetrereia-1itné e ktsoernkl i° ly-¢ekr €

devir kont rkiik o ticri tnn a i ma sedle, kule ve bir
Hezl & Pareaé€ék®PKHJ&dddneyl er i sabit 5 m/s
orané 5 i-in referans ve 1iKki farkl e u-
sonu-|laréna g°re u- enjeksiyonu model t

Vii



b°l gesi k ardaek t eajiisti ikrlmektnadi r . U- enjeksiyo
konum, vortisite vV e izl edi i yesinini et kil em
geni Kl emesineb¥%lkegeéegirbmdaki hezeéerkkaelarak maséna ne
u- enjeksiyonun biark t irfg ok oIt ¢ ryPinniemde ol a
kull anél masénén ne kadar veri mli ol dujunu an
yé¢k karakteri st enkldeerjiiifxdiem| teé&y dj @ sria getke | me y d a

akeéecx dej i ki kl ikl eri arameeggalber abag | amtaé i :
yapél mekter. Sonu-lara g°re her ne kadar u -
kat sayél arénda bgermnedt ®odars&bepromsazdaonu- |
K¢tl e akék, anmal enjeré&sgyYopeaeunuwn aagttkiélriarka&n &te t
akexk miktarénén artmaseéna yol a-teje byl ec

artteéerdéejé sonucuna vareéel mexkteéer.

Anahtar Keli mel er: U- girdabe karakteristiklI

Yatay eksenl rézgar teorbini

viii



To my family becauseusn

has

al

t

h e



ACKNOWLEDGEMENTS

I would like to thank my supervisor Dr. Uzol for his patience, guidance and helps

during my graduate studies. | also want to thank my dear friend SenemfirssEr

all for her billiant idea that she brought wghich ignites a very iterestingproject

andfor her help and friendship during my studiésvish we could work with her

until theend. 8eci al thanks to Eda Dojan for her gu
freshman years. In addition, for their support | want to thank my project team Anas

Abdulrahim, Bayram Mercan, Yashar Ostovan

This study is supported by the Scientific and Technologicak&ebk Council of
Turkey (T} Bl TAK)numberdE2M105% as eell psrbp MET 0 Center
for Wind Energy (METUWIND). Their support is greatly appreciated.

| want to thank and give my deepest love to my dear family, my parents Filiz and

Metin Ardlo,vemdy sh st er Bmydearand fet broth&ranl un g ¢ -

l aw Al p ,Mmgl udnegagr- aunt s Sema Yorgancé and N
grandmot her Semiha Yorgancé, for their great

which enlightengany vision and encouragese to continue without hesitation.

And thanks to many that | cannot put their names but | will alwaygrdkeful for

their existence in my life.



TABLE OF CONTENTS

ABSTRA CT ettt ettt e e e e et at e e e e e annneeeeaa s v
B T - PP Vil
ACKNOWLEDGEMENTS. ... eeeee et eeeee e e e X
TABLE OF CONTENTS. ...ttt aeeeee Xl
LIST OF FIGURES ... .ot Xiii
LIST OF TABLES....... et e e e e e e e ennes XVi
NOMENCLATURE.... .o e e e e eeneanan XVii
CHAPTERS ... e emees e e eeenenans 1
INTRODUGCTION ...ttt e e e e e et mmme e e e e e eennna e e e eeesammmeees 1
1.1, LIterature SUIVEY..........ccoeeeiuuieiriiiimmmreeeeeeinssinesee s s e s s emmmssnnnnnnnnnneeeeeeennnnns b

1.1.1. Active Tip Vortex Control............coceeevviiiiiiiieeee e, 4

1.1.2. Wind Turbine Tip Flow Contral................cuuviiiiiicceeeeeviiieeeennnn &
1.2, ODJECHIVES . ..ot aeer e 7
EXPERIMENTAL PROCEDURE.......cooutiiiii e 9
2.1, WInd Tunnel FaCility.........ooooeiiiiiiiicee e 9
2.2. Model WIind Turbine..........ooo e 11
2.3, INJECHON SYSIEML...eiiiiiiiiiiieieee e 15
2.4. Time Resolved Particle Image Velocimetry System............ccccccvvvvieeennne. 18
2.5, MethOdolOgy....ccooiiiiieiiiie e ——— 20

2.5. 1. PIV MEASUIEMENTS.......cceviiiiiiiiiiiiiimmre e 20

2.5.2. INJECHON CASES......cevviiii e e e e 22



2.6. Uncertainty EStMAtiONS........cooiiiiiiiiiiiiie e 24

RE S U LT S et eree e et e e e e et s emee s e e e e eeraaans 25
3.1, FloW ViISUANIZALION. .......ccciiiiiiitieiieee et eeee e e e e e e e e e e 25
3.2. ANAIYSIS RESUILS.......covviiiiiiiie i e e eeeer s e e e e e e e e e e e eeeaannns 29

3.2.1. Instantaneous Flow Field............cccccoiiiiimmeii e 30

3.2.2. Mean FIow Field...........ocooiiiiiiiiii e 35
3.3. Hotwire and PIV measurement COmMpPariSON..........ccceevvvvvvvieenreeeeeeeeneennn, 51
3.4. Power Budget ANAIYSIS.........uuuuuiiiiiiee e ceeeiiiie s e eeeen e e e e e e 55
3.5. Mass FIOW ANAIYSIS.......cciiiiiiii e eeeeeeeee e 60
CONCLUSION. ...t ememe e e s eernne e e e e ennneeeees ) 67

Xii



LIST OF FIGURES

FIGURES

Figure 2. 1. Opefet wind tunnel facility, (a) Tunnel dimensions, (b) and (c) Open
jet wind tunnel different VIEWS............oooivviiiiiiiiireieeeeeeev e 11

Figure 2. 2: Model wind turbine, (a) Side view, (b) isometric view, (c) CAD model

aNd general [AYOUL.............uuuuiiiiiiiiieeeiiii e eerr e e e e e 13
Figure 2. 3: NREL S826 airfoil profile (Somers, 20Q08).............viiiiiimmennnnns 14
Figure 2. 4: (a) Blade tip geometry (b) 3D printed blade...................ccoeeeennn. 15

Figure 2. 5: 3D model of the injection system components in the ordie dloiv
direction (a) Pressure chamber, (b) Shaft, (c) Pressurized hub, (d). Blad&6

Figure 2. 6: Injection system flow diagram (a) Pressure chamber and pressurized hub
parts, (D) ROLOr Part........ccoooiiiiieeee s 17

Figure 2. 7: PIV system components (a) Camera, (b) Laser,-@\VIsetup......... 19

Figure 2. 8: PIV measurement plane details (a) Side view, (b) Top view, (c) PIV
measurement setup, (d) PIV measurement WindQw.............cccooeeeeeeeennnnns 21

Figure 3. 1. Flow visualization for baseline case. (a) to (e) Raw images. (f)

SUPENMPOSEA IMAGE......ceeeiiiiiiiiiiii et e e e e e e e e eeeerr e a e e e e eaaaeeeees 27
Figure 3. 2: (a) to (c) Flow visualization for injection case=R.16..................... 28
Figure 3. 3: (a) to (c) Flow visualization for injection case=.26.................... 29

Figure 3. 4: Instantaneous velocity fieltf' row: Baseline case2™ row: Injection
case for Rgl.lG,Mv: Injection case for R=3.26.........ccccceeevviiiiinnnninnn. 32
Figure 3. 5: Instantaneous vorticity fieltf' row: Baseline case2™ row: Injection
case for Rs=1.16,3" row: Injection case for R=3.26.........cccoveererererrrreens 34
Figure 3. 6: Mean axial velocity fieldomparison,from left to right Baseline,
Rrs=1.16 and Rs=3.26.......uuiiiiieiiiiiiiiie e ettt snne e 36

Figure 3. 7: Normalized mean axial velocity field comparison at x/R=0.31....37

Xiii



Figure 3. 8: Mean radial velocity field comparisdnom left to right Baseline,
Rrs=1.16 @nd Rs=3.26.....ccoiiiiiieiiiiiee et 39

Figure 3. 9: Normalized mean radial velocity field comparison at x/R=0.31..40

Figure 3. 10: Mean velocity magnitude field comparidoom leftto right: Baseline,
R7s=1.16 aNd Rs=3.26.....cciiiiiiieieieiie e 41

Figure 3. 11: Normalized mean velocity magnitude field comparison at x/R=0331

Figure 3. 12: Mean vorticity field comparisdngm left to right Baline, Rs=1.16

ANA RST3.26.. .ot 44
Figure 3. 13: Mean vorticity field comparisteft hand sideat x/R=0.28 andight
hand SIdeat X/R=0.31L.. ..ot ieee e e e e e e e 46

Figure 3. 14: Schematic representation of tip flownpdtion ratio of Rs=3.26....47

Figure 3. 15: Turbulent kinetic energy field comparis@mom left to right Baseline,

RTs=1.16 ANd ReT3.26.. .. ceeiieiieieeee ettt e e e e eaaaas 48
Figure 3. 16: Turbulent kinetic energy field compan at x/R=0.31................... 49
Figure 3. 17: Flow angle field comparisdrom left to right Baseline, Rs=1.16 and

RIST .28 ettt 50
Figure 3. 18Flow angle field comparison at X/R=0.31........ccceevveriiiiiiiaccnennnn. 51
Figure 3. 19: CTA measurement plane (Abdulrahim, 2014)...........ccccceveveeees 52

Figure 3. 20: Hotwire and PIV measurement comparison for baseline casemt U
m/s and TSR=5|eft hand side Hotwire right hand side PIV measurement

LS UIE S ettt ettt et e e——— e e a e e e ———————————n 53

Figure 3. 21: Hotwire and PIV measurement comparison fe+326 case at 45
m/s and TSR=5]eft hand side Hotwire right hand side PIV measurement

LU S - et 54

Figure 3. 22: Hotwire and PIV measurement line comparison at x/R=0.3%at U
m/s and TSR=5 foteft hand sideBaselineright hand sideR1s=3.26 case..55

Figure 3. 23: Vaation of G and G with Rys for baseline and three different
injection scenarios at 5 m/s for TSR=5.......cooviiiii i, 56

Figure 3. 24Power budget analysis for three different injection ratios at 5 m/s wind

Xiv



Figure 3. 25Power budget analysis for three different injection ratios at 6 m/s wind

5] 01T RSP 59
Figure 3. 26: Control volume analysis (Hansen, 2008).............ccccceeevimmeeennns 61
Figure 3. 27: Effective span COMPAMSO...........cooouiiiiiiiiiicme e eiiiiieeeeeens 63

XV



LIST OF TABLES

TABLES

Table 2. 1: Injection cases for tip speed ratios.........cccceeveeeiiececciiccciiiie e,

Table 2. 2: Injection cases for momentum ratios...........cccceeveeesiecevvevnnninneenn.

XVi



AFC
CTA
HAWT
NREL
PBC
PE
PFC
Tl

Aq
Cp
Cring

C Pmax
Cr

Puwind
PsL
Ping
Pmax
Re
Rwm
Rts

Up

NOMEN CLATURE

Active Flow Control

Constant Temperature Anemometer
Horizontal Axis Wind Turbine

National Renewable Energy Laboratory
Power Budget Calculation

Power Efficiency

Passive Flow Control

Turbulence intensity

Rotor cross sectional areajm

Rotor wake cross sectional are€[m
Power Coefficient

Injection Power Coefficient
MaximumPower Coefficient

Thrust Coefficient

Mass flow ratdgkg/s]

Power available in the wind [Watt]
Rotor power for baseline case [Watt]
Rotor power for injection case [Watt]
Max rotor power according to Betz limit [Watt]
Reynolds number

Injection Momentum Ratio

Injection Tip Speed ratio

Radial distance [m]

Density ofair [kg/n?]

Free stream velocity [m/s]
XVii



Utip
Ujet

ui

TSR, q
X/IR
y/IR

Velocity at the blade tip [m/s]
Mean velocity of Injected air [m/s]
Rotor wake velocity [m/s]

Far upstream velocity

Thrust force [N]

Tip Speed Ratio

Axial direction

Horizontd direction

XViii



CHAPTER 1

INTRODUCTION

As the world grows in population day by day, the energy need to keep the daily
works to pursuetherefore the consumption of the energy resources increases.
Unfortunately the energy coming from the fossil fuels dmminishing rapidly.
Besides, despite their high energy capacity, they are hazardous to the atmosphere and
the environment that we are living in. In addition, other energy sswweh as
nuclear energy might be even more dangerous than fossil fuelsfareereed for

clean, renewable and relatively endless energy sources increases. The large
availability and ease of accessibility of the wind power draws the attentions more and
more on itself. The idea of extracting the energy of the wind started tcogevben

the 2¢" century was ending. In years, wind became a policy of the governments for
local energy sources with the awareness of environmental polliMianwell, J. F.,
McGowan, & Rogers, A., 2009)hen, with increasing wind energy demand, wind

farms become more and more widespread.

As the importance of a sustainable, renewable and clean energy need increases, the
focus on efficiency on the wind turbines also increases. More efficient systeams

less demand on other energy sources. It is well known that every system interacting
with the air is an area afterest of the aerodynamisgce the efficiency of a wind
turbine is highly dependent on its aerodynamic performahkerefore this topic

becomes an important concern of the researches.



Theoretically in an ideal case, a wind turbine produces maximum power if it can
extract all the power of the wind passingoiingh its rotor area given in equation 1.1,

so all the kinetic energy in the wind converted into rotational kinetic energy on the
rotor. However, in a real system this is not possible since it requires to wind speed
goes to zero when it passes through thbihe rotor. According to the Betz limthe
maximum powela wind turbine can extract from the wind is limited in such a way
thatit is related withconservation of mass and energy through a wind stream around
a wind turbine(Ragheb & Ragheb, 2011This leads to a new theoretical power
equation for wind turbines defd in equation 1.2, wherepfax ,iS equal to
16/27=0.593, is defined as power coefficient which is the ratio between the actual
maximum power extracted from the wind over the power available in the wind.
According to the researches, today modern turboaesreach a maximum power
coefficientwhich is quiteclose to 0.5Hansen, 2008 However even with today
technology, it is not easy to reach wind turbine efficiency higher than 50%. This is
due to the losses occurringtime system and the losses related to the aerodynamics

are an important concern and it is under investigation for many years.

C

% [1.1]

-7 &Y 6 [1.2]

C

Losses happening in a system are an inevitable part of the nature since every system

in nature tends to preserve its current state. Therefore, any discgninuntbalance

occurring in the system tried to be balanced by the system itself. For the wind

turbines, one of the major aerodynamic loss mecharisths tip losses. Tip vortex

which is a consequence of the tip losses is usually accepted as a solosg of

mechanism for many other systems such as fixed wings, rotors and turbomachinery
2



flows. Simplyit can be explained thathe boundary layer at the tip section of the
airfoil tends to separate due to pressure differéDogaisamy & Baeder, 2006y he

cause of this separation occurs due to the discontinuity of a sharp ending wing or a
blade tips.Wing tip vortices are genergllappearing as a consequence of the lift
generated by the wing which negatively affects the performance and aerodynamic
characteristics of the wing itselh more detail, e pressure difference between the
wing surfaces causes a leakage at the tip wiarims concentrated rotating
structures, called as tip vortices, when it meets with the main flow at the wing tip. It
is explained that the reason of the wing tip losses is the tip vortices caused by the
pressure difference between upper and lower surfatieeonving (Shen, Mikkelsen,
SBrensen, ,BaibBmk&Ming, QALD The tip vortex is not only a loss
mechanism for its original source but also it is a loss mechanism for every system
whichever its interacting with such as voHesdy interactions in rotorcrafts,

turbomachinery blades and wind farms.

In recent year, tip vortices become a significanbjam in sense of interaction of the

tip vortices with the rotor of downstream turbines for successively arranged wind
turbines in a wind farm. This issue causes performance losses therefore leads to a
reduction in the total energy generation. In additimmise created by these vortices
causes noise pollution and negatively affects civilization around tfi¢ansen,

2008)

All these problems mentioned in aerospace fields can be reduced by controlling tip
vortices with the help cdome methods. In order to minimize as much as possible the
negative effects of these vortices common approachesusually focuses on
preventingits formationor weakening thetructureof strong vortices, increasing the
dissipation rate or reducing theiorticity. In literature there exist many applications

on the topic of controlling tip vortices. These methods are mainly classified as active
and passive control methods. Passive methods are much more simplistic methods
compared to the active ones sirtbey generally introduce an extension, such as
winglets, vortex diffusers and so on, to the wing itself and cannot be adjusted

according to the changing flow conditions. The main reason of the¢batpassive
3



methodsareusually designed and optimizear fone selected flow condition. Despite
their simplicity, passive control methodgenerally inadequate in terms of
accommodate offiesign conditions. Additionally, since passive methods irequ
external structures, theslsoincreag the weight and structal loads on the lifting
surfaces. At this point, active control methods are introdirdedhe topic. Although

active control methods are much more complicated systempared to thpassive
methods, the capability of adjustmemtd fast respongde changing flow conditions,

active control methods are getting more and more attention in years. The most
common active methods that are used to reduce the effects of tip vortices usually are
tip blowing or suctiorfrom the wingtips, ejector nozzlesyntheticjets andplasma

actuators and so on.

1.1. Literature Survey

1.1.1. Active Tip Vortex Control

Control of the tip vortices is a very important topic that is under investigation and
becoming more and more popular among researchers. It is possible to achieve an
increase in the aerodynamic performance of the fixed wings as well as increase in
loads and moments of the control surfaces, rotor craft and turbomachinery blades and
wind turbines by increasing the lift while decreasing the drag and noise with the help
of contol mechanism that are existé@ursul Vardaki, Margaris, & Wang, 2007)

Many active control mechanism and their effects on tip vortices are examined. Some
active control mechanisms are presented as mechanical systems simply have a
moving soid surfaces for example "Gurneyaps' moving alomg the wing span,

active trailing edge tabs, or wing tip flaps, but they are complex and heavy systems
compared to tip suction or blowing systeldatalanis, Nelson, & Eaton, 20Q7)
(Panagakos & Lee, 2006)Greenblatt, 2012)It is showed that tip injection
perpendicular or angular to the main flow is effective in terms of changing size,
vorticity, turbulence levels, strength, core locati@more structure and even the

number of vortices shed from the tiMargaris & Gursul, 2004) Another

4



experimental study on tip injection reveals that unsteady tip injection applied on low
pressure turbine blades affects teee, core structure as well as wake size
characteristics and reduces the pressure losses due to tip I¢slaagea n , Doj an,
Ostovan, & Uzol, 2012)

Tip injection or tip blowing is a widely used active control method for rotary systems
as turbomachinery and helicopter rotors. It is explained that, for turbomachinery
flows, the gap between the turbine blades andcc#séng is the location of pressure
distortion therefore location of where tip leakage formation occurs and causes of
work and efficiency penaltig§. J. G. Heyes & Hodsod993) So, the control of the

tip vortices and tip leakage is studied for turbomachinery cascades in sense of
controlling tip leakage. Lu et al. studied steady tip injection in an axial compressor
and showed that tip injection increased the operatingerari the compressor and
reduced the severe effects of the tip leakage vortex and also reduce the stalled mass
flow rate amount by 7.69%Lu, Chu, Zhu, & Tong, 2006)Nie et al. used steady
micro air injection at the tip region of a compressor rotor and shows that injection
may delay or prevent compressor stall by pushing the tip vortex towaraseam

of the rotor(Nie, Tong, Geng, Zhu, & Huang, 2008keng et al. presented the
effects of tip injection on a compressor rotor and showed that tip injection can
modulate the leakage unsteadiness and stall characte(Séog, Zhang, Chen, &
Huang, 2007)A waveformtip injection method is studied on a low pressure turbine
cascade and a reduction in the presdass is observed up to 15@dercan et al.,

2012)

Tip vortices play a very important role in terms of defining the aerodynamic and
aeroacoustic characteristics of hovercnaftors, especially for helicopter rotors.
Previous studies performed on a hovering helicopter blade réhagaip blowing is

an effective method for controlling tip vorticeBhe study of Vasilescu shows that
high pressurized jet blowing through theeaof the tip vortex decreases the strength
and the rotational speed of the vortex and increases its diffusion in the flow
(Vasilescu, 2004)In his study, Han et al. drill channels from the leading edge

through the tip chord of the rotor blades and make high pressurized air passage
5



through these channels and observed that during the hover, rotational speed of the tip
vortices get reduced ian amount of 60% and the diffusion rate of them increased
three timegHan & Leishman, 2004)Another active tip blowing method that has
been used to reduce the effects of the tip vortices is synthetic jets generated by
piezoelectric actuators. Numericstiudies on synthetic jets that are placed at the
upper surface of the helicopter blades shows that synthetic jets are able to reduce the
tip vortex strength up to 149%Liu, Sankar, & Hassan, 2000 another study
performed on hovering helicopter blades, Liu et al. showed that tip blowing from the
upper surface of the blades is able to decrease the strength and increase the core size
of the tip vortex similarly to a spait without causing any increase in powkiu,

Russell, & Sankar, 2001However,it is shown that tip blowing from lower surface

does exactly opposite effect compared to the upper side blowing and increases the tip
loads, thrust, torque as well as strength of the tip vdttexet al., 2001) In another

study on synthetic jets, two different configurations for steady and unsteady cases are
studied such as tangential blowing to the rotor blade anthtpd blowing from the
centerof the chordline in order to see the effects on the tip vortex. It is discovered
that, blowing reduces the noise by reducing blade vortex interaction, reduces the
strength of the tip vortex by disturbing the structure oftiih@ortex and increases its
diffusion. It is concluded that unsteady controlled blowing is more effective in terms

of reducing the negative effects of the tip vortices and it can reduce the rotational

velocity of the tip vortex up to 20¥wasilescu, 2004)

1.1.2. Wind Turbine Tip Flow Control

Wind energy is one of the fastest developing energy sources due to being renewable
and clean. Therefor# has an important place among energy secttiomwever,tip

losses due to the tip vortices are reducing the efficiency of the wind turbines.

Many studies are conducted to increase the aerodynamic performance of the wind
turbines. Special type -¥haped wiglets called Mievanes are examined

experimentally and numerically and it is found that they are effective in terms of



reducing the effects of tip vortices and they can increase the pressure coefficient of a
wind turbine up to 15%Shimizu, Imamura, Matsumura, & Maeda, 199%himizu

et al., 1990). Furthermore, Shimizu et al. (2003) showed thatyvafies are more
effective on the aerodynamic performance of the wind turbines with relatively small
aspect ratiogShimizu, Ismaili, Kamada, & Maeda, 200&nother passive control
method that has been used on wind turbines to control the tip vortices is vortex
diffuser which is a triangular extension that is placed on the pressure surface of the
blades. Numerical studies show that vortex diffusers are capable of increasing the
pressure coefficient and the efficiency of wind turbine and reducing the noise by
reducing the effects of tip vorticéBai et al., 2011)Studies done on winglets shows
that winglets can increase the power generatfawind turbine only around 2.77%
dependent on winglet height, twist and incidence angle and also camber distribution
(Johansen & SWherewngletmand Man@ 6ompared in terms of
efficiency, it is found that Mieanes are more effective and provide moregase in

wind turbine power coefficient. The main reason is that-\Wiees generate a ring
vortex in front of the wind turbine which increases the amount of mass flow rate
passing through the wind turbine in addition to their mission of reducing effects of
tip vortices which both have an increasing effect on the power coefficient.
Furthermore, investigations show that there is no significant difference between
using a winglet and increasing the blade span with the same amount of the winglet
length on turbie aerodynamic performance of a wind turbi{@aunaa & Johansen,
2007)

1.2. Objectives

There are two main objectives of this study: Osido examineis how different
injection ratios affect the tip flow characteristics of the model wind turbine during its
operation at a constant RPM and secorty feasibleto use tip injection as an

active flow control method on a wind turbinetexmsof flow power budget.



This thesis is consists of three main chapters which are explaining the work

presented such as experimental procedesellts and conclusions.

In the Chapter 2, detailed experimental setup and procedure followed during the
experimaits are explained in detail. The experimental part presents thejetpen
facility, modelwind turbine andhe experimental methodology

Chapter 3presentghe results obtained from experiments performedageline and
two different injection ratiogor flow visualizationrmeasurements, instantaneous and
mean flow measurement results around the tip region of the model totitaaed
from Tr-PIV as well asthe hotwire and PIV measurement comparssdime power
budget calculations and mass flow analysidefgystem

In Chapter 4, the work presented will se@mmarized related discussions and
conclusionsas well as future works to improve and enlarge the stuilly be

presented accordingly.



CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1.  Wind Tunnel Facility

A spedally designed and manufactured oparcuit openjet wind tunnel facility,
shown in Figure 2.1, is used in the experiments. giewind tunnel has a circular
crosssection and it consists of an axial fan, a diffuser, a settling chamber and three
flow straighteners to homogenize the flow and reduce the turbulence level as well as
swirl created by the axial fan. Moreover, the ojparexit is secured by a 3m x 3m x

3m cage in order to prevent adgmage that might be happen during rotor testing.
The tunnels driven by a frequency controlled 45kW axial fan with 1.25 m diameter.
The fan sucks the air from atmosphere and blowlsriugha 4.30 m long diffuser

with 3 degrees of diffusion angle. After the diffuser, the flow comes to the first flow
straightenerat the beginning of the 1.4 m long settling chamber, which is a coarse
screenwith open area ratio of 0.54.fi&r 0.5 m downstream of the first screen, flow
passes through a 10 mm thick honeycomb and after another 0.5 m straight section it
goes througtihe second screen with open area ratio of 0.6. Finally, after travelling
0.4 m long last straight section, the jet flow meets with the atmosphere where the

experiments are performed.

Before the experiments are performed, flow characteristics of thejeppemnel are
measured at the exit plane for velocity and turbulence intensity distribution

horizontally and vertically for selected motor frequencies. Additionally, the variation
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of tunnel speed with respect to fan frequency characteristics also defircenidig

to the measurements, exit velocity and turbulence intensity distributions remain
almost constant along the radius and the turbulence intensity levels are around 2.5%
for every wind speed. The boundary layer thickness is measured as 7 mm from the
wall of the jet exit. The velocity variation with tunnel frequency is found to be linear
and the maximum jetxit velodgty measured is around 10 m/s. For more detailed
information it can be referred to Anik et al. (2014) and Abdulrahim (2QAdiK,
Abdulrahim, Ostovan, Mercan, & Uzol, 201@bdulrahim, 2014)
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Figure 2. 1: Openjet wind tunnel facility, (a) Tunnel dimensions, @)d(c) Open
jet wind tunnel different views

2.2.  Model Wind Turbine

Model wind turbine seen in Figure 2.2, is a horizontal axis wind turbine (HAWT)

which is desigad for the test purposes in a laboratory environment and also, it has a
specially designed injection system which makes possible air injection from the
blade tip during its operation. The model turbine consists of three main parts as rotor,

nacelle and thd¢ower which sits on a square base. Since the model turbine is
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designed for the test purposes, in order to be able to keep the RPM therefore TSR
constant, it is driven by 1.5 kW Panasonic AC servo motor of 4.3 N rated torque
output and instrumented with HBB T20WN/5 Nm torque transducer and ATI six
axes F/T transducer to determine the performance characteristics of the model

turbine given in Figure 2.2 (c).

The tower of the model wind turbine is 1.524 m high and the total height of the
turbine reaches aboat815 m of height from the ground with its base. The nacelle
part, which is 0.488 m long without rotor and the electrical matdras the main
components and mechanical elements such as the motor, shaft, couplings, bearings
and also some special partsck as pressure chamber for injection system and
torquemeter for torque measurements. In additioraae® Force/Torque transducer

is placed between the nacelle and the tower in order to eliminate the drag created by

the tower itself as seen from Figur@ 2.
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Figure 2.2: Model wind turbine, (a) Side view, (b) isometric view, (c) CAD model
and general layout

The model turbine has a three bladed rotor with 0.95 m diameter. The rotor geometry
is a replica of the model wihturbine used in blind tests in NTNU by Adaramola and
Krogstad(Adaramola & Krogstad, 2011Yhe rotor blades are ndmearly tapered

and twisted along the span with 0.431 m long and the airfoil profile is NREL S826
given in Figure 2.3 which is designed as tip airfoil for wind turbineth a

maximum thickness of 14¥&omers, 2005)Therefore the main purpose of selecting
13



this rotor configuration and airfoil geometry is to make possible of casgpathe
performance of the model turi@ with another already existing model turbine and

also to understand the tip flow field characteristics better.

S$826 Airfoil
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Figure 2.3: NREL S826 airfoil profilgfSomers, 2005)

The blades are manufactured with 3D printing technology from ABS plastic with

NO.6 mm precision. The Figure 2.4 gives the
of the injection slot at the tip chord. As it can be seen from the figure, the trailing

edge of the blade is rounded to 0.6 mm diameter to be able to meet the
manufacturing requirements. The injection slot which is located on the chordline of

the tip section has a 6.50 mm long and 1.20 mm thick rectangular shape. The

injection slot at the tip iplaced where the tip airfoil has the thickest section and it

14



starts at 20% of the chord and it occupies 28.9% of the total chord length of the blade

at the tip section.

4.51 mm 6.50 mm 11.52 mm

| &
N

\ %
N
Vv
N
V

Figure 2.4: (a) Bladetip geometry (b) 3D printed blade

2.3. Injection System

The major challenge in terms of the design of the model turbine was to find a proper
way to transfer pressurized air from a stationary system, nacelle, to a rotational
system, shaft, hub and the bladésr tip injection. This goal is achieved by a
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specially designed pressure chamber which sits on a hollow shaft, a pressurized hub
and blades with air channels inside which are presented in Figure 2.5. Pressure
chamber contains mechanical seals to preagrnéakage and to allow rotation of the
shaft. In addition, pressure chamber contains radial bearings in order to decrease the
pressure on the shaft caused by its own weight. The shaft is consist of two parts; one
part is solid and connected to the tameter, the other part is hollow and has holes

on it to allow air transfer from the pressure chamber to the pressurized htibe All
connections, between shaftressure chamber, hub and the blades are also sealed

with o-rings to eliminate any possible leme in the system.

Injection
Channel

Injection
Drills

Hollow

Pneumatic Mechanical  Radial Part Blade-Hub Pressure
Connector Seals Bearings 1allas Connection Cavity ,
(a) (b) (c) (d)

Figure 2.5: 3D model of the injection system components in the order of the flow

direction (a) Pressure chamber, (b) Shaft, (c) Pressurized hub, (d) Blade

The injection system is simple and effeetiand represented with two flow diagrams

given in Figure 2.6 that shows the working principle of the system. The pressurized
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air supplied by an external source comes to the pressure chamber with the help of a
pipe which is connected to the pressure chamiaepneumatic connector, inside the
pressure chamber, the compressed air goesigh the holes on theollow shaft

while it's rotating, then it transferred to the pressurized hub. Finally, it passes to the
injection channels lies in the blades from thé-blade connections and get injected

from the blade tips.

Figure 2. 6: Injection system flow diagram (a) Pressure chamber and pressurized

hub parts, (b) Rotor part
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2.4. Time Resolved Particle Image Velocimetry System

The PIV system used ihe experiments is a time resolved system which Haskat

high speed cameraitir capability of operating 8560 x 1600 pixefs(4 megapixél
resolutionup to 1.5 kHz anda solid state high speed greeMd:YLF laser with
30mJ/pulse capacity. For the measurement®5 mm NikkonNikkor Macro lens is

used with aperture of 2.8. For the flow seeding, commercial fog fluid with medium
density (glycol water mix) is used. For baselim& dhe maximum injection case,
1000 image pairs and for the minimum injection case 220 image pairs are taken for
average flow field characteristicd28x128 pixel’® interrogation areasvith 50%
overlapare used during processiagd thespatialresolution § 305 x 305 mnt. The

PIV setup and the components can be seen in Figuréd 2d@st processing method

is used to eliminate the bad vectors and gaps in the data based on local vector
validation called Gaussiagiobal validation methad
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Figure 2.7: PIV system components (a) Camera, (b) Laser, (@IVrsetup
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2.5. Methodology

Measurements are performatl constant wind speed of 5 m/s and constant TSR
value of 5 for baseline and two selected injection scendrfes modelwind turbine

is placed0.475 m away from the opget exit and the rotor plane parallel tathe jet

exit plane The rotor blades are mounted at zero pitch afdle.operating Reynolds
numberattip chord is in order of 15000 and 46008@sed orireestrea velocity and

the relative velocity at the tip respectively.
2.5.1. PIV measurements

Tr-PIV data is taken in a horizontal plane, corresponding to a radial plane, which
crosses injection channel from the approximately midpoint at the tip section of the

blades ad it is perpendicular to the chordline (Figure 2.8).

PIV measurements are performed in a single window shown in Figure 2.8 which has
a starting point at x/R=0.2 and y/R=0.9 and it is &/610x 0.115 m? rectangular

area. The flow direction is from left toght and the rotation is out of the plane
according to the measurement windéigure. Experiments are conducted at Laser
Pul se Repetition Rate (PRR) of 742 Hz,
conditions for 4 mega pixel resolutiomhe rotational data are collected in such a
way that the data collection rate correspondsdegBees angular displacemaegitthe
bladesbetween two consecutive image pairs. For 1000 and 220 image pairs it equals
to approximately 22 and 5 revolutions in total respectively. The mean values are
calculated according to ensemble average of the colleetiad Therefore, the mean
data for baseline and maximum injection cases and for minimum injection case is the

average of 22 and 5 revolutions of the rotor in total respectively.
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PIV Measurem ent Window
\ 1"t grid peint
@ y/R=0.9 & xR=0.2

Figure 2.8: PIV measurement plane details (a) Side view, (b) Top view, (c) PIV

measurement setup, (d) PIV measurement window
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2.5.2. Injection Cases

In order to obtain a realistic comparison with a real turbine for the PIV
measurements, irgéon ratios are definedccording to the tip spee@herefore, the
injection ratios as given in equation JRare defined as the mean injected velocity
from all blades over the tip speed of the rotor and the values are presented at Table
2.1. The main rason to not use this ratio for the load measurements is that injection
ratio is changing with TSR value. So, to show a consistent ratio for each injection
case, momentum ratio approach is used. Moreover, since PIV measurements are
performed for one wind g&d and one TSR value, it is more appropriate to use tip

speed ratio.

Rrs= Injection Tip Speed Ratio

Y — [2.1]

Table 2.1: Injection cases for tip speed ratios

Injection Case|l Rig
Case 1 1.16
Case 2 2.45
Case 3 3.26
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For the power budget calculations given injection ratios aredmoensionalized
parameters according to the wind speed and defingdea®tal momentum rate of

the injected air through the each blade over the momentum rate of the flow passing
through the rotor disk in percentage as specified in equation [2.2]. Total injected air
momentum calculated according to the jet flow velocititiex each blade using a
pitot-tube. According to the calculations the injection ratios according to the
freestream velocity are given in Table 2.2. For more information it can be referred to

Abdulrahim(Abdulrahim, 2014)

Rm= Injection Momentum Ratio

A — [2.2]

Table 2.2: Injection cases for momentum ratios

Injection Case]l Ryat5mis| Ryat6 m's
Case 1 0.20% 0.10%
Case 2 0.70% 0.50%
Case 3 1.30% 0.90%

23



2.6. Uncertainty Estimations

The uncertainties and measurement errors that occur during the exypsriane
estimated according to the capabilities of the measurement devices, the variations in
the measured data as well as human errors. The variation in tunnel ispeed
monitored before the experiments and it is estimated less than 0.8%. Before each
expeiment, the tunnel is left running so the flow can develop and reach to a steady
level. For the PIV measurements, the error mostly comes from PI\:@oasdation
algorithm and also from averaging. The accuracy of the -@asslation algorithm

is shown a less than 1% for a particle move within 5 to 10 pixels as explained
(Mercan, 2012)According to Uzol et al. (2007) for an average field calculation the
statidical error converges after 100 image pairs, therefore alPtkleaverages are
considered enough for the average field representatidnsl, Brzozowski, Chow,

Katz, & Meneveau, 2007)
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CHAPTER 3

RESULTS

This chapter presents the results obtained ffoiRIV measurement dfp flow field
characteristicof the model wind turbineat baseline and two ddfentinjection
scenamws which consists offlow visualization instantaneous and mean flow
characteristicsas well as PIV andhotwire measurement comparis@amd power

budget and 1D mass flow analysis

3.1. Flow Visualization

In this section, tip flow charagetistics of the model turbine with and without

injection are examined.

Flow visualization study is performed by using instantaneous raw images taken with
the PIV system. The pictures cover the tip area of the blade and represent the flow
behavior around th tip with and without injection. The main focus of the flow
visualization is to observe the general structure and characteristics of the tip vortex.
In Figures 3.1 to 33 the images are selected at a time where the blade crosses the
laser sheet and theptvortex is shedlhe difference between the angular positions of

the blade for successively selected raw imagéé is
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Figure 31 shows thevisualization of the tip vortex for baseline conditiolt.is well

known that a vortex is created due to leakagd, then shed from the blade tip. One
can notice that, tip vortex starts with a small concentrated core size at the same level
of the tip section and then it covers a slowly enlarging path with increasing core size
along the wake regionThe tip vortex endwes throughthe measurement areand

does not dissipate in the flow. Figurelf3is the superimposed image of five
consecutivamages taken with PIV tbetter visualize the path of thip vortexand

the expansion of the wake region downstream of thenerbdtor A seconary

blurry vortex corethat is visible in the imagds aghostimageof the second frame

of the PIV image pairThis phenomenon sometimes occur due to the data leakage
between two frames during the image capturing process Howederesinot affect

the analysis during the image processimge it is a false image
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Figure 3.1: Flow visualization for baseline case. (a) to (e) Raw images. (f)

Superimposed image.

In Figure 32, images represnts the tip flow under the effect of minimum injection

case of Rs=1.16. At the first sight, it can be seen that, there is a no clear evidence of

a concentrated tip vorteasfound in the baseline case such as a dark core réegion

still there is a vorte structurethatcan be distinguisheid Figure 32a. The tip vortex

in this caseseems to have a larger core, relatiyélys less concentrated and also the

core center iglisplaced further away from the blatiie. The streamwisdrajectory of

this vorex seems to bpushed radially outwasttausing an enlarged wake boundary
27



downstream of the turbingue to injection. Another poirtd noteis that the vortex
seems to dissipate and mix with tin@inflow muchquickercompared tdhe vortex

structure capted at baseline cagethe PIV measurement region.

(@) (b) (©)

Figure 3.2: (a) to (c)Flow visualization for injection caserf1.16

Figure 33 shows the results of flow visualization ftre maximum injection case
defined 8 Rrs=3.26. One can directly notice the strong jet flow exiting from the
blade tip.Due to thestrongjet injecton the wake boundary igushed drther away

from the blade tip compared to other two cases. There is no evidence of the tip vortex
structurein the raw imagesOn the other hand, if examined carefuityseems to

there isa vortex pair at the upper right cornerfafjure 3.3c.This is most probably
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the counterrotating vortex pair formmd as a consequence of tlsérongjet flow

mixing with the man stream

(@) (b) (©

Figure 3.3: (a) to (c)Flow visualization for injection caseri3.26

3.2. Analysis Results

In this section PIV analysis results are presented to give a better insight of the tip

flow characteristics. Redsl obtained from the PIV measurements are presented

under two main sections as the instantaneous flow fields and mean flow fields for

velocity, vorticity, turbulent kinetic energy arftbw angledistributionsto showwhat

is happening with and without irggon at the tip flow and also, how different

injection ratios effect the characteristics of the tip flow during the operation of a
29










































































































































