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ABSTRACT 

 

 

EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF TIP INJECTION ON 

THE CHARACTERISTICS OF THE TIP VORTEX ON A MODEL WIND 

TURBINE 

 

 

 

Anēk, Ezgi 

M.S., Department of Aerospace Engineering 

 Supervisor: Assoc. Prof. Dr. Oĵuz Uzol 

February 2015, 74 pages 

 

 

This study presents the results of an experimental study performed on a horizontal 

axis wind turbine to investigate the effects of spanwise steady tip injection on the tip 

flow characteristics of a model turbine. Experiments are performed in front of an 

open-jet wind tunnel facility on a specially designed model wind turbine that has a 3-

bladed rotor 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 injection. The model turbine is also 

instrumented with a torquemeter, a 6-axes Force-Moment transducer for load 

measurements, an electrical motor to control the rotational speed, a nacelle, a tower 

and a base. Time Resolved Particle Image Velocimetry (Tr-PIV) measurements are 

performed at 5 m/s constant wind speed, at TSR=5 for baseline and two selected 

injection ratios. Tr-PIV 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 the tip vortex also; it causes an expansion in the wake 

and increases the velocity behind the turbine depending on injection ratio. In 
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addition, a power budget analysis is performed to see how feasible to use tip 

injection in sense of an active flow control method. To understand the relation 

between performance changes and tip flow field characteristics a 1D mass flow 

analysis is done. Results show that although tip injection has an increasing effect on 

performance characteristics of this model turbine it is mostly inefficient to use 

injection according to the power budget analysis. According to the mass flow 

analysis, tip injection increases the effective span therefore the mass flow rate which 

results in increase in performance characteristics dependent on injection ratio. 

 

 

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

axis wind turbine 
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¥Z 

 

 

U¢ ENJEKSĶYONUNUN U¢ GĶRDABININ KARAKTERĶSTĶĴĶ ¦ZERĶNDEKĶ 

ETKĶLERĶNĶN MODEL BĶR R¦ZGAR T¦RBĶNĶ ¦ZERĶNDE DENEYSEL 

OLARAK ĶNCELENMESĶ 

 

 

 

Anēk, Ezgi 

Y¿ksek Lisans, Havacēlēk ve Uzay M¿hendisliĵi Bºl¿m¿ 

 Tez yºneticisi: Do­. Dr. Oĵuz Uzol 

ķubat 2015, 74 sayfa 

 

 

Bu ­alēĸma kanat boyunca s¿rekli yapēlan u­ enjeksiyonunun, yatay eksenli bir 

r¿zgar t¿rbininin u­ akēĸ ve performans karakteristikleri ¿zerindeki etkilerini 

incelemektedir. Deneyler bir a­ēk-jet kesitli r¿zgar t¿neli ºn¿nde ve ºzel olarak 

tasarlanmēĸ model bir r¿zgar t¿rbini kullanēlarak yapēlmēĸtēr. Model t¿rbin, NREL 

S826 kanat profiline sahip ¿­ palli bir rotora sahiptir. U­ enjeksiyonu i­in kullanēlan 

sistem ºzel tasarlanmēĸ ve bir basēn­lē odaya, i­i boĸ bir mile, basēn­lē bir rotor 

gºbeĵine ve i­inde u­ enjeksiyonu i­in hava kanallarē bulunan pallere sahiptir. 

Ayrēca model t¿rbin y¿k ºl­¿mleri i­in bir torkmetreye, altē eksenli y¿k-tork ºl­ere, 

devir kontrol¿ i­in bir elektrik motoruna nasel, kule ve bir temele sahiptir. Y¿ksek 

Hēzlē Par­acēk Ķmge Hēzºl­er (YH-PĶH) deneyleri sabit 5 m/s r¿zgar hēzēnda, u­ hēz 

oranē 5 i­in referans ve iki farklē u­ enjeksiyon oranēnda ger­ekleĸtirilmiĸtir. PĶH 

sonu­larēna gºre u­ enjeksiyonu model t¿rbinin u­ girdabēnēn yanē sēra t¿rbin iz 
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bºlgesi karakteristiklerini de deĵiĸtirmektedir. U­ enjeksiyonu, u­ girdabēnēn boyut, 

konum, vortisite ve izlediĵi yolu etkilemekle beraber, t¿rbin iz bºlgesinin 

geniĸlemesine ve t¿rbin iz bºlgesindeki hēzēn artmasēna neden olmaktadēr. Ek olarak 

u­ enjeksiyonun bir r¿zgar t¿rbininde aktif akēĸ kontrol yºntemi olarak 

kullanēlmasēnēn ne kadar verimli olduĵunu anlamak i­in g¿­ verimliliĵi analizi ve de 

y¿k karakteristiklerinde meydana gelen deĵiĸimler ile u­ bºlgesinde meydana gelen 

akēĸ deĵiĸiklikleri arasēnda bir baĵlantē bulabilmek amacēyla k¿tle akēĸ analizi 

yapēlmēĸtēr. Sonu­lara gºre her ne kadar u­ enjeksiyonu model t¿rbinin g¿­/y¿k 

katsayēlarēnda bir atēĸa sebep olsa da genel olarak verimsiz sonu­lar gºstermiĸtir. 

K¿tle akēĸ analizine gºre, u­ enjeksiyonunun etkili kanat uzunluĵunu arttērarak k¿tle 

akēĸ miktarēnēn artmasēna yol a­tēĵē bºylece model t¿rbinin g¿­/y¿k katsayēlarēnē 

arttērdēĵē sonucuna varēlmēĸtēr. 

 

 

Anahtar Kelimeler: U­ girdabē karakteristikleri, Aktif akēĸ kontrol¿, u­ enjeksiyonu, 

Yatay eksenli r¿zgar t¿rbini 

 

  



ix 

 

 

 

 

 

 

 

 

 

 

 

To my family because sun has all the answersé 

  



x 

 

ACKNOWLEDGEMENTS  

 

 

 

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

during my graduate studies. I also want to thank my dear friend Senem Haser first of 

all for her brilliant idea that she brought us which ignites a very interesting project 

and for her help and friendship during my studies, I wish we could work with her 

until the end. Special thanks to Eda Doĵan for her guidance and support during my 

freshman years. In addition, for their support I want to thank my project team Anas 

Abdulrahim, Bayram Mercan, Yashar Ostovan. 

This study is supported by the Scientific and Technological Research Council of 

Turkey (T¦BITAK) under the project number 112M105 as well as by METU Center 

for Wind Energy (METUWIND). Their support is greatly appreciated. 

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

Metin Anēk, my beloved sister Burcu Anēk Tolung¿­, my dear and super brother in 

law Alp Tolung¿­, my dear aunts Sema Yorgancē and Nur Acardaĵ and my 

grandmother Semiha Yorgancē, for their great support, love and belief in my work 

which enlightens my vision and encourages me to continue without hesitation. 

And thanks to many that I cannot put their names but I will always be grateful for 

their existence in my life. 

   



xi 

 

TABLE OF CONTENTS  

 

 

 

ABSTRACT ................................................................................................................. v 

¥Zéé ...................................................................................................................... vii  

ACKNOWLEDGEMENTS ......................................................................................... x 

TABLE OF CONTENTS ............................................................................................ xi 

LIST OF FIGURES .................................................................................................. xiii  

LIST OF TABLES .................................................................................................... xvi 

NOMENCLATURE ................................................................................................. xvii  

CHAPTERS ................................................................................................................. 1 

INTRODUCTION ....................................................................................................... 1 

1.1. Literature Survey ................................................................................................ 4 

1.1.1. Active Tip Vortex Control ..................................................................... 4 

1.1.2. Wind Turbine Tip Flow Control ............................................................ 6 

1.2. Objectives ........................................................................................................... 7 

EXPERIMENTAL PROCEDURE .............................................................................. 9 

2.1. Wind Tunnel Facility .......................................................................................... 9 

2.2. Model Wind Turbine ........................................................................................ 11 

2.3. Injection System ............................................................................................... 15 

2.4. Time Resolved Particle Image Velocimetry System ........................................ 18 

2.5. Methodology ..................................................................................................... 20 

2.5.1. PIV measurements ............................................................................... 20 

2.5.2. Injection Cases ..................................................................................... 22 



xii  

 

2.6. Uncertainty Estimations .................................................................................... 24 

RESULTS ................................................................................................................... 25 

3.1. Flow Visualization ............................................................................................ 25 

3.2. Analysis Results ................................................................................................ 29 

3.2.1. Instantaneous Flow Field ..................................................................... 30 

3.2.2. Mean Flow Field .................................................................................. 35 

3.3. Hotwire and PIV measurement comparison ..................................................... 51 

3.4. Power Budget Analysis ..................................................................................... 55 

3.5. Mass Flow Analysis .......................................................................................... 60 

CONCLUSION .......................................................................................................... 67 

REFERENCES ........................................................................................................... 71 

 

  



xiii  

 

LIST OF FIGURES 

 

 

 

FIGURES 

Figure 2. 1: Open-jet wind tunnel facility, (a) Tunnel dimensions, (b) and (c) Open-

jet wind tunnel different views ........................................................................... 11 

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

and general layout ............................................................................................... 13 

Figure 2. 3: NREL S826 airfoil profile (Somers, 2005) ............................................ 14 

Figure 2. 4: (a) Blade tip geometry (b) 3D printed blade .......................................... 15 

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 ......... 16 

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

parts, (b) Rotor part ............................................................................................. 17 

Figure 2. 7: PIV system components (a) Camera, (b) Laser, (c) Tr-PIV setup ......... 19 

Figure 2. 8: PIV measurement plane details (a) Side view, (b) Top view, (c) PIV 

measurement setup, (d) PIV measurement window ........................................... 21 

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

Superimposed image. .......................................................................................... 27 

Figure 3. 2: (a) to (c) Flow visualization for injection case RTS=1.16 ....................... 28 

Figure 3. 3:  (a) to (c) Flow visualization for injection case RTS=3.26 ...................... 29 

Figure 3. 4: Instantaneous velocity field, 1
st 

row: Baseline case, 2
nd

 row: Injection 

case for RTS=1.16, 3
rd

 row: Injection case for RTS=3.26 .................................... 32 

Figure 3. 5: Instantaneous vorticity field, 1
st 

row: Baseline case, 2
nd

 row: Injection 

case for RTS=1.16, 3
rd

 row: Injection case for RTS=3.26 .................................... 34 

Figure 3. 6: Mean axial velocity field comparison, from left to right: Baseline, 

RTS=1.16 and RTS=3.26 ....................................................................................... 36 

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



xiv 

 

Figure 3. 8: Mean radial velocity field comparison, from left to right: Baseline, 

RTS=1.16 and RTS=3.26 ....................................................................................... 39 

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

Figure 3. 10: Mean velocity magnitude field comparison, from left to right: Baseline, 

RTS=1.16 and RTS=3.26 ....................................................................................... 41 

Figure 3. 11: Normalized mean velocity magnitude field comparison at x/R=0.31 .. 43 

Figure 3. 12: Mean vorticity field comparison, from left to right: Baseline, RTS=1.16 

and RTS=3.26 ....................................................................................................... 44 

Figure 3. 13:  Mean vorticity field comparison left hand side at x/R=0.28 and right 

hand side at x/R=0.31 ......................................................................................... 46 

Figure 3. 14: Schematic representation of tip flow at injection ratio of RTS =3.26 .... 47 

Figure 3. 15: Turbulent kinetic energy field comparison,  from left to right: Baseline, 

RTS=1.16 and RTS=3.26 ....................................................................................... 48 

Figure 3. 16: Turbulent kinetic energy field comparison at x/R=0.31 ....................... 49 

Figure 3. 17: Flow angle field comparison, from left to right: Baseline, RTS=1.16 and 

RTS=3.26.............................................................................................................. 50 

Figure 3. 18: Flow angle field comparison at x/R=0.31............................................. 51 

Figure 3. 19: CTA measurement plane (Abdulrahim, 2014) ..................................... 52 

Figure 3. 20: Hotwire and PIV measurement comparison for baseline case at UÐ=5 

m/s and TSR=5, left hand side: Hotwire  right hand side: PIV measurement 

results .................................................................................................................. 53 

Figure 3. 21: Hotwire and PIV measurement comparison for RTS=3.26 case at UÐ=5 

m/s and TSR=5, left hand side: Hotwire right hand side: PIV measurement 

results .................................................................................................................. 54 

Figure 3. 22: Hotwire and PIV measurement line comparison at x/R=0.31at UÐ=5 

m/s and TSR=5 for, left hand side: Baseline right hand side: RTS=3.26 case .... 55 

Figure 3. 23: Variation of CP and CT with RTS for baseline and three different 

injection scenarios at 5 m/s for TSR=5. .............................................................. 56 

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

speed ................................................................................................................... 58 



xv 

 

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

speed ................................................................................................................... 59 

Figure 3. 26: Control volume analysis (Hansen, 2008). ............................................ 61 

Figure 3. 27: Effective span comparison.................................................................... 63 

  



xvi 

 

LIST OF TABLES 

 

 

 

TABLES 

Table 2. 1: Injection cases for tip speed ratios ........................................................... 22 

Table 2. 2: Injection cases for momentum ratios ....................................................... 23 

 

  



xvii  

 

NOMENCLATURE  

 

 

 

AFC  Active Flow Control 

CTA  Constant Temperature Anemometer 

HAWT  Horizontal Axis Wind Turbine 

NREL  National Renewable Energy Laboratory 

PBC  Power Budget Calculation 

PE  Power Efficiency 

PFC  Passive Flow Control 

TI   Turbulence intensity 

 

A  Rotor cross sectional area [m
2
] 

A1  Rotor wake cross sectional area [m
2
] 

CP  Power Coefficient 

CPINJ  Injection Power Coefficient 

CPmax  Maximum Power Coefficient 

CT  Thrust Coefficient 

ἵ  Mass flow rate [kg/s] 

Pwind  Power available in the wind [Watt] 

PBL   Rotor power for baseline case [Watt] 

PINJ   Rotor power for injection case [Watt] 

Pmax  Max rotor power according to Betz limit [Watt] 

Re  Reynolds number 

RM  Injection Momentum Ratio 

RTS  Injection Tip Speed ratio 

R  Radial distance [m] 

ɟ  Density of air [kg/m
3
] 

UÐ  Free stream velocity [m/s] 



xviii  

 

Utip   Velocity at the blade tip [m/s] 

Ujet  Mean velocity of Injected air [m/s] 

u1  Rotor wake velocity [m/s] 

V0  Far upstream velocity 

T  Thrust force [N] 

TSR,ɋ Tip Speed Ratio 

x/R  Axial direction 

y/R  Horizontal direction 

 



1 

 

CHAPTER 1 

 

 

INTRODUCTION  

 

 

 

As the world grows in population day by day, the energy need to keep the daily 

works to pursue therefore the consumption of the energy resources increases. 

Unfortunately the energy coming from the fossil fuels are diminishing 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 sources such as 

nuclear energy might be even more dangerous than fossil fuels. Therefore, need 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 to develop when 

the 20
th
 century was ending. In years, wind became a policy of the governments for 

local energy sources with the awareness of environmental pollution (Manwell, J. F., 

McGowan, & Rogers, A., 2009).Then, 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 systems mean 

less demand on other energy sources. It is well known that every system interacting 

with the air is an area of interest of the aerodynamics since the efficiency of a wind 

turbine is highly dependent on its aerodynamic performance. Therefore this topic 

becomes an important concern of the researches.   
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Theoretically in an ideal case, a wind turbine produces maximum power if it can 

extract all the power of the wind passing through 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 the turbine rotor. According to the Betz limit, the 

maximum power a wind turbine can extract from the wind is limited in such a way 

that it is related with conservation of mass and energy through a wind stream around 

a wind turbine (Ragheb & Ragheb, 2011). This leads to a new theoretical power 

equation for wind turbines defined in equation 1.2, where CPmax ,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 turbines can reach a maximum power 

coefficient which is quite close to 0.5 (Hansen, 2008). However, even with todayôs 

technology, it is not easy to reach wind turbine efficiency higher than 50%. This is 

due to the losses occurring in the system and the losses related to the aerodynamics 

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

 

ὖ ”ὃὟ       [1.1] 

 

ὖ ”ὃὟ ὅ      [1.2] 

 

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 discontinuity or imbalance 

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

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

which is a consequence of the tip losses is usually accepted as a source of loss 

mechanism for many other systems such as fixed wings, rotors and turbomachinery 
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flows. Simply it can be explained that, the boundary layer at the tip section of the 

airfoil tends to separate due to pressure difference (Duraisamy & Baeder, 2006). The 

cause of this separation occurs due to the discontinuity of a sharp ending wing or a 

blade tips. Wing tip vortices are generally appearing as a consequence of the lift 

generated by the wing which negatively affects the performance and aerodynamic 

characteristics of the wing itself. In more detail, the pressure difference between the 

wing surfaces causes a leakage at the tip which forms 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 surface of the wing (Shen, Mikkelsen, 

Sßrensen, & Bak, 2005),(Bai, Ma, & Ming, 2011)  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 vortex-body interactions in rotorcrafts, 

turbomachinery blades and wind farms.  

In recent year, tip vortices become a significant problem 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 addition, noise created by these vortices 

causes noise pollution and negatively affects civilization around them (Hansen, 

2008). 

All these problems mentioned in aerospace fields can be reduced by controlling tip 

vortices with the help of some methods. In order to minimize as much as possible the 

negative effects of these vortices common approaches are usually focuses on 

preventing its formation or weakening the structure of strong vortices, increasing the 

dissipation rate or reducing their vorticity. 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 since they 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 these is that passive 
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methods are usually designed and optimized for one selected flow condition. Despite 

their simplicity, passive control methods generally inadequate in terms of 

accommodate off-design conditions. Additionally, since passive methods require 

external structures, they also increase the weight and structural loads on the lifting 

surfaces. At this point, active control methods are introduced into the topic. Although 

active control methods are much more complicated systems compared to the passive 

methods, the capability of adjustment and fast response to 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 suction from the wing tips, ejector nozzles, synthetic jets and plasma 

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 control mechanism that are existed (Gursul, 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 solid surfaces for example "Gurney Flaps" moving along the wing span, 

active trailing edge tabs, or wing tip flaps, but they are complex and heavy systems 

compared to tip suction or blowing systems (Matalanis, Nelson, & Eaton, 2007), 

(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 location, core structure and even the 

number of vortices shed from the tip (Margaris & Gursul, 2004). Another 
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experimental study on tip injection reveals that unsteady tip injection applied on low 

pressure turbine blades affects the size, core structure as well as wake size 

characteristics and reduces the pressure losses due to tip leakage (Mercan, Doĵan, 

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 and the casing is the location of pressure 

distortion therefore location of where tip leakage formation occurs and causes of 

work and efficiency penalties (F. J. G. Heyes & Hodson, 1993). 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 operating range of 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 towards downstream 

of the rotor (Nie, Tong, Geng, Zhu, & Huang, 2006). Geng et al. presented the 

effects of tip injection on a compressor rotor and showed that tip injection can 

modulate the leakage unsteadiness and stall characteristics (Geng, Zhang, Chen, & 

Huang, 2007). A waveform tip injection method is studied on a low pressure turbine 

cascade and a reduction in the pressure loss is observed up to 15% (Mercan et al., 

2012).  

Tip vortices play a very important role in terms of defining the aerodynamic and 

aeroacoustic characteristics of hovercraft rotors, especially for helicopter rotors. 

Previous studies performed on a hovering helicopter blade reveal that tip blowing is 

an effective method for controlling tip vortices. The study of Vasilescu shows that 

high pressurized jet blowing through the core of 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 
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through these channels and observed that during the hover, rotational speed of the tip 

vortices get reduced in an amount of 60% and the diffusion rate of them increased 

three times (Han & 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. Numerical studies 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 14% (Liu, Sankar, & Hassan, 2000). In 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 spoiler without causing any increase in power (Liu, 

Russell, & Sankar, 2001). However, 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 vortex (Liu et 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 and tip chord blowing from the 

center of 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 of the tip vortex 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% (Vasilescu, 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. Therefore it has an important place among energy sector. However, 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 V-shaped winglets called Mie-vanes are examined 

experimentally and numerically and it is found that they are effective in terms of 
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reducing the effects of tip vortices and they can increase the pressure coefficient of a 

wind turbine up to 15% (Shimizu, Imamura, Matsumura, & Maeda, 1995), (Shimizu 

et al., 1990). Furthermore, Shimizu et al. (2003) showed that, Mie-vanes are more 

effective on the aerodynamic performance of the wind turbines with relatively small 

aspect ratios (Shimizu, Ismaili, Kamada, & Maeda, 2003). Another 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 vortices (Bai et al., 2011). Studies done on winglets shows 

that winglets can increase the power generation of a wind turbine only around 2.77% 

dependent on winglet height, twist and incidence angle and also camber distribution 

(Johansen & Sßrensen, 2006). When winglet and Mie-vane compared in terms of 

efficiency, it is found that Mie-vanes are more effective and provide more increase in 

wind turbine power coefficient. The main reason is that Mie-vanes 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 turbine aerodynamic performance of a wind turbine (Gaunaa & Johansen, 

2007). 

1.2. Objectives 

 

There are two main objectives of this study: One is to examine is how different 

injection ratios affect the tip flow characteristics of the model wind turbine during its 

operation at a constant RPM and secondly how feasible to use tip injection as an 

active flow control method on a wind turbine in terms of flow power budget.  
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This thesis is consists of three main chapters which are explaining the work 

presented such as experimental procedure, results and conclusions. 

In the Chapter 2, detailed experimental setup and procedure followed during the 

experiments are explained in detail. The experimental part presents the open-jet 

facility, model wind turbine and the experimental methodology. 

Chapter 3 presents the results obtained from experiments performed at baseline and 

two different injection ratios for flow visualization measurements, instantaneous and 

mean flow measurement results around the tip region of the model turbine obtained 

from Tr-PIV as well as the hotwire and PIV measurement comparisons, the power 

budget calculations and mass flow analysis of the system. 

In Chapter 4, the work presented will be summarized; related discussions and 

conclusions as well as future works to improve and enlarge the study will be 

presented accordingly. 
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CHAPTER 2 

 

 

EXPERIMENTAL PROCEDURE  

 

 

 

2.1. Wind Tunnel Facility  

 

A specially designed and manufactured open-circuit open-jet wind tunnel facility, 

shown in Figure 2.1, is used in the experiments. Open-jet wind tunnel has a circular 

cross-section 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 open-jet exit is secured by a 3m x 3m x 

3m cage in order to prevent any damage that might be happen during rotor testing. 

The tunnel is driven by a frequency controlled 45kW axial fan with 1.25 m diameter. 

The fan sucks the air from atmosphere and blows it through a 4.30 m long diffuser 

with 3 degrees of diffusion angle. After the diffuser, the flow comes to the first flow 

straightener, at the beginning of the 1.4 m long settling chamber, which is a coarse 

screen with open area ratio of 0.54. After 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 through the 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 the open-jet tunnel 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 defined. According 

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 jet-exit velocity measured is around 10 m/s. For more detailed 

information it can be referred to Anik et al. (2014) and Abdulrahim (2014) (Anik, 

Abdulrahim, Ostovan, Mercan, & Uzol, 2014) (Abdulrahim, 2014). 
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Figure 2. 1: Open-jet wind tunnel facility, (a) Tunnel dimensions, (b) and (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 designed 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 the tower which sits on a square base. Since the model turbine is 

(a) 

(b) (c) 
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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 HBM 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 about 1.815 m of height from the ground with its base. The nacelle 

part, which is 0.488 m long without rotor and the electrical motor, it has the main 

components and mechanical elements such as the motor, shaft, couplings, bearings 

and also some special parts such as pressure chamber for injection system and 

torquemeter for torque measurements. In addition a 6-axes 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 Figure 2.2.  
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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 wind turbine used in blind tests in NTNU by Adaramola and 

Krogstad (Adaramola & Krogstad, 2011). The rotor blades are non-linearly 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 turbines with a 

maximum thickness of 14% (Somers, 2005). Therefore the main purpose of selecting 

(b) (a) 

(c) 
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this rotor configuration and airfoil geometry is to make possible of comparison the 

performance of the model turbine with another already existing model turbine and 

also to understand the tip flow field characteristics better.  

 

 

 

 

Figure 2. 3: NREL S826 airfoil profile (Somers, 2005) 

 

 

 

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

Ñ0.6 mm precision. The Figure 2.4 gives the airfoil profile and the size and location 

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 is placed where the tip airfoil has the thickest section and it 
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starts at 20% of the chord and it occupies 28.9% of the total chord length of the blade 

at the tip section. 

 

 

 

 

 

Figure 2. 4: (a) Blade tip 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 blades, for tip injection. This goal is achieved by a 

4.51 mm 6.50 mm 11.52 mm 

1.20 mm 

(a) 

(b) 
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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 prevent air leakage 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 torquemeter, the other part is hollow and has holes 

on it to allow air transfer from the pressure chamber to the pressurized hub. All the 

connections, between shaft, pressure chamber, hub and the blades are also sealed 

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

 

 

 

 

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 effective and 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 chamber via pneumatic connector, inside the 

pressure chamber, the compressed air goes through the holes on the hollow shaft 

while it's rotating, then it transferred to the pressurized hub. Finally, it passes to the 

injection channels lies in the blades from the hub-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 

 

 

 

 

 

 

 

 

 

 

 

   

   

 

 

(b) (a) 
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2.4. Time Resolved Particle Image Velocimetry System 

 

The PIV system used in the experiments is a time resolved system which has a 12 bit 

high speed camera with capability of operating at 2560 x 1600 pixels
2
 (4 megapixel) 

resolution up to 1.5 kHz and a solid state high speed green Nd:YLF laser with 

30mJ/pulse capacity. For the measurements, a 105 mm Nikkon-Nikkor 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 baseline and the maximum injection case, 

1000 image pairs and for the minimum injection case 220 image pairs are taken for 

average flow field characteristics. 128x128 pixel
2
 interrogation areas with 50% 

overlap are used during processing and the spatial resolution is 3.05 x 3.05 mm
2
. The 

PIV setup and the components can be seen in Figure 2.7. A post processing method 

is used to eliminate the bad vectors and gaps in the data based on local vector 

validation called Gaussian global validation method.  
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Figure 2. 7: PIV system components (a) Camera, (b) Laser, (c) Tr-PIV setup 

 

 

(b) (a) (c) 
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2.5. Methodology 

 

Measurements are performed at constant wind speed of 5 m/s and constant TSR 

value of 5 for baseline and two selected injection scenarios. The model wind turbine 

is placed 0.475 m away from the open-jet exit and the rotor plane is parallel to the jet 

exit plane. The rotor blades are mounted at zero pitch angle. The operating Reynolds 

number at tip chord is in order of 15000 and 46000 based on freestream 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 and 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 a 0.0761 x 0.115 m
2
 rectangular 

area. The flow direction is from left to right and the rotation is out of the plane 

according to the measurement window figure. Experiments are conducted at Laser 

Pulse Repetition Rate (PRR) of 742 Hz, for ȹt equal to 20 ɛs for each measurement 

conditions for 4 mega pixel resolution. The rotational data are collected in such a 

way that the data collection rate corresponds to 8 degrees angular displacement of the 

blades between 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 collected data. 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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Figure 2. 8: PIV measurement plane details (a) Side view, (b) Top view, (c) PIV 

measurement setup, (d) PIV measurement window 

 

 

 

 

 

 

(b) (a) 

(c) (d) 
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2.5.2. Injection Cases 

 

In order to obtain a realistic comparison with a real turbine for the PIV 

measurements, injection ratios are defined according to the tip speed. Therefore, the 

injection ratios as given in equation [2.1] are 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 reason 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 speed and one TSR value, it is more appropriate to use tip 

speed ratio. 

 

RTS= Injection Tip Speed Ratio 

 

Ὑ       [2.1] 

 

 

 

Table 2. 1: Injection cases for tip speed ratios 

 

 

 

Injection Case RTS

Case 1 1.16

Case 2 2.45

Case 3 3.26
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For the power budget calculations given injection ratios are non-dimensionalized 

parameters according to the wind speed and defined as the total 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 velocity exiting 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 

 

Ὑ
В

      [2.2] 

 

 

 

Table 2. 2: Injection cases for momentum ratios 

 

 

 

 

Injection Case RM at 5 m/s RM at 6 m/s

Case 1 0.20% 0.10%

Case 2 0.70% 0.50%

Case 3 1.30% 0.90%
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2.6. Uncertainty Estimations 

 

The uncertainties and measurement errors that occur during the experiments are 

estimated according to the capabilities of the measurement devices, the variations in 

the measured data as well as human errors. The variation in tunnel speed is 

monitored before the experiments and it is estimated less than 0.8%. Before each 

experiment, 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 PIV cross-correlation 

algorithm and also from averaging. The accuracy of the cross-correlation algorithm 

is shown as 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 

statistical error converges after 100 image pairs, therefore all the PIV averages are 

considered enough for the average field representations (Uzol, Brzozowski, Chow, 

Katz, & Meneveau, 2007). 
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CHAPTER 3 

 

 

RESULTS 

 

 

 

This chapter presents the results obtained from Tr-PIV measurement of tip flow field 

characteristics of the model wind turbine, at baseline and two different injection 

scenarios which consists of flow visualization, instantaneous and mean flow 

characteristics as well as PIV and hotwire measurement comparison and power 

budget and 1D mass flow analysis. 

 

3.1. Flow Visualization 

 

In this section, tip flow characteristics 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 the 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 3.3 the images are selected at a time where the blade crosses the 

laser sheet and the tip vortex is shed. The difference between the angular positions of 

the blade for successively selected raw images is 8Á. 
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Figure 3.1 shows the visualization of the tip vortex for baseline condition. It is well 

known that a vortex is created due to leakage, and 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 region. The tip vortex endures through the measurement area and 

does not dissipate in the flow. Figure 3.1f is the superimposed image of five 

consecutive images taken with PIV to better visualize the path of the tip vortex and 

the expansion of the wake region downstream of the turbine rotor. A secondary 

blurry vortex core that is visible in the images is a ghost image of the second frame 

of the PIV image pair. This phenomenon sometimes occur due to the data leakage 

between two frames during the image capturing process However, it does not affect 

the analysis during the image processing since 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 3.2, images represents the tip flow under the effect of minimum injection 

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

a concentrated tip vortex as found in the baseline case such as a dark core region but 

still there is a vortex structure that can be distinguished in Figure 3.2a. The tip vortex 

in this case seems to have a larger core, relatively, it is less concentrated and also the 

core center is displaced further away from the blade tip. The streamwise trajectory of 

this vortex seems to be pushed radially outwards causing an enlarged wake boundary 

(f) (e) (d) 

(c) (b) (a) 



28 

 

downstream of the turbine due to injection. Another point to note is that the vortex 

seems to dissipate and mix with the main flow much quicker compared to the vortex 

structure captured at baseline case in the PIV measurement region.  

 

 

 

 

Figure 3. 2: (a) to (c) Flow visualization for injection case RTS=1.16 

 

 

 

Figure 3.3 shows the results of flow visualization for the maximum injection case 

defined as RTS=3.26. One can directly notice the strong jet flow exiting from the 

blade tip. Due to the strong jet injection the wake boundary is pushed further away 

from the blade tip compared to other two cases. There is no evidence of the tip vortex 

structure in the raw images. On the other hand, if examined carefully, it seems to 

there is a vortex pair at the upper right corner of Figure 3.3c. This is most probably 

(c) (b) (a) 



29 

 

the counter-rotating vortex pair formed as a consequence of the strong jet flow 

mixing with the main stream. 

 

 

 

 

Figure 3. 3:  (a) to (c) Flow visualization for injection case RTS=3.26 

 

 

 

3.2. Analysis Results 

 

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

flow characteristics. Results 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 and flow angle distributions to show what 

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

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

(a) (c) (b) 




























































































