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A b stra c t

The current thesis investigates the development of guidelines for testing small-scale 

wind turbines and identifies a m ethod th a t can be used to increase the performance of wind 

farms. The research was conducted using two scaled wind turbine designs. The first design 

was a three-bladed wind turbine designed in the D epartm ent of Mechanical and Aerospace 

Engineering (MAAE) to operate in a low Reynolds number regime and to generate a th rust 

coefficient representative of commercial-scale wind turbines. An Eppler E387 airfoil was 

selected for the wind turbine due to its behaviour a t low Reynolds numbers and the chord 

of the turbine was increased relative to full-scale designs in order to increase the range of 

Reynolds numbers th a t could be attained. The second design was a  geometrically-scaled 

version of an existing two-bladed wind turbine with a NACA 0012 airfoil th a t was originally 

designed a t the Delft University of Technology.

Experiments were conducted in a 0.61 m x 0.81 m w ater channel in order to indepen

dently evaluate the effects of increasing blockage and Reynolds num ber on the development 

of the wind turbine wake. Q uantitative dye visualisation was used to  identify the position 

of tip vortex cores relative to the blade tip in order to assess how blockage and Reynolds 

number effects modified the initial expansion in the near wake. Blockage effects on the 

wake development were assessed using five wind turbines with diam eters ranging from 20 

cm to 40 cm. corresponding to blockage of 6.3% to 25.4%. The rotors were all operated 

at a similar tip speed ratio of 6 and a Reynolds num ber of 23,000 based on the blade tip 

speed and tip chord. One outcome of the research was the identification of a limit beyond 

which blockage narrowed the expansion in the near wake of a wind turbine. It was observed 

tha t blockage should be m aintained a t less than  10% in order to prevent the wake from 

narrowing artificially due to the flow acceleration around the tu rb ine caused by excessive



blockage. The experimental results were compared to a freestream com putational simulation 

of the same turbine using the vortex particle method code GENUVP. The magnitude of 

the wake expansion in the freestream com putation was similar to  the experimental wake 

expansion observed with 6.3% and 9.9% blockage.

Following the identification of testing practices related to blockage, the effect of the 

Reynolds number on the development of the initial wake expansion was investigated using 

two different rotors. The wake expansion downstream of a  25 cm diam eter, three-bladed 

MAAE wind turbine became less sensitive to the Reynolds num ber above a Reynolds number 

of 20,000. This behaviour may be related to the lam inar-to-turbulent transition behaviour of 

the E387 airfoil on the rotor blades. The wake downstream of the geometrically-scaled rotor 

was found to be 40% to 60% narrower than  the initial wake expansion downstream of the 

corresponding medium-scale rotor. The work identified the need to  develop a wind turbine 

design for a particular Reynolds number regime as opposed to  merely geometrically-scaling 

a turbine.

The performance of scaled wind farm configurations was then  evaluated using 20 cm 

diameter MAAE wind turbines installed in the 1.68 m x 1.12 m atmospheric boundary 

layer wind tunnel a t Carleton University. A scaled boundary layer was generated using 

triangular boundary layer spires and roughness elements installed along the upstream  fetch 

of the tunnel. Each wind turbine was outfitted with a DC generator and the power output 

generated by the scaled turbines was used to characterise their performance. A single

normal hot-wire probe was used to determ ine the mean speed profiles in the flowfield. Two 

laterally-aligned wind turbines were separated by a gap and it was observed th a t when the 

gap was less than 3 diameters (D). the speed of the flow between the rotors was increased 

from the rotor plane to approximately 2.5D downstream. This behaviour was identified 

as an in-field blockage effect and is analogous to the increase in wind speed caused by 

blockage in a closed test section. The increased flow speed was associated with a narrowing



of the wake between the closely-spaced rotors and the concept of capitalising on this in-field 

blockage effect using a third, offset rotor was investigated. Perform ance measurements were 

conducted using 3 gap widths between the outer two turbines and a th ird , central turbine 

was placed a t 9 different downstream positions. The middle turbine experienced an increase 

in power when placed within 2.5D of the upstream  rotor plane due to the increase in speed 

in this region. This approach to planning wind farms will help to lim it power losses due to 

downstream wake effects while providing an increase in power o u tp u t a t mean annual wind 

speeds.



A cknow ledgem ents

It's  difficult to  believe th a t 4.5 years of work have gone into this PhD and th a t I've 

turned the page on 12 years a t Carleton. I value all of the relationships and friendships 

tha t have been developed throughout th a t tenure and I have many people to thank. I'm 

very grateful for the help provided by my supervisors, Daniel Feszty and Fred Nitzsche over 

the past 6.5 years. T hank you for believing in me and for allowing me the freedom to  find 

my way through this degree. This thesis could not have taken place w ithout the research, 

equipment, and travel funding from my supervisors, from the D epartm ent of Mechanical and 

Aerospace Engineering, and from Carleton. I'm  also tru ly  grateful to  the D epartm ent for 

allowing me to use the atmospheric boundary layer wind tunnel for so many hours, despite 

the low frequency noise and vibrations felt in the departm ental office. A large portion of my 

graduate degrees were funded by OGS, NSERC. and MITACS. T hank  you for providing me 

with the opportunity to focus on my studies and please continue to  promote and to  fund 

science and engineering research in our public institutions so th a t future students may have 

the same opportunities.

I am very grateful for patience, support, and help of Alex P rocto r and Kevin Sangster in 

the machine shop. The technologists in the departm ent, S tephan Biljan, Steve Truttm an, 

David Raude, and Gary Clements, all played a very im portan t role in identifying and 

resolving design challenges along the way. Stephan was always willing to share the wind



tunnel and provided help and support for all of the rapid prototyping th a t took place 

throughout my PhD. A special mention has to go to David Raude for his help assembling 

and wiring the scaled wind farm, setting up the da ta  acquisition card, and for fixing a 

very broken roughness panel in the wind tunnel. I also need to  thank  Mario Mongeon and 

the maintenance departm ent at Carleton for having the wind tunnel operational again after 

only two days when some very old fuses blew. T hank you to Nancy Powell. Christie Egbert, 

Irene Helder, Nermin Ibrahim, and Marlene Groves, for their help w ith bookings, purchases, 

cheque requisitions, scholarship applications, and for helping me navigate through Carleton 

for the past 12 years. The wonderful staff in the Library and a t Interlibrary Loans have 

tracked down dozens of articles for me over the past 4 years and are also owed a very big 

thank you.

I've been advised and supported in my work by a  number of individuals, including 

Edgar M atida, Metin Yaras, Joana Rocha, and A lanna Wall. T heir input and advice was 

indispensable! I need to thank Gord M aclsaac for his help setting up and troubleshooting 

hot-wire equipment and for his willingness to work around each other's testing schedules 

in the water channel lab. Hristo Valtchanov also helped to get me up and running in the 

water channel. Thank you to Jim  Robinson, a long tim e colleague, who offered to  take 

high quality photos of the wind turbines. To Joshua Brinkerhoff, my colleague, friend, and 

office-mate - 1 wish you the best of luck in w hat will undoubtedly be a very successful career 

and I look forward to having the opportunity to work together in the future.

Thank you to my dearest friend Sean Dauphinee. my brother Colin, the Gillich family, 

my curling team, and all of the friends and family th a t provided the  encouragement and 

support needed to make it through this very long undertaking. I've been very fortunate to 

have had a series of incredible roomm ates throughout this degree and would like to thank 

Peter Gillich, N atalia Jaworska, and Stephanie Brodeur for helping to make home the best 

place to be. My parents. John and Donna McTavish. have always been a steadying, positive



influence in my life and I'm  very thankful for their love and support. I hope to see much 

more of them  in their well-earned retirement!

And finally. I need to thank my partner. Josee Rivard. Her dedication and passion as a 

teacher and educator has been an inspiration to me. The research and writing involved in 

this thesis simply could not have taken place w ithout her love, understanding, and kindness, 

and I am so fortunate to be able to  share this life w ith her.



Table o f C ontents

A b s tra c t ........................................................................................................................................

A cknow ledgem ents....................................................................................................................  iii

List of T a b le s ..............................................................................................................................  x

List of Figures ........................................................................................................................... xi

List of S y m b o ls ........................................................................................................................... xvi

1 In trod u ction  1

1.1 W ind Energy Policy and W ind Farm Development in O n ta r io .........................  2

1.2 M otivation - Improving the Performance of W ind F a r m s ..................................  5

1.3 O b jec tiv es ........................................................................................................................... 12

1.4 A p p r o a c h ........................................................................................................................... 13

1.5 S tructure of the T h e s is ...................................................................................................  15

2 B ackground and L iterature R ev iew  17

2.1 W ind Turbine A e ro d y n a m ic s .....................................................................................  17

2.1.1 Blade A ero d y n am ics ..........................................................................................  18

2.1.2 The Atmospheric Boundary L a y e r .............................................................  21

2.1.3 Wake D evelopm ent.............................................................................................  23

2.1.4 Wind Farm P erfo rm ance ...................................................................................  27

2.2 Review of Existing E x p erim en ts .................................................................................. 28

2.2.1 Single Rotor E x p e r im e n ts ................................................................................  32

2.2.2 Blockage Effects ................................................................................................ 37

vi



2.2.3 Reynolds and sc a lin g .........................................................................................  40

2.2.4 Wake Interference E f f e c t s ...............................................................................  43

2.2.5 Scaled wind f a r m s .............................................................................................  46

2.2.6 Increasing wind farm p e r fo rm a n c e ..............................................................  49

2.3 Com putational A p p ro a c h e s .........................................................................................  50

2.3.1 Blade Element M omentum T h e o r y ..............................................................  51

2.3.2 W ind Turbine Wake Modeling .....................................................................  51

2.3.3 Prescribed- and Free-wake M ethods ...........................................................  53

2.3.4 Navier-Stokes Com putational Fluid D ynam ics ..........................................  54

2.3.4.1 A ctuator Line T echn iques............................................................... 57

2.3.5 Hybrid CFD-Vortex M e th o d s ......................................................................... 59

3 E xp erim en ta l and C o m p u ta tion a l M eth o d s 61

3.1 Scaled wind tu r b in e s .......................................................................................................  61

3.1.1 MAAE r o t o r ........................................................................................................ 62

3.1.2 Scaled TU Delft t u r b i n e ...................................................................................  69

3.2 W ater channel e x p e r im e n ts ......................................................................................... 70

3.2.1 Q uantitative dye visualisation and tip vortex identification ............... 74

3.2.2 Rotor c o n t ro l ........................................................................................................ 76

3.2.3 Scale measurements ..........................................................................................  77

3.2.3.1 Balance c a lib ra tio n s .........................................................................  79

3.2.4 Blockage corrections and free surface e f f e c ts .............................................. 82

3.3 W ind tunnel experiments ............................................................................................  88

3.3.1 Atmospheric boundary layer d e v e lo p m e n t.................................................  92

3.3.2 W ind turbines ....................................................................................................  96

3.3.3 Instrum entation and d a ta  acquisition s y s t e m ..........................................  99

3.3.4 Traverse d e s ig n ....................................................................................................  103

3.3.5 Hot-wire m e a su re m e n ts ...................................................................................  105

3.3.5.1 Calibrations and tem perature co rrec tio n .................................... 107

3.3.5.2 D ata re d u c t io n .................................................................................... 112

vii



3.4 Com putational m e th o d s ..............................................................................................  113

3.4.1 G E N U V P ..............................................................................................................  114

3.4.1.1 Validation ........................................................................................  115

4 E valuating  blockage effects on w ind tu rb in e  w ake d ev e lo p m en t 120

4.1 Assessment of the experimental setup ...................................................................  121

4.1.1 Effect of the dye setting on the initial wake e x p a n s io n ......................... 122

4.1.2 Effect of the dye setting on the measured fo rces ....................................... 125

4.1.3 Effect of isolating the turbine s tru t from the wake ................................ 126

4.1.4 Summary of the developed testing guidelines ..........................................  128

4.2 Wake d e v e lo p m e n t........................................................................................................  128

4.3 Effects of blockage on the initial wake expansion ................................................ 133

4.3.1 Sensitivity to the streakline pattern  ...........................................................  138

4.3.2 Comparison with com putational r e s u l t s ..................................................... 140

4.4 Effect of blockage on th ru st forces ............................................................................  142

4.4.1 Corrected Force C oefficients............................................................................. 142

4.5 S u m m a r y .......................................................................................................................... 144

5 E valuating  R eyn o ld s num ber effects in scaled  w ind  tu rb in e  exp er im en ts  147

5.1 Scaled rotors ...................................................................................................................  148

5.2 Test c o n d i t io n s ...............................................................................................................  149

5.2.1 MAAE test c o n d itio n s ....................................................................................... 150

5.2.2 Scaled TU Delft test c o n d itio n s ...................................................................... 150

5.3 Description of the flow fie lds........................................................................................ 150

5.3.1 MAAE flowfield .................................................................................................  151

5.3.2 Scaled TU Delft fkwfield ................................................................................  151

5.4 Reynolds number effects on the wake e x p a n s io n ..................................................  154

5.4.1 MAAE wake expansion .................................................................................... 154

5.4.2 Scaled TU Delft wake e x p a n s io n ..................................................................  156

5.5 Effect of the Reynolds number on the th ru st coefficient......................................  162

viii



5.5.1 MAAE th ru st coefficients - water c h a n n e l .................................................  163

5.5.2 MAAE th ru st coefficients - wind t u n n e l ..................................................... 163

5.5.3 Scaled TU Delft th ru st co effic ien ts ..............................................................  165

5.5.4 Comparison with other results .....................................................................  167

5.6 S u m m a r y ...........................................................................................................................  167

6 T he perform ance o f w ind farm s w ith  c lo se ly -sp aced  w in d  tu rb in es 170

6.1 Atmospheric boundary layer c h a ra c te r is t ic s ...........................................................  171

6.1.1 Flow a s y m m e try ................................................................................................ 172

6.2 Single turbine r e s u l ts ...................................................................................................... 173

6.3 Wake losses in longitudinal co n fig u ra tio n s .............................................................. 182

6.4 Generating in-field blockage with closely-spaced r o t o r s ........................................ 186

6.5 Power augm entation in three-rotor con figu ra tions ..............................................  193

6.5.1 Performance in a rough boundary layer ...................................................  198

6.5.2 Performance in a smooth boundary layer ................................................ 202

6.5.3 Downstream effec ts .............................................................................................  203

6.5.4 Off-design co n d itio n s ..........................................................................................  204

6.5.5 Cumulative power increase ............................................................................  207

6.6 S u m m a r y ............................................................................................................................ 208

7 C onclusions, A cadem ic C o n tr ib u tion s, and F iitu re W ork 210

7.1 C o n c lu sio n s ......................................................................................................................... 212

7.1.1 Blockage e ffec ts ....................................................................................................  212

7.1.2 Reynolds number and scaling e f f e c t s ...........................................................  213

7.1.3 In-field blockage effects in wind farms with closely-spaced wind turbines214

7.2 Summary of Academic C o n trib u tio n s ....................................................................... 215

7.3 Recommendations and future w o r k ..........................................................................  216

R eferences 219



List of Tables

2.1 A summary of recently-published wind turbine experim ents............................... 29

3.1 MAAE Design Param eters..............................................................................................  69

3.2 Comparison between the full-scale TU Delft rotor and the  1/4.8 scale rotor. 71

3.3 Calibration weights from March 2011 - horizontal o rien ta tion ............................  80

3.4 Calibration weights from August 2012 - vertical o rien tation ...............................  83

3.5 Anemometer settings.........................................................................................................  107

3.6 Calibration coefficients......................................................................................................  113

3.7 Com putational and experimental test conditions................................................... 117

4.1 Test conditions for the blockage experim ents........................................................... 135

5.1 Test conditions for the MAAE ro to r........................................................................... 150

5.2 Test conditions for the scaled and medium-scale TU  Delft ro to r......................  151

x



List of Figures

1.1 W ind energy capacity in Ontario from 2002-2016..................................................  3

1.2 W ind farm map of central, southern, and eastern O ntario .................................. 4

1.3 M onthly wind energy production in O ntario since 2006.......................................  5

1.4 Schematic of wake interference effects........................................................................  6

1.5 Layout and power output of the offshore Horns Rev I wind farm  in Denmark. 7

1.6 Layout of the Talbot wind farm ...................................................................................  9

1.7 Mean wind speed distribution in Ontario a t a height of 80 m ...........................  10

1.8 Schematic of a typical power curve.............................................................................. 11

1.9 Annual capacity factors for 14 wind farms in O ntario ..........................................  12

2.1 Loads generated by a wind turbine ro to r................................................................... 19

2.2 Regulating power ou tpu t using stall control or pitch control.............................  22

2.3 Schematic of the atmospheric boundary layer..........................................................  23

2.4 Description of wind turbine wake evolution..............................................................  24

2.5 Representation of tip vortex shedding........................................................................  26

2.6 Schematic of the velocity and turbulence intensity profiles.................................  27

2.7 D istribution of blockage in existing experim ents.....................................................  38

2.8 Summary of the Reynolds numbers in existing experim ents...............................  42

3.1 Solid model of the scaled MAAE wind tu rb ine ........................................................ 62

3.2 Comparison of the E387 airfoil w ith a typical wind turb ine airfoil...................  66

xi



3.3 Eppler E387 lift curves a t low Reynolds num bers...................................................  67

3.4 The chord and twist distribution of the scaled M AAE rotor blades................. 68

3.5 Solid model of the scaled TUDelft ro to r..................................................................... 70

3.6 The RHRC 2436 water channel.....................................................................................  72

3.7 The pressurised dye delivery system ............................................................................  72

3.8 The RHRC 2436 water channel a t Carleton University......................................... 73

3.9 Schematic of the wake expansion and the tip  vortex p itch ..................................  75

3.10 Parallax correction schematic........................................................................................  75

3.11 The HE6X6 scale and com ponents............................................................................... 77

3.12 Schematic of the scale coordinates...............................................................................  78

3.13 Vertical scale arrangem ent..............................................................................................  78

3.14 Calibration for Fz - horizontal configuration............................................................  81

3.15 Position sensitivity of Fz - horizontal configuration...............................................  81

3.16 Calibration for M x - horizontal configuration........................................................... 82

3.17 Schematic of the vertical calibration se tu p ................................................................ 83

3.18 Calibration for M x - vertical orientation....................................................................  84

3.19 Schematic of the actuator disc-based blockage correction....................................  85

3.20 Schematic of the free surface variation due to  blockage........................................  88

3.21 The open-circuit ABL tunnel a t Carleton University............................................  89

3.22 Scaled model of M ontreal’s Olympic S tadium .......................................................... 90

3.23 Drawing of the ABL wind tunnel room ......................................................................  91

3.24 Layout of the wind turbine positions........................................................................... 93

3.25 Flow conditioning elements in the wind tunne l.......................................................  94

3.26 W ind turbine model in the wind tunnel..................................................................... 97

3.27 Photograph of the prim ary instrum entation and equipm ent............................... 99

3.28 The NI Compaq-DAQ system and wiring diagram ................................................. 100

3.29 Calibration curve for the PX653 pressure transducer............................................ 101

3.30 Manual calibration curve for the string potentiom eter.......................................... 102

xii



3.31 Photograph of the traverse equipm ent......................................................................  104

3.32 Wiring diagram for the traverse system .................................................................... 105

3.33 Calibration curves for determ ining the position of the hot-wire probe. . . . 106

3.34 Calibration setup in the wind tunnel.........................................................................  108

3.35 Calibration curve developed at low and high velocities........................................ 110

3.36 Sensitivity of the calibration curve to changes in tem pera tu re .........................  I l l

3.37 Long term  calibration stability at 23.0°C ................................................................. 112

3.38 The NREL Phase VI UAE tu rb ine ............................................................................. 116

3.39 Comparison of the com putational wake profiles.....................................................  118

3.40 Validation of the axial and radial tip vortex locations.........................................  119

4.1 Tip vortex visualisation a t different dye settings...................................................  123

4.2 Initial wake expansion as a function of the dye setting ........................................ 124

4.3 Deviation of the lateral vortex core locations.......................................................... 125

4.4 Effect of the dye setting on C t ,u ................................................................................. 126

4.5 Effect of isolating the s tru t on C t ,u ...........................................................................  127

4.6 Tip vortex visualisation downstream of a 25 cm rotor a t A =  6.1....................  130

4.7 Merged tip vortices in the near wake.........................................................................  131

4.8 Computationally-predicted tip vortex s tructu res ...................................................  132

4.9 Scaled MAAE turbine blades........................................................................................ 134

4.10 Initial wake expansion as a function of blockage....................................................  136

4.11 Initial wake expansion variation with blade num ber............................................. 139

4.12 Comparison between the experimental and com putational wake expansion. . 141

4.13 Uncorrected and corrected th rust coefficients a t Reup ~  23.000 and A «  6. . 143

4.14 Relationship between blockage. A Cy,  and the wake expansion........................  144

5.1 25 cm diam eter MAAE and TU Delft rotor blades...............................................  149

5.2 Tip vortex visualisation a t several Reynolds num bers.......................................... 152

5.3 Scaled TU Delft tip vortex visualisation...................................................................  153

xiii



5.4 Merged tip vortices in the scaled TU Delft near wake.........................................  154

5.5 Wake expansion dependence on R e tip - M AAE.......................................................  155

5.6 Initial wake expansion at A « 6  and 0ap =  4°...........................................................  158

5.7 Initial wake expansion a t A % 8 and 0tip =  4°...........................................................  159

5.8 Initial wake expansion at A 8 and Bap =  0°...........................................................  159

5.9 Comparison of the small-scale tip vortex pitch with medium-scale results. . 162

5.10 Relationship between the Retip, Ct - and wake expansion - M AAE................  164

5.11 Schematic of the upstream  test section in the ABL tunne l................................  165

5.12 Comparison of wind tunnel and w ater channel-derived C t ,c  - MAAE. . . .  165

5.13 Reynolds number and tip pitch effects on Ct  - Scaled TU  D elft.....................  166

5.14 Compilation of C t  values from experiments in litera tu re...................................  168

6.1 Velocity and turbulence intensity profiles a t X  =  0 and th e  tunnel centreline. 173

6.2 Schematic of the ABL measurement plane............................................................... 174

6.3 Normalised speed contours at X / D  =  0 .................................................................... 175

6.4 Schematic of the single rotor HWA measurement window.................................  176

6.5 Hub height contour plot - Single ro to r......................................................................  177

6.6 Comparison of the wake expansion profile for a single ro to r.............................. 178

6.7 Wake speed validation downstream of a single ro to r............................................  180

6.8 Power ou tpu t variation in the wind tunnel..............................................................  181

6.9 Longitudinally-aligned wind tu rb ines......................................................................... 182

6.10 The power ou tpu t of a downstream longitudinally-separated ro to r................. 183

6.11 Comparison of longitudinally-aligned results...........................................................  184

6.12 The longitudinally-aligned 3 x 3  wind farm ............................................................. 185

6.13 Power results in the 3 x 3  wind farm .........................................................................  186

6.14 Comparison of wind farm results................................................................................. 187

6.15 Schematic of the two-rotor arrangem ent and the HWA m easurement plane. 188

6.16 Normalised speed contours a t hub height.................................................................  190

6.17 Normalised centreline speed a t several gap w idths................................................  193

xiv



6.18 Wake profile as a function of the gap w id th ............................................................  194

6.19 Schematic of the gap in three-rotor configurations................................................ 194

6.20 Speed contours and relative power ou tpu t for three lateral tu rb ines... 195

6.21 Velocity contours and relative power ou tpu t - G = 2D, S n p = 0.5D . 196

6.22 Repeatability of speed m easurem ents........................................................................  197

6.23 Velocity contours and relative power ou tpu t - G  =  2D. S tiP — 0.5D .................  198

6.24 Closely-spaced wind farm performance in a rough boundary layer...............200

6.25 Closely-spaced wind farm performance in a sm ooth boundary layer....... 203

6.26 Effect of the gap on the ou tpu t of a rotor located 6.5D dow nstream ....................204

6.27 Schematic of three turbines with S tip =  0.5D in yawed configurations. . . . 205

6.28 Power ou tpu t as a function of the wind angle........................................................  206

6.29 Cumulative change in the power ou tpu t in a  rough boundary layer........ 207

6.30 Cumulative change in the power ou tpu t as a  function of the  boundary layer. 208

xv



List o f Sym bols

Sym bols

a Axial induction factor
A, B , C, D, E  Calibration coefficients
Abiadcs Frontal rotor blade area [m2]
ASWcpt Rotor swept area [m2]
A-x Cross-sectional area [m2]
a  Angle of attack, power law coefficient [deg], [-]
ocataii Stall angle [deg]
BT Blockage ratio
/? Twist angle [deg]
c Chord, constant [m], [-]
ctip Blade tip chord [m]
Cj Friction coefficient
CLm<xx Maximum lift coefficient
Cp Power coefficient
C q  Torque coefficient
Cp Thrust coefficient
C t ,c  Corrected thrust coefficient
C t ,u  Uncorrected thrust coefficient
d Corrected distance, moment arm, constant [m]
dsp String potentiometer distance [m]
dv Vernier scale distance [ft]
D Diameter, roughness element spacing [m]
5 Reference height [m]
AP  Change in power [%]
ep Blockage factor
Varray Array efficiency
F  Correction factor
Fr  Froude number

xvi



F„ Scaling factor

Fran Tangential force [N]

FThrust Thrust force [N]
Fx Force in the x-direction [N]
Fz Force in the z-direction [N]
<P Azim uth angle [deg]

9 Gravity [m /s2]
G Gap width [m]

7 W ind angle [deg]
h Plane to grid distance, spire height [m]
H Camera to grid distance, tunnel height [m]
k Roughness element height [m]
L Photographed grid distance [m]
X Tip speed ratio

M s M oment about the x-axis [Nm]
N Number of turbines

^wa ter kinem atic viscosity of water [m2/s]

P Blockage parameter
P Power [W]

Pdee Electrical power [W]
p1 me us Measured power [W]

Psingle. Power from an isolated turbine [W]

Q Blockage parameter

Q Torque [Nm]
r Local radius [m]
R Radius [m]

R c Commercial-scale radius [m]

R m Scaled model radius [m]
R ep Reynolds number based on D

R^tip T ip Reynolds number

P Fluid density [kg/m 3]
s Wall tip clearance [m]

Suv Blade tip separation distance [m]
Tu Turbulence intensity [%]
F ip T ip pitch angle [deg]
u Local speed [m/s]
Ub Bypass speed [m/s]

F h ub Speed at hub height [m/s]

Uref Speed at hub height [m/s]

F rm ? Root mean square of speed [m/s]

FuP Blade tip speed [m/s]
F D Speed at the rotor disc plane [m/s]

xv ii



UF Speed in freestream conditions
UT Speed in tunnel conditions
Ux.U 2.U-s Blockage correction velocities

U5 Speed at a reference height
U„ Freestream speed
V Voltage
vv arnp Amplifier output voltage

Fout^p String potentiom eter voltage

Kot Local speed due to rotation
Vr Resultant velocity
Ul R otational speed
n Resistance

n c Commercial-scale rotational speed
Scaled model rotational speed

X Axial distance from tip
X Downstream axial location

V Lateral position from tip
Y Lateral position
"7 Water depth
z Vertical position

A cronym s

ABL Atmospheric Boundary Layer
ADV Acoustic Doppler Velocimetry
BEM T Blade Element Momentum Theory
BVI Blade Vortex Interaction
CFD Com putational Fluid Dynam ics
DAQ D ata Acquisition System
DTU Technical University of Denmark
ECN Energy Center of the Netherlands
FIT Feed-in Tariff
G ENUVP Generalized Unsteady Vortex Particle M ethod
HWA Hot-wire Anemometry
LES Large Eddy Simulation
MAAE Mechanical and Aerospace Engineering
MAV Micro Air Vehicle
MEXICO Modern Experiments in Controlled Conditions
NI N ational Instruments
NREL National Renewable Energy Laboratory
PIV Particle Image Velocimetry

[m/s]
[m/s]
[m/s]
[m/s]
[m/s]

[V]
[V]
[V]
[m/s]
[m/s]
[rad/s]
[ f i ]

[rad/s]
[rad/s]
[m ]

[m ]

[ m ]

M
[m ]

[m ]

xviii



RANS Reynolds-Averaged Navier-Stokes
RESOP Renewable Energy Standing Offer Program
RFP Request for Proposals
RHRC Rolling Hills Research Corporation
TU Delft Delft University of Technology
UAE Unsteady Aerodynamics Experiment
UAV Uninhabited Air Vehicle
UTM Universal Transverse Mercator
VAWT Vertical Axis W ind Turbine
VPM  Vortex Particle Method
VTM Vorticity Transport M ethod

xix



C h ap ter  1

Introduction

The prediction of the power ou tpu t and perform ance of wind turbines is a research 

area th a t has seen growing interest recently as the dem and for greater renewable energy 

production increases. The current worldwide installed wind turb ine capacity is 273 GW. 

with installed capacity concentrated in China, the United States. Western Europe, and 

India [1], Canada currently has an installed wind turbine capacity of 6,500 MW [2]. While 

this represents only approximately 2% of Canadian electrical dem and, the industry has seen 

continued growth of about 25% per year throughout the past decade and is projected to 

grow to an installed capacity of 10.000 MW by 2015 because of social and governmental 

initiatives [2,3]. This rapid development has been focused on Ontario, which currently 

accounts for over one third of Canada's installed wind energy capacity, and has been driven 

by the goal to reduce carbon dioxide emissions. In Ontario, this is being addressed primarily 

through conservation, the refurbishment of nuclear reactors, and the replacement of coal 

generation with solar, small hydro, and wind energy [3].

1
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1.1 W in d  E n erg y  P o lic y  an d  W in d  F arm  D e v e lo p m e n t in  

O n tario

A series of initiatives by the provincial government have led to the very rapid deployment 

of wind energy in Ontario [3]. The first commercial-scale wind turbine in Ontario was 

installed near Tiverton in Bruce County in 1995 to conduct cold w eather testing. Ontario's 

first wind farm was subsequently built nearby in 2002 and contained five 1.8 MW turbines. 

The overall installed wind energy capacity in the province is shown in Figure 1.1 and was 

less than 15 MW until 2006, when the installations th a t resulted from several provincial 

initiatives were commissioned. The Government of O ntario released a request for proposals 

(RFP) in 2004 for up to 300 MW of renewable energy projects and followed this w ith a 

subsequent R FP  in 2005 for 1000 additional megawatts. Note th a t 1000 MW of capacity 

can be assumed to generate enough electricity for 300,000 homes. These two competitive 

bidding processes led to the commissioning of the first large wind farms in Ontario from 2006 

to 2009 [4], In order to promote smaller, distributed projects, a renewable energy standing 

offer program (RESOP) was initiated in 2006 for renewable energy projects smaller than  10 

MW. Unlike the previous RFPs, the RESOP guaranteed projects a  fixed rate  of 0.11$/kW h. 

A third  competitive R FP  was initiated in 2008 for 500 MW of renewable energy th a t resulted 

in five new wind farms commissioned between 2010 and 2011. In 2009. the Government of 

Ontario passed the Green Energy and Green Economy Act. which superseded the previous 

initiatives and led to the im plementation of a Feed-in Tariff (FIT). The FIT guaranteed 

wind energy developers a fixed price of 0.135$/kW'h. with additional bonuses depending on 

the level of community and aboriginal group ownership in a  particu lar project [5]. The first 

wind farm to result from the F IT  program came online in late 2011 and a large number of 

projects are scheduled to be commissioned, as observed by the large projected increase in 

installed wind capacity in 2013 in Figure 1.1. Supported by the rapid level of wind energy
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development since the introduction of the FIT . the program  was recently extended and 

revised [6], The updated F IT  2.0 program reduced the price paid to  wind energy developers 

to 0.115$/kW h to reflect the declining capital costs associated w ith wind turbines. Ontario 

now frequently generates more electricity from wind than  coal and future wind farms will 

effectively replace coal generation in the province when coal is phased out in 2014 [7],
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Figure 1.1: W ind energy capacity in Ontario from 2002-2016. D ata from [2.4,7],

The m ajority of O ntario's wind farms have been built in Southern Ontario. Figure 1.2 

identifies the locations of wind farms larger than  20 MW th a t are currently in service as well 

as those under development and has been modified to only show those wind farms installed 

in Central, Southern, and Easter Ontario for clarity [7]. The shaded regions in Figure 1.2 

indicate the major population centres in Southern Ontario. The significant number of wind 

farm developments in Southern Ontario results from the  high m ean annual wind speed in 

this region and the proximity to  existing transm ission lines. T he majority of future wind 

farm installations in the province will continue to occur in this region.

While Figure 1.1 represents the installed power capacity in the province, the actual 

monthly energy production from wind farms in O ntario has been compiled in Figure

1.3 based on hourly data  from the Independent Electricity System O perator (IESO) in
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Figure 1.2: W ind farm map of central, southern, and eastern Ontario.
A dapted from Ref. [7],

Ontario [7], The Prince wind farm near Sault Ste Marie was the  first large scale wind 

farm to come online following O ntario’s first R FP  in 2006 and the largest wind farm in 

the second RFP was the Wolfe Island wind farm near Kingston. The most recent wind 

farm to come online is the Pointe aux Roches wind farm in Southern Ontario and this 

was the first wind farm commissioned w ithin the F IT  program. The seasonal variation in 

wind energy generation in Ontario is also visible in Figure 1.3 and  dem onstrates tha t wind 

energy production is typically maximized between January  and May. Despite the seasonal 

and daily variations in wind energy generation, the province consistently obtains 2% to 5% 

of its energy requirements from wind [7].

The rapid projected growth of wind energy, particularly in Southern Ontario, has led 

to a number of competing interests and challenges related to  environm ental considerations, 

land use, and energy supply. The continued large-scale deployment and integration of wind 

farms into O ntario’s electricity grid will require significant research efforts to optimize wind 

farm land use and wind farm performance. These two factors will be dependent on the
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Figure 1.3: M onthly wind energy production in O ntario since 2006. D ata from Ref. [7],

development of a thorough understanding of wind turbine wake development and on the 

identification of novel approaches to designing and planning wind farms.

1.2 M o tiv a t io n  - Im p ro v in g  th e  P er fo r m a n ce  o f  W in d  F arm s

The motivation for the current thesis arises from the need to  improve the performance 

and power generation capabilities of wind farms. This involves characterising and capi

talising on both wind turbine wake effects and the local wind speed distribution. Wind 

farm performance can frequently be degraded due to  losses incurred by wake effects. 

Wind turbines extract energy from the air and, as a result, reduce the wind speed in 

the wake formed downstream of the rotor. This is illustrated in Figure 1.4 where the 

upstream wind turbine extracts power from the incident wind (f/oo). As a result of this 

phenomenon, the velocity deficit in an upstream  turbine wake reduces the power th a t can 

be generated by subsequent downstream turbines in a wind farm. The rotor wake width 

is on the order of the turbine’s diam eter and the wake expands downstream. The wind 

speed in the wake will gradually recover to  freestream conditions approxim ately 10-15 rotor 

diameters (D) downstream [8,9]. This effect has led to commonly-observed wind farm design
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guidelines, which have established separation distances of 3.5D to 7D between turbines in the 

lateral direction and 7D-10D separation distances between turbines in the longitudinal, or 

prevailing wind, direction [8,9]. As previously-mentioned, the wake will completely recover 

to the freestream wind speed 10D-15D downstream, but this would impose large separation 

distances between turbines. The wake speed typically recovers to 80-90% of the freestream 

value 7D-10D downstream of a turbine and this has resulted in separation distances tha t 

are a compromise between land use and power output.

y  Wake outline

1 9 w a k e  <  U «

Power
7-10D-

Figure 1.4: Schematic of wake interference effects.

Large offshore wind farms have typically followed these design guidelines and this has 

resulted in grid-like layouts [10]. The first large offshore wind farm  was the Horns Rev I 

wind farm th a t was commissioned in 2002 and is located in the N orth Sea 15 km west of 

Denmark. This wind farm consists of 80 wind turbines of 80 m diam eter and 2 MW rated 

power arranged in an approxim ate grid with 7D separation between the rotor towers in all 

directions. The layout of the wind farm can be seen in Figure 1.5(a) and the prevailing 

wind directions are from the west, south-west, and north-west. T he x- and y- coordinates 

in Figure 1.5(a) represent the Universal Transverse M ercator (UTM ) coordinates of the 

turbines. This wind farm has frequently been used as a case study  to  evaluate wind farm 

wake effects [10]. The power ou tpu t in a row of turbines can be evaluated by investigating 

the turbines numbered 1 through 10 indicated in Figure 1.5(a). Two wind directions are 

indicated in Figure 1.5(a) and present situations where the wind is aligned with the row of 

turbines (Direction A) and when the wind is a t an angle of 15° to  the studied row (Direction
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B), respectively. In both cases, the turbines were assumed to  be yawed into the wind and 

the wakes can be considered to be approximately aligned with the direction of the wind [10].

6152000
7D = 560 m

7D
6151000 Denmark

•H orns Rev I

j= 6150000 -  A

6149000
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424000 426000 428000 430000
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(a) Layout of the Horns Rev I wind farm. Adapted from [10].
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Figure 1.5: Layout and power ou tpu t of the offshore Horns Rev I wind farm in Denmark.

The wake effect losses in this wind farm were characterised in Ref. [10] by normalizing 

the power ou tpu t of Turbines 1-10 in Figure 1.5(a) by the o u tp u t of Turbine 1. The 

normalized power ou tpu t of the turbines in this particular row is plotted for two incident 

wind directions in Figure 1.5(b). It is clear th a t when the wind direction is aligned with a
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row of turbines (Direction A), a significant drop in power of approxim ately 35% to 40 % is 

observed by Turbines 2-10 compared to the first turbine in the row. The overall losses in 

the row' can be considered by calculating the array efficiency of the turbines in the row. The 

array efficiency can be assessed by dividing the cumulative power produced in the row by 

the power th a t would be produced by the same number of turbines in isolation (i.e. without 

wake effects). This results in an efficiency of 63% for this row of turbines [10]. W hen the 

wind direction is offset from the row' by 15° (Direction B). a more gradual loss in power 

from subsequent downstream turbines is observed in Figure 1.5(b). The row of turbines 

in the case of wind direction B exhibits an efficiency of 83% [10]. In both cases, there are 

significant losses w ithin the wind farm due to the exposure of dow nstream  turbines to wind 

turbine wakes.

The grid-like layout th a t is present in the Horns Rev I wind farm  and in other similar 

offshore wind farms differs from layouts which are typically observed for onshore wind farms. 

Onshore wind farms are typically built on private land and m ust take into consideration 

existing roads, transm ission lines, houses, as well as topographical influences. This typically 

results in an irregular wind farm layout, an example of w'hich is the Talbot wind farm 

located in Southern Ontario on the western shore of Lake Erie. This wind farm contains 43. 

101 m diameter. 2.3 MW wind turbines and the schematic shown in Figure 1.6 highlights 

the variable separation between the wind turbines [11]. The prevailing wind directions in 

this region are from the west and south-west and turbines are therefore separated by at 

least 8 .ID to 11.5D in the prevailing wind direction. Given the wind distribution a t this 

site [12,13], turbines are more closely spaced in the lateral, or cross-wind direction. The 

closest hub-to-hub spacing in the lateral direction a t the Talbot wind farm is 3. ID and is 

highlighted in Figure 1.6, but typical lateral spacing between tu rb ine pairs is approximately 

3.5D to 4D. The losses due to wakes a t this wind farm have been estim ated using available 

hourly power generation da ta  for the Talbot wind farm from the  ISEO along with wind
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speed data  from Environment Canada [7.12.13], The array efficiency of the wind farm as 

a whole was estimated using cases where the wind farm should be operating a t maximum 

capacity, based on observed wind speeds from Ref. [12]. It was observed th a t the wind farm 

array efficiency was often 95% to 98% when the farm should have been operating a t full 

capacity, indicating th a t wake losses are approxim ately 2% to 5% when the wind is from 

the expected prevailing direction [7], O ther wind farms in the region, notably the Port 

Alma I wind farm and the Wolfe Island wind farm, had efficiency losses of 2% to 10% tha t 

were attributed  in a similar manner to wake effects [7], Based on the observed performance 

of these new, onshore wind farms, wake effects have been prim arily m itigated through the 

staggered placement of wind turbines and large longitudinal separation distances.
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Figure 1.6: Layout of the Talbot wind farm. D ata from [11].

The three above-mentioned wind farms generated more than  90% of their rated capacity 

only 7%-12% of the time, because mean annual wind speeds are considerably lower than  the 

wind speeds considered for determining the rated capacity of the turbines [7]. A composite 

map of the mean annual wind speeds in Ontario a t a height of 80 m was compiled based 

on the Canadian W ind Energy Atlas and is presented in Figure 1.7 [14]. Wind speeds are 

typically measured or modelled at a height of 80 m and are subsequently extrapolated up
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to the turbine's hub height, which usually ranges from 80 m - 100 m. Southern Ontario has 

particularly good wind resources and mean annual wind speeds approach 7-8 m /s in this 

area. As previously mentioned, the mean wind speeds in Southern Ontario, the proximity 

to existing transmission lines, and the nearby population centres are the primary reasons 

why Ontario's wind energy development has been focused in this region. The G reat Lakes 

also hold a large amount of promise for offshore wind energy development and have mean 

annual wind speeds in excess of 9 m /s. While this may hold promise for the future, there is 

currently a provincially-mandated m oratorium  on offshore development in the Great Lakes.

W ind Speed 
m/s

Figure 1.7: Mean wind speed distribution in O ntario a t a height of 80 m.
Modified from Ref. [14].

Wind turbines have a characteristic power curve th a t depends on the wind speed and 

resembles the schematic in Figure 1.8. W ind turbines will typically only generate their 

maximum rated capacity at wind speeds higher than  12-14 m /s, depending on a particular 

turbine design. As highlighted in Figure 1.7 however, mean annual wind speeds a t most
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onshore sites vary between 7-8 m /s and mean annual wind speeds a t offshore sites are closer 

to 9 m /s. The power curve is very sensitive to changes in wind speed below the rated wind 

speed and this causes turbines to generate approxim ately 30% of their maximum energy 

output on an annual basis.

rated wind speed  cut-out wind speed
12-14 m/s 25 m/s

rated power

typical m ean annual 
wind sp eeds 

7-9 m/s

Wind Speed [m/s]

Figure 1.8: Schematic of a typical power curve.

Wind turbines will therefore generate significantly less energy than  their rated capacities 

indicate. The annual capacity factor of a wind farm is a measure of the energy actually 

generated by a wind farm compared to its rated capacity. The capacity factors of 14 wind 

farms in Ontario were calculated from Nov 2011 to Nov 2012 using d a ta  from the IESO and 

are plotted in a histogram in Figure 1.9 [7j. Information regarding wind turbine shutdowns 

due to maintenance, repairs, ice accretion, or storms was not available and these facters 

were therefore not included in the analysis. Most farms exhibit a capacity factor of 30-32.5% 

with the highest- and lowest-performing wind farms having capacity factors of 35.9% and 

26.5%, respectively. The ability to  improve wind farm perform ance a t mean annual wind 

speeds while reducing wake effects could improve the annual capacity factor of wind farms.
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Figure 1.9: Annual capacity factors for 14 wind farms in O ntario from Nov 2011 to Nov
2012. Based on data  from Ref. [7],

1.3 O b je c t iv es

The current thesis investigates the opportunities for increasing the power output of a 

wind farm by thoroughly understanding and capitalising on wake interference effects. This 

research may lead to new guidelines on the placement of wind turbines in a wind farm. 

Due to the inability of com putational m ethods to  rapidly sim ulate entire wind farms, the 

most practical method of assessing wind farm performance is through the use of scaled 

experiments. Significant gaps in literature were identified regarding scaling and testing 

limitations of such experiments and a deeper understanding of the challenges associated 

with small-scale wind turbine experim ents had to be cultivated before investigating the 

issue of wind farm performance. This resulted in a thesis with the  three primary objectives 

of (i) evaluating blockage limitations in closed test sections, (ii) improving the understanding 

of scaling and Reynolds number effects in small-scale testing, and (iii) establishing a method 

of improving the performance of wdnd farms by capitalising on the  behaviour of wind turbine 

wakes.

8

6

4

2

0

(i) The first objective of the thesis research was to identify and establish guidelines 

regarding permissible am ounts of blockage in scaled wind turbine experiments. The
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blockage in wind turbine experiments available in literature was observed to vary from 

1% to 53%. but the effect of such blockage on the development of the turbine wake 

had never been previously-identified. The present thesis system atically assesses the 

effect of increasing blockage on the tip vortex development in the wake with the goal 

of establishing a benchmark for testing guidelines in closed te s t sections.

(ii) The second objective related to the desire to develop a deeper understanding of scaling 

effects in low Reynolds number experiments. Commercial-scale wind turbines operate 

with Reynolds numbers on the order of 106. However, because of scaling issues, 

these Reynolds numbers cannot be reproduced in wind tunnel experiments and it was 

therefore desired to assess the ability of scaled models to operate in a low Reynolds 

number testing environment. The present thesis also seeks to  identify the flow regime 

where properties such as the wake expansion and force coefficients can be credibly 

related to full-scale wind farms.

(iii) The third objective of the work was to develop and evaluate a  methodology th a t could 

be used to increase the power ou tpu t of a wind farm. It was desired to investigate 

wind farm configurations th a t would not simply m itigate wake effects, but could also 

capitalize on the behaviour of the incident wind and the wake as a means to improve 

wind farm performance.

1.4 A p p ro a ch

There are two possible methods of resolving wind turb ine performance and wake 

development: with experiments or com putational simulations. The m erits of the two 

methods will be discussed in this Section and the selected approach will be highlighted.

Wind turbine experimental da ta  can be obtained from scaled-models in a wind tunnel or
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from full-scale turbines in the field. W ind tunnel experiments can offer turbulence and speed 

information at several downstream planes from a rotor in a controlled environment. Scaling 

effects must be considered in scaled wind turbine experim ents and this generally violates 

Reynolds number similarity. Also, the wind tunnel test section m ust be long enough to 

produce a representative atmospheric boundary layer, which restricts the size of the scaled 

rotor to be used. Typically, hot-wire anem ometry (HWA) or particle image velocimetry 

(PIV) systems are used to characterise the wake and direct force and  voltage measurements 

are used to characterise rotor forces and power [15-17]. Hot-wire measurements can 

generate highly-resolved speed data, bu t are typically restricted to point measurements 

and necessitate a traversing apparatus [16]. While PIV perm its the  spatial variation in the 

wake to be characterised, a challenging environment for PIV  is encountered when studying 

the wake behind a large wind turbine experiment [17], Despite these limitations, wind 

tunnel experiments have led to  the development of currently-used wake models and have 

provided a large amount of physical insight into wake behaviour. In addition to wind tunnel 

experiments, several wind turbine field experim ents'have been perform ed which often focus 

on determining wake deficit profiles and power losses in wind farm s [18, 19]. Arrays of 

meteorological m asts instrum ented with anemometers and wind vanes have traditionally 

been used to conduct field experiments. Even with several arrays of masts, there is an 

inherent difficulty in accurately measuring the entire flowfield. Recently, sonic (SODAR) 

and laser-based (LIDAR) flow measurement systems have been used to characterise inflow 

and wakes and may produce very detailed full-scale m easurements in the future [19].

On the other hand, com putational simulations can offer the ability to study the wake 

in greater detail in more isolated conditions than  experiments. However, currently-used 

wake models and grid-based com putational fluid dynamics (CFD) codes suffer from many 

shortcomings. Firstly, wake models are typically only accurate in situations for which they 

have been calibrated as they rely on empirical constants. Secondly, conventional grid-based
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Reynolds Averaged Navier-Stokes (RANS) CFD codes can accurately capture the blade 

loading and power generation, bu t the numerical dissipation th a t is inherently present in 

grid-based codes causes the wake to artificially dissipate much faster (within 2-3 rotor 

diameters) than in reality. This may be somewhat m itigated w ith very fine grids in the 

wake, but this imposes a high com putational cost which presently prohibits the completion 

of multi-rotor simulations. In fact, very few m ulti-turbine sim ulations have been presented 

in literature due to these challenges. One class of CFD methods, Vortex Particle Methods, 

however, is particularly well suited to rotary-wing simulations and can predict a wake 

structure very accurately, virtually free of numerical dissipation. The grid-free nature of 

vortex particle codes also eliminates the complex meshing requirem ents of grid-based CFD. 

This is the method used at Carleton University, and it has been used to simulate the 

interference of two turbines in 2008 [20].

Compared to the challenges associated with CFD solvers a t the wind farm level, an 

experimental approach had many benefits, including the ability to  quickly assess various 

wind turbine configurations and the ability to develop d a ta  sets for future validation. 

The objectives of this thesis were therefore addressed using a predom inantly experimental 

approach. The range of techniques th a t were im plem ented include quantitative flow 

visualisation, direct force measurements, power m easurem ents w ith  scaled wind turbines, 

and hot-wire speed measurements. These experim ental m ethods were supported and 

complemented by a range of com putational tools, including blade element momentum theory 

and discrete vortex method com putational simulations.

1.5 S tr u c tu r e  o f  th e  T h e s is

The thesis is divided into seven chapters. Background m aterial and a survey of pertinent 

literature is presented in Chapter 2. The experim ental m ethods th a t wrere applied in the
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water channel and wind tunnel are described in C hapter 3. along w ith  the method used for 

the discrete vortex method com putational simulations. The results chapters are presented 

in the order in which the research was conducted. C hapter 4 presents the results tha t 

were established during the blockage campaign conducted in C arleton 's water channel. The 

improved understanding of scaling and Reynolds num ber effects is described in C hapter 5. 

The results of the wind farm performance measurement campaigns are presented in Chapter 

6 along with the wake speed profiles determ ined using hot-wire anemometry. Chapter 7 

subsequently identifies the major conclusions of the research, sum m arises the academic 

contributions made throughout the thesis work, and highlights recom m endations for future 

work.



C h ap ter  2

Background and L iterature R eview

The effects of blockage, scaling effects, and the analysis of wind farm configurations 

were all considered using a predom inantly experimental approach supported by a small 

number of com putational simulations. This C hapter will describe the relevant background 

material relating to wind turbine aerodynamics, including blade aerodynamics, a description 

of the atmospheric boundary layer (ABL), and near and far wake characteristics. A survey 

of existing wind turbine and wind farm experiments follows the aerodynam ic background 

material. Finally, a summary of the various means of studying wind turbine performance 

with com putational methods will be presented.

2.1 W in d  T u rb in e  A e r o d y n a m ic s

The aerodynamic environment of wind turbines involves a num ber of unsteady three- 

dimensional effects. Their operational environment includes the effects of atmospheric 

turbulence, the atmospheric boundary layer, directional and tem poral variations in wind 

shear and therm al stratifications [8], These unsteady effects cause a wide range of unsteady

17
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loads, which are compounded by the effects of turbine yaw m isalignm ent, tower and hub 

interference, and turbine wake interaction in wind farms.

2.1.1 B la d e  A ero d y n a m ics

Horizontal axis wind turbines generate torque as a result of the  lift produced by the 

rotor blades. A schematic of the aerodynamic loads generated by a turbine rotor can be 

seen in Figure 2.1. The airfoil cross-section inset in Figure 2.1 illustrates th a t the wind 

turbine blades have a positive pitch angle (/?) into the wind direction. This results in a low 

angle of attack (a) and a lift vector th a t is inclined in the direction of rotation. The lift 

and drag vectors can be decomposed to produce a tangential force (Fran) in the direction 

of rotation and a th rust force {Fxhmst) in the axial direction. T he tangential and thrust 

forces of a wind turbine determine its performance as they relate to  the torque generation 

(Q ) of the rotor and the velocity deficit in the wake, respectively.

The th ru st force, torque, and power of a wind turbine are frequently non-dimensionalised 

in order to compare various rotor designs. The th ru st (CY). torque (Cq). and power 

coefficients (Cp) are defined in Equations (2.1) to (2.3) and are functions of the air density 

(p ). the swept area of the rotor blades (A^ep/)^ and the freestream  wind speed (U0c). The 

th rust coefficient relates to  the mom entum deficit in the wake and  the power coefficient is 

frequently interpreted as the efficiency of a rotor, as it represents the relationship between 

the power extracted by the rotor and the power available in the  area swept by the rotor 

blades. The mechanical power generated by the turbine (P ) is calculated as P  = Quj. where 

uj is the rotational speed of the turbine.
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Tan

Thrust

Torque

Tan angle of attack —

blade pitch

Thrust

V r
Direction o f Rotation

Forces at a blade section

Figure 2.1: Loads generated by a wind turb ine rotor.

° Q 0 b p R A „ , U l  ( 2 - 2 )

C p  =  0 .Sp a L piU L  (z3>

The tip speed ratio of a turbine represents the ratio of the velocity of the blade tip to 

the incident wind speed and is defined in Equation (2.4). where w is the rotational speed
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of the turbine. R  is the rotor radius, and Ux  is the inflow speed. The tip  speed ratio of

commercial-scale wind turbines typically ranges from 6-8 over the range of mean annual 

wind speeds.

The lift and drag properties of a wind turbine will be associated to the Reynolds number

number used to compare wind turbine designs is based on the turb ine diam eter and the 

freestream wind speed.

The power generated by horizontal axis wind turbines can either be regulated using 

pitch-controlled or stall-controlled turbine blades. In pitch-controlled turbines, the pitch 

angle of the turbine blades is adjusted based on the incident wind speed measurements 

during operation to m aintain constant rotor rpm  and to regulate power output. This allows 

the angle of attack to remain low throughout the operational regime of the turbine and 

allows the rated turbine power to  be controlled over the rated wind speeds. If the incident 

speed is too high and risks damaging a turbine, the blades are rotated to the feathered 

position and the turbine is stopped [9].

Stall-controlled turbines however, have a fixed blade pitch angle and their blades are 

designed to operate in a fully stalled flow regime at and above the turbine's rated wind 

speed. Stall-regulated blades rely on passive stall control to regulate the power generated

u R
(2.4)

of a local blade section. In order to compare different turbine designs, the Reynolds number 

based on the blade speed a t the tip  (U1ip) and the chord a t the tip {cixp) is defined in Equation

(2.5), where u is the kinematic viscosity of the fluid. An alternate definition of the Reynolds

(2.5)
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by the rotor and to m aintain constant rotational frequency. T his approach is described 

schematically in Figure 2.2 where a turbine blade section is shown a t both  a low wind speed 

and a high wind speed. The fixed blade pitch angle (/?i) is assum ed to be positive towards 

the feathered position and the tangential velocity (Vrof) of a particu lar spanwise section 

is assumed to  be constant throughout the operational range of the turbine. Figure 2.2 

dem onstrates th a t the blade section angle of attack (a) will increase with the wind speed. 

At wind speeds th a t correspond to the rated power of a turbine, a  will be higher than  the 

critical angle of attack {astau) where the blade section begins to experience stalled flow. At 

the rated turbine power, a varying degree of stall occurs over th e  blade sections and the 

rotor power is controlled by the am ount of aerodynamic stall occurring over the span of the 

rotor blade. There has recently been renewed interest in stall-regulated rotors for offshore 

wind turbines, since eliminating pitch-control mechanisms could reduce complexity, weight, 

and cost.

2 .1 .2  T h e  A tm o sp h er ic  B o u n d a ry  Layer

Wind turbines operate within the lower portion of E a r th ’s atm osphere and are subjected 

to wind shear from the ABL th a t creates unsteady rotor loading. The ABL height can 

range from approximately 200 m to  over 1 km depending on the  therm al stratification in 

the atmosphere [21]. Unstable atmospheric conditions typically occur during the day when 

surface heating creates large-scale vertical convection cells and a  thick ABL [21], Stable 

atmospheric conditions will typically occur at night when the surface is cooler than  the 

surrounding air. resulting in a relatively thin ABL. In this case, turbulence is not typically 

generated by large-scale eddies but is instead dom inated by frictional effects and the surface 

roughness of the ground [21], N eutral atmospheric conditions will occur in the late afternoon 

in strong winds if the air rising from the heated ground is in therm al equilibrium with the 

ambient air. In addition to  buoyancy effects, surface roughness will modify the shape and
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Direction of Rotation

wind

(a) Low  w ind  speed.

Direction of R otation

wind

Vrot=wr
(b ) H igh w ind speed  - stall control.

Direction of R otation

wind

(c) H igh w ind  speed  - p itch  contro l.

Figure 2.2: Regulating power ou tpu t using stall control or pitch control.

thickness of the atmospheric boundary layer. A schematic of the atm ospheric boundary 

layer profiles over smooth offshore and rough onshore terrain  is presented in Figure 2.3. This 

highlights the gradient in the boundary layer th a t onshore wind turbines, which typically 

have a hub height of 100 m, are exposed to.

The profile of the atmospheric boundary layer is frequently approxim ated using a power 

law. as described by Equation (2.6), where U is the speed at a  particular height 2 . Us is
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F ree A tm osphere Z = 500 - 1000 m

Boundary Layer Height

Z = 200-300 m

Boundary Layer

Z = 100 m

Figure 2.3: Schematic of the atmospheric boundary layer over sm ooth and rough terrain.
Not to scale.

the speed at a reference height <5, and a  is the desired power law exponent. The power law 

exponent is related to a  roughness length th a t characterises the flow over a particular type 

of terrain. Although the ABL profile is typically approxim ated w ith a power law in wind 

energy research, the profile is more commonly approxim ated w ith a logarithmic profile in 

the atmospheric sciences.

-  =  FVUs \ 6 JUs
(2 .6 )

2 .1 .3  W ake D ev e lo p m en t

The evolution of the wake will depend on the atm ospheric turbulence intensity, the 

surface roughness of the local environment, the presence of wind shear and gusts, and any 

topographic effects. The wake is typically characterised by two regions: the near-wake 

and the far wake, as indicated in Figure 2.4(a). The near-wake region typically extends 

2 diameters (D) to 4D downstream of the rotor and the far wake can extend to 15-20D 

downstream, depending on the atm ospheric conditions [9].
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In uniform inflow conditions, the initial velocity distribution in the near-wake has a 

relatively flat profile, as seen in Figure 2.4(a) and is dependent on the ambient wind speed 

and the rotor thrust. Immediately downstream of the rotor, the velocity difference between 

the freestream and the wake creates a shear layer th a t will thicken downstream of the 

rotor because of turbulent mixing [21]. The wake expands as m om entum  is transferred to 

the wake through the turbulent mixing between the wake and the freestream allowing the 

velocity deficit to gradually recover downstream [22]. The mixing process and the shear layer 

thickening in the near-wake is illustrated schematically in Figure 2.4(a) and the centreline 

speed upstream  and downstream of the rotor in Figure 2.4(b) illustrates the deceleration 

upstream  of the rotor and the gradual velocity deficit recovery.

uniform inflow mixing region
approxim ately velocity deficit

G au ss ia n  profile recovery (>10D)

sh e a r  layer
tip vortices\ m

- i

near wake 
< 2D

far wake 
> 2D

(a) Schematic of the near and far wake in uniform flow. Adapted from [21].

Rotor P lane Location
D

oO
0)>

Downstream  D istance, X
(b) Centreline flow speed upstream and downstream of a turbine.

Figure 2.4: Description of wind turbine wake evolution.
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The momentum extraction a t the rotor plane will slow down the upstream  air ap

proaching the rotor. The axial induction factor (a) is used to  characterise the speed of the 

incident flow a t the rotor plane (Up)  according to Equation (2.7). The axial induction is 

related to the th rust coefficient of a  turbine and the downstream  wake expansion profile 

and characterises the decrease in mean speed upstream  through the  rotor plane.

UD = U0C( l - a )  (2.7)

A larger th rust coefficient produced by the rotor will create a higher axial induction 

factor and will result in a larger velocity deficit behind the rotor. This will in turn  create 

a larger shear between the freestream and the near wake. T he end of the near wake 

corresponds to the location where the shear layer has thickened to the turbine axis, as 

indicated in Figure 2.4(a). In addition to the atm ospheric turbulence and the mixing 

occurring in the shear layer, the shed vortices from the blades and mechanical turbulence 

from the nacelle and turbine tower will also increase the turbulence in the wake.

The idealised model presented earlier in Figure 2.4 neglects im portan t flow features such 

as tip vortices and the ABL th a t alter the representation of the wake. The lift-generating 

nature of wind turbine blades results in vortices which are continually shed into the wake of 

the turbine. The vorticity along the blades will roll-up into a tip  vortex and into a weaker 

root vortex and these helical structures propagate downstream. A schematic of the tip 

vortex shed from a single blade is shown in Figure 2.5(a). The cut-plane through the helical 

tip vortices shown in Figure 2.5(b) highlights the tip vortices shed by successive blades and 

is based on an image recorded recorded during the current research. The tip vortices will 

merge, diffuse, and grow in diam eter in the near wake region, and although the distinct tip 

vortex cores are only present for 1-3D downstream of a turbine, the presence of the merged 

vortex structures can be sensed further downstream in the far wake.
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(a) Schematic of a helical tip vortex.

(b) Tip vortices at plane A -A ’.

Figure 2,5: Representation of tip  vortex shedding from a three-bladed wind turbine.

In addition to  the presence of helical tip  vortices, the presence of the ground and the 

velocity profile of the ABL will cause the velocity and turbulence intensity profiles in the 

wake to differ from the idealised wake behaviour previously-highlighted in Figure 2.4(a), 

There will be a larger amount of mixing in the upper part of th e  wake and less mixing 

in the lower part of the wake due to the shear created by the ABL. This results in an 

asymmetric velocity profile and two peaks in the turbulence intensity {Tu)  profile in the 

wake of the rotor, as highlighted by the schematics in Figure 2.6. The turbulence intensity 

is defined in Equation (2.8) and is normalised using the mean reference speed at hub height 

for consistency with results presented in wind turbine literature [16].
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Figure 2.6(a) illustrates the gradient in the ABL upstream  of the turbine, and normalised 

velocity profiles in the wake th a t are representative of conditions observed 3D. 5D. 7D. and 

9D downstream of a turbine. Likewise, the turbulence intensity profile in the upstream  

ABL and the turbulence intensity profiles in the wake 5D. 7D. and  9D downstream of a 

turbine are highlighted in Figure 2.6(b). Note th a t the turbine hub height is assumed to 

be located a t Z f D  =  1 and the turbine blades would extend vertically from Z / D  =  0.5 

to Z / D  =  1.5. In the far wake, the velocity deficit recovers more rapidly than  the added 

turbulence in the wake decays. The velocity deficit generally recovers in approximately 10D 

to 15D downstream but the increased turbulence intensity in the  wake can be observed 

15D to 20D downstream of a rotor and this behaviour increases the unsteady loading on 

downstream turbines in a wind farm [9.16].

1.5

Hub Height Hub Height
05 05

0.5 0.5

0.5 0.75 1.0 1.25 0.1 0.20.5 0.15

U/Ure( Tu

(a) Velocity profile in the wake. (b) Turbulence intensity profile in the wake.

Figure 2.6: Schematic of velocity and turbulence intensity profiles in an atmospheric
boundary layer. A dapted from [16].

2 .1 .4  W in d  Farm  P erform an ce

The power output of a wind farm is typically degraded due to  the wake effects present 

in grid-aligned configurations. The overall efficiency of a wind farm  including wake effects 

can be characterised using the array efficiency (r\aTTay) param eter. The array efficiency of a
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wind farm can be calculated with Equation (2.9). where N  is the num ber of turbines being 

considered. P, is the power ou tpu t of a particular turbine, and Pa is the power output of 

a clean, undisturbed turbine, where Pa is typically selected as the power ou tpu t from an 

upstream  turbine th a t is not exposed to any wake effects. In  this way. the array efficiency 

can be interpreted as the power ou tpu t generated by the wind farm  considering wake effects 

compared to the same wind farm w ithout wake effects.

1 P
V a r r a y  =  ^  p "  ( 2 - 9 )

i=l °

2.2  R e v ie w  o f  E x is t in g  E x p e r im e n ts

This section describes many of the recent experim ental efforts th a t have attem pted 

to characterise various aspects of horizontal axis wind turbine performance. The review 

will highlight undertakings th a t considered isolated rotor performance, blockage effects, 

challenges associated with scaling, wake interaction effects, examples of scaled wind farms, 

and will identify some of the novel approaches th a t have been taken to increase the 

performance of wind farms. A detailed review of wind turb ine experim ents th a t focused on 

the near wake and far wake regions was given by Vermeer et al. in 2003 and summarized 

the major experimental efforts conducted between 1978 and 2001 [19]. A summary of 

the pertinent experiments to this thesis th a t have been published (with a few exceptions) 

since 2001 has been compiled in Table 2.1. The prim ary dimensions of the rotors and 

the test sections in which they were evaluated, the blockage ratio. Reynolds numbers, and 

information regarding the available measurements in each cam paign are summarized in 

Table 2.1. Only the name of the first au thor associated w ith each experim ent is shown in 

Table 2.1 for compactness.
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2.2.1 S in g le  R o to r  E x p erim en ts

A significant number of experiments has focused on characterising the performance of 

a single, isolated wind turbine. The size of these rotor models - frequently on the order 

of 1 m - presents an opportunity to study blade loads, tip  vortex development, and rotor 

performance. M easurements in the far wake are not frequently conducted with large rotor 

models, however, due to the size of the experimental facility th a t wrould be required. Tip 

vortex tracking downstream of two-bladed rotors has been conducted by several authors 

at the Delft University of Technology (TU Delft) in Refs. [25,40,52] and tip vortices shed 

from three-bladed rotors were identified using PIV in Refs. [44.53]. One such experiment 

performed by Haans et al. used quantitative smoke visualisation to measure tip vortex 

core locations in axial and yawed flow conditions behind a 1.2 m diameter, two-bladed 

rotor in an open-jet wind tunnel [40]. The tip vortex core locations were identified and 

dem onstrated good agreement with tip vortex traces th a t had been previously-recorded 

using a HWA with the same rotor [52]. The results presented in Ref. [40] established a 

linear relationship between the rotor th ru st coefficient and the skew angle of the wake 

when the turbine was operated with 15°. 30°. and 45° of yaw. A nother recent experiment 

conducted by Akay et al. investigated the initial wake expansion behind a wind turbine in 

the 3 m diam eter open-jet wind tunnel at TU Delft [25], The tip  vortex paths in the near 

wake of the turbine were identified in Ref. [25] with stereoscopic PIV and were compared 

to CFD predictions. The associated CFD com putations were conducted with one domain 

tha t mimicked the experimental open-jet geometry and another th a t reflected freestream 

conditions and were designed to evaluate the effect of the tunnel geometry on the computed 

initial wake expansion. However, the results of the CFD com putations were inconclusive.

Many wind turbine experiments have been conducted in w ater channels or flumes due 

to the beneficial increase in Reynolds number th a t these facilities can provide. Icing effects
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on wind turbine blades were investigated by B arber et al. in a w ater tow tank at ETH 

Zurich [54]. The three-bladed wind turbine used rotor blades tha t were 1/33 scale versions 

of those used on the National Renewable Energy Laboratory (NREL) Phase VI turbine. 

The work evaluated the effect of various ice shapes along a rotor blade and identified tha t 

ice accretion on the outer 25% of a  rotor blade is the most deleterious to wind turbine 

performance. A water channel experim ent conducted in 2000 by Whale et al. recorded 

PIV measurements of the near wake behind a two-bladed wind tu rb ine  [49]. The tip vortex 

core locations identified through PIV  dem onstrated reasonable agreem ent with predictions 

from a free-wake com putational code. Scaled marine turbine experim ents performed by 

Bahaj et al. in a cavitation water tunnel and in a tow tank provide additional insight 

for testing wind turbine rotors in w ater [30]. Limits for cavitation on the rotor blades 

were established visually and the Cp  and Cp  curves were evaluated over a wide range of 

conditions. The marine current turbine was tested a t two tip immersion depths (0.55D 

and 0.19D) in the tow tank in order to identify surface effects on the rotor performance. 

When the blade tip was 0.55D below the water surface, the power coefficient results closely- 

matched experiments in equivalent conditions in a cavitation tunnel, indicating th a t surface 

effects were not significant with the larger of the tw'o tip immersion depths. W hen the blade 

tip was only 0.19D below the surface of the water, a  reduction of 10-15% in Cp  was observed, 

however [30].

The NREL Unsteady Aerodynamics Experim ent (UAE) Phase VI was performed 

throughout 1999 and 2000 using a 10 m diam eter wind turbine installed in the NASA Ames 

24 m x 36 m wind tunnel and is the largest scaled wind tu rb ine experiment conducted 

to date. A twisted, two-bladed, stall-controlled rotor was tested  to characterise blade 

loads and rotor torque in an experiment with a Reynolds num ber tha t was representative 

of commercial-scale conditions. A sum m ary of the experim ental results can be found in 

Ref. [48] and a complete description of the test plan, model geometry, instrum entation, and



Chapter 2 34

calibration procedures can be found in Ref. [55]. A blind code com parison was performed as 

part of the experiment with 30 researchers from 18 participating universities, government 

laboratories, and industrial partners in Europe and the United S tates. Participants were 

provided with the model geometry and test conditions, bu t did not have access to the 

test results until they had subm itted their respective m odel's predictions. The codes tha t 

were tested ranged from blade element models, prescribed-wake models, free-wake models, 

and full Navier-Stokes codes [48], The published results of the com parison dem onstrated 

significant am ounts of variability in prediction accuracy, little consistency between codes, 

and a limited ability to capture the aerodynamic effects occurring on the turbine [48.56]. In 

0° yaw. steady-state, unstalled conditions, the power predictions ranged from 25% to 175% 

of the measured da ta  and a t higher wind speeds, where dynam ic stall and unsteady blade 

loading is present, the predicted power was 30% to  275% of the measured d a ta  [48], Only 

one of the com putational codes involved in the comparison accurately predicted the torque 

output of the rotor - the EllipSys3D incompressible Navier-Stokes solver from Riso [48]. 

However, each simulation with this particular com putational code required days to perform 

and yawed- fiow cases could not be considered as part of the comparison [48].

The NREL experiment produced a very valuable database th a t  contained turbine loads 

and torque, but the ffowfield near the rotor was not analysed, w ith the exception of 

qualitatively-observing tip  vortices with smoke visualisation. In  order to  characterise the 

rotor ffowfield in a wider range of flow conditions. The M odern Experim ents in Controlled 

Conditions (MEXICO) wind turbine experim ent was subsequently conducted in 2006 in 

the 9.5 m x 9.5 m DNW open-jet wind tunnel in the N etherlands. The three-bladed wind 

turbine was instrum ented with pressure taps and load cells, and the wind tunnel was seeded 

with bubbles in order to conduct PIV  of the rotor inflow and the  near wake development, 

including tip  vortex tracking [53]. The wind turbine rotor blades were composed of three 

airfoils th a t ranged from the DU91-W2-250 wind turbine airfoil near the root, to the RIS-
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Al-21 airfoil and finally to the NACA 64-418 airfoil for the outboard  25% of the blade.

A more recent blind comparison study was organized by K rogstad and Eriksen in an 

attem pt to  evaluate the improvements th a t have been made in com putational modelling 

since the NREL Phase VI experiment [57], 11 participants from 8 organisations were invited 

to deliver power and th ru st curves along with the wake velocity deficit and turbulence 

kinetic energy predictions a t downstream planes of X /D  =  1, 3, and 5. The rotor tha t 

was studied was a 0.894 m diameter, three-bladed wind turbine and the rotor blades used 

the NREL S826 wind turbine airfoil. The speed in the wake had been determined with a 

cross-wire hot-wire probe. The codes th a t were used for the blind predictions ranged from 

blade element momentum theory (BEM T) com putations to Large Eddy Simulation (LES). 

The results indicated th a t the Cp  curve of the rotor was predicted to within ±10% of 

the measurements and th a t the th ru st coefficients were consistently underpredicted by the 

majority of the codes [57]. The velocity deficit predictions in the wake a t three downstream 

planes typically failed to capture the asymm etry th a t was observed downstream of the rotor 

and the particularly large tower effects in this experim ent [57], The com putations conducted 

with RANS solvers typically had as much variation from the experim ental results as LES 

predictions. Despite some large errors in the predicted turbulence kinetic energy, the results 

of this blind comparison study more closely matched the experim ent when compared to the 

earlier NREL Phase VI blind comparison, and highlights the progress th a t has been made 

in modelling stall and spanwise flow along wind turbine blades. The blind comparison 

study built on preliminary studies using the same rotor th a t assessed the th rust and power 

characteristics of the 0.894 m turbine [58]. The near wake profile in axial and yawed flow 

was recorded using pitot tubes and a laser doppler anem om eter in this earlier study [58).

While the blind comparison organised by Krogstad measured velocity profiles up to 5D 

downstream of a 0.894 m rotor, far wake m easurements typically necessitate a smaller rotor 

model. A detailed study of wind turbine wake velocities and turbulence intensities was
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conducted by Chamorro and Porte-Agel in which the evolution of the wake downstream 

of a 15 cm diam eter wind turbine was characterised [16.34]. These measurements were 

recorded in the atmospheric boundary layer wind tunnel a t the University of M innesota's St. 

Anthony Falls Laboratory. Wake effects were characterised in neutral and stable boundary 

layer conditions [16.34]. Measurements recorded in a neutral boundary layer investigated 

roughness effects on the downstream wake development using a cross-wire hot-wire probe. A 

velocity deficit was still observed 15D downstream of the turbine and larger velocity deficits 

were typically present in smooth boundary layer conditions a t each downstream plane [16], 

Stable boundary layer conditions were subsequently created in an  atmospheric boundary 

layer wind tunnel using cooled m etal plates to create buoyant, or stratified conditions [34].

An alternative to a dynamic rotor model in a wind turbine experim ent is the use of a 

static mesh simulator. These can take the form of a porous m etal disc or a wire mesh tha t 

will experience a th rust coefficient similar to th a t imposed by a ro tating model. Aubrun 

et al. compared the wake generated by a 0.416 m diam eter, three-bladed wind turbine 

model with a wire mesh disc of the same diam eter and characterised the wake using two 

single-normal hot-wire probes [29]. The study established th a t the  lateral wake meandering 

phenomenon downstream of a turbine occurred downstream  of bo th  types of models and 

tha t a static mesh simulator was sufficient to generate a representative velocity deficit in 

the far wake [29]. Earlier work by the same authors in 2007 evaluated the relationship 

between the porosity level in a disc, the th ru st coefficient, and the velocity profile in the 

wake [28]. Medici and Alfredsson also compared the wake behaviour downstream of a 

porous disc to the wake generated by a two-bladed wind tu rb ine in 2005 [45]. The disc 

and turbine were operated at the same Reynolds number based on the freestream speed 

and the rotor diameter and flow measurements were recorded w ith a cross-wire hot-wire 

probe. The authors identified th a t large-scale vortex shedding differed between the static 

and rotating models [45]. The authors also observed evidence of tip  vortices far downstream
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in the wake, at X /D  =  9 whereas tip vortices are typically assumed to  dissipate within 3-4D 

of the rotor. Mvers and Bahaj also explored the use of porous discs to  mimic the behaviour 

of marine current turbines a t the University of Southam pton [59], T he work identified that 

the downstream velocity deficit was predom inantly dependent on the  turbulence intensity 

in the water flume [59].

2 .2 .2  B lock age E ffects

A particular concern in scaled wind turbine experim ents is the  effect of blockage on 

the downstream wake development. Blockage effects are caused by the confinement of the 

flow due to the presence of the test section walls. This will cause artificial flow acceleration 

around an object to preserve continuity and has a tendency to straighten out the streamlines 

travelling a  model. Additionally, blockage will lead to recorded forces and moments which 

are larger than  they would be if the same model was tested in the absence of walls. In 

general, blockage in a wind tunnel or w ater channel environm ent is characterised by the 

level of solid blockage occurring in the experiment. Solid blockage effects can be estimated 

based on the frontal area of the solid (and generally stationary) object being tested and 

any supporting structure near the measurement plane. Solid blockage in the context of a 

wind turbine experiment would be based on the frontal area of the turbine blades, the hub, 

and the tower. This definition, however, would underestim ate the effective blockage caused 

by the dynamic motion of the rotor and the associated wake blockage. A more appropriate 

and more commonly applied definition of blockage for wind tu rb ine experiments is based 

on the swept area of the rotor. The definition of blockage shown in Equation (2.10) th a t is 

characterised by the ratio between the rotor swept area and the cross-sectional area of the 

test section (Ax ) will be used throughout the thesis.
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Blockage = x 100 (2.10)

Excessive am ounts of blockage will cause artificial flow acceleration around an object 

in a closed test section which can modify the development of downstream  flow structures. 

On the other hand, large amounts of blockage in an open-jet te st section may cause the 

expanding wake and the mean flow field to slow down artificially. This is a concern as the 

factors influencing the wake expansion in wake interference experim ents should be limited 

to the surface representing the ground, neighbouring wakes, the tu rbu len t inflow conditions, 

and atmospheric stability. The extent of the blockage in a num ber of existing wind turbine 

experiments conducted in closed and open-jet test sections has been compiled in a histogram 

in Figure 2.7. If both closed and open test sections are considered, the blockage ratio within 

this sample of approximately two dozen experiments ranges from 1% to 53% [16,25.30.32. 

35,37]. Figure 2.7 also dem onstrates th a t the m ajority of existing experiments have been 

conducted with blockage greater than  10%. Given the wide range of blockage observed in 

literature, an understanding of blockage effects on the initial wake expansion is desirable in 

order to more carefully consider wake interference studies.

C losed  section

O pen section

5 10 20 30 More
Blockage [%]

Figure 2.7: D istribution of blockage in existing experiments. D ata  derived from 
Refs. [15-17. 23.25-27,30. 32.35.37. 39. 40.42.44.47. 49. 50.54.56].



Chapter 2 39

Analytical blockage corrections are the standard  way of correcting th ru st and power 

coefficients [30.60]. These differ from typical wind tunnel blockage corrections highlighted 

by Pope as a wind turbine is extracting energy from the flow [61]. A commonly used 

blockage correction for wind turbines is derived in Ref. [30], The correction, which will be 

described in C hapter 3. is solved iteratively and is dependent on the th ru st coefficient of 

the wind turbine, the turbine diameter, and the test section cross-sectional area. These 

corrections were applied extensively by B urdett and Van Treuren as p a rt of an experiment 

with several scaled wind turbines with blockage th a t ranged from 19% to 53% [32]. The 

work of B urdett and Van Treuren dem onstrated th a t blockage corrections could adequately 

correct recorded power coefficients even at the very high blockage of 53%. Despite their 

ability to account for the effects of blockage on power and th ru st coefficients, corrections are 

seldom implemented in literature when blockage approaches 10%. Experim ents by Barber et 

al. [54], Adaram ola and Krogstad [23], B artl [62] and the NREL Phase VI experiment [48] 

had blockage th a t ranged from 7.1% to 13.5% and did not apply blockage corrections. 

The accuracy of neglecting blockage effects on the recorded th ru s t and power coefficients 

will depend primarily on the th ru st coefficient under consideration based on the blockage 

correction model of Bahaj et al. [30].

Chen and Liou determined the blockage factor required to correct th rust and power 

da ta  experimentally in a wind tunnel in 2011 [35]. This was accomplished by recording the 

centreline speed 1 m upstream  of the rotor plane w ith and w ithout a wind turbine installed 

in the test section. Three separate rotors were used with blockage th a t ranged from 10.2% 

to 28.3%. The authors confirmed th a t the blockage correction factor was dependent on the 

rotor diameter. The required correction was also dependent on the tip  speed ratio of the 

turbine and the blade root pitch angle, as each of these param eters will affect the thrust 

generated by a turbine. The correction factors th a t were determ ined experimentally had 

a similar m agnitude to the analytical corrections implemented by Bahaj et al. [30], While
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this reinforces the applicability of the analytical corrections, the effect of blockage on the 

development of the wake was not considered in Ref. [35].

A detailed investigation into tunnel blockage effects created by small vertical axis wind 

turbines (VAWT) was presented in 2011 by Ross et al. [63]. and identified a tolerable 

blockage limit of 3.8% before the recorded power coefficients were influenced by the VAWT 

and its asymmetric wake. The effect of wind tunnel blockage on the expansion of the wake 

downstream of scaled horizontal axis wind turbines in closed test sections, however, has not 

been treated explicitly in literature, to the au thor's  knowledge.

2.2 .3  R ey n o ld s  and sca lin g

Despite the increasing number of wind turbine experim ents available in literature, scaling 

effects are still not well understood. Several recent m easurem ent cam paigns were conducted 

with Reynolds numbers based on the blade tip speed and tip chord (Reup) on the order of 

103 to 104 [16.26,35,44,47,49] and additional medium-scale experim ents have considered 

Reynolds numbers ranging from 105 to 2 • 105 [23.30,38,40,54].

The large-scale MEXICO and NREL UAE Phase VI turbines were tested at Reynolds 

numbers tha t ranged from 5 ’ 105 to 106 [17,56]. Several recent experim ents have considered 

scaled versions of full-scale experimental wind turbines. The experimental campaign 

presented by Cho and Kim assessed the performance of a 1/2.25 geometrically-scaled version 

of the MEXICO rotor [36]. T hat medium-scale experim ent measured the torque output of 

the rotor when the rotor blades were operating in free lam inar-to-turbulent transition and 

forced transition to turbulence conditions. The torque coefficient was dependent on the 

transitional behaviour of the airfoils along the rotor blade span and on the Reynolds number 

based on the tip  conditions, bu t a comparison was not made with full-scale results [36]. Xiao 

et al. used PIV to evaluate the initial wake expansion downstream  of a 1/8 scaled version
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of the NREL UAE Phase VI rotor [50]. The initial wake expansion was assessed using 

the tip vortex core locations, but could not be compared to  the full-scale experiment, as 

wake expansion was not quantified in the full-scale cam paign [56], Additionally, experiments 

presented in Refs. [31.54] measured the rotor performance and velocities in the wake behind 

three-bladed wind turbines th a t used 1/33 scale versions of the NREL UAE Phase VI 

rotor blades. The power measurements recorded in the scaled te st by B arber et al. were 

corrected for Reynolds number effects and dem onstrated good agreement with the full- 

scale NREL values [54]. A set of experiments conducted by B urdett and Van Treuren 

tested the performance of wind tunnel models th a t had been dimensionally-scaled while 

maintaining Reynolds similarity [32]. The power curves generated by the three tested 

rotors with different diameters but a t consistent Reynolds num bers dem onstrated consistent 

performance [32].

One of the most comprehensive assessments of Reynolds num ber effects in literature was 

recently published in 2012 by Cham orro et al. [64]. The authors evaluated the mean speed 

and turbulence statistics in the wake of a 15 cm diam eter wind tu rb ine using a cross-wire 

hot-wire probe. The Reynolds numbers th a t were considered in the experiment ranged 

from 16,000 to 173,000 based on the speed a t hub height and the turbine diam eter (Rep).  

The authors found th a t the mean velocity profile became independent of Reynolds number 

when R eo  ~  48. 000 [64]. Additionally, the turbulence statistics became independent of the 

Reynolds number when R ep  was a t least 93.000 [64]. The dependence of the rotor loads on 

the Reynolds number was not identified by Cham orro et al.. however [64].

Although a formal scale classification for the above-mentioned experiments does not 

exist, in the current work, small-scale refers to  experim ents where the tip Reynolds number 

is on the order of 103 to 104 and medium-scale refers to experim ents where the Reynolds 

number is on the order of 105. The MEXICO and NREL UAE Phase VI experiments are 

classified here as large-scale experiments. The Reynolds num ber based on the tip speed
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and tip chord of a number of experiments is plotted with respect to rotor diam eter in 

Figure 2.8. highlighting the range of scales th a t has been considered in experiments to date. 

Representative d a ta  for several commercial-scale horizontal axis wind turbines have been 

included in Figure 2.8 and these wind turbines have a Reynolds num ber on the order of 106 

and diameters th a t range from 80 m to  160 m. The Reynolds num ber range considered in the 

current study varies from 3,620 to 47,000 and this range is com pared to  existing experiments 

in Figure 2.8. It has been discussed in Refs. [65] and [66] th a t the  Reynolds number will 

have a minor influence on the wake behaviour above a  lower lim it of approximately 1,000. 

based on com putational analysis of the inflow behaviour of the ro tor using an actuator disc 

com putational method. It was, however, desired to experim entally-evaluate the effect of 

the Reynolds number on the initial wake expansion downstream  of a model rotor to gain 

an improved understanding of the potential lim itations of scaled wind turbine experiments.
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2 .2 .4  W ake In terferen ce  E ffects

The improved understanding of wake development downstream  of single rotors has 

led to a number of wake interference experiments. These wake interaction studies have 

predominantly focused on understanding the effect of an upstream  turbine wake on the 

power deficit experienced by a longitudinally-aligned, downwind rotor. One such experiment 

was conducted by Maeda et al. using two rotors with longitudinal separation [42]. The 

longitudinal separation between the rotors was varied from 3D to 10D and the downstream 

rotor was also given a lateral offset ranging from ±2D  from the centreline. The study 

was designed to measure the blade loads in full-wake and partial-wake flow conditions. 

Several wake effect characteristics were identified in Ref. [42] including the presence of an 

asymmetric wake, and th a t adjusting the location of downstream rotor by ±  1.5D from the 

centreline removed the rotor from the upstream  wake effects. F luctuations in blade flapping 

moments and tower moments were observed to be a maximum when the downstream rotor 

was offset from the centreline by 0.25-0.375D. The study did produce uncharacteristically 

large power losses at the downstream rotor, however, which were 85% at a downstream 

distance of 3D and were still 65% 10D downstream [42].

Recent experiments conducted in the water tow-tank a t ETH-Zurich by Barber et al. 

and Tsalicoglou et al. evaluated various interference effects using twro longitudinally-aligned 

turbines [31.67]. In the first instance, the wake speed dow nstream  of the upstream rotor 

was determined in uniform flow using an acoustic doppler velocimeter (ADV). Barber et 

al. identified th a t the measured wake profile differed from the typically-assumed Gaussian, 

axisymmetric profile implemented in -wake models. The possible errors in predicting the 

annual energy output of a wind farm th a t result from typical wake model assumptions 

were subsequently evaluated using a BEM T model in Ref. [31]. The authors identified 

tha t the assumption of a purely Gaussian velocity profile led to  higher errors than other
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BEM T-related assumptions when com puting the annual energy production of a wind farm. 

A separate experiment conducted by Tsalicoglou et al. in the sam e tow tank investigated 

the effects of the wind inclination angle due to terrain effects on wind farm performance 

using two rotors [67], The experimental setup was designed to mimic inclined wake effects 

tha t occurred between two, longitudinally-aligned but vertically-separated wind turbines 

installed on a hill. The downstream separation varied from 3D to 6.5D and the flow 

inclination angle of 15° was achieved by tilting the rotors in the w ater channel. The study 

dem onstrated th a t a downstream rotor in axial flow generates 45% less power than the 

upstream rotor, but tha t the drop in power was less significant in inclined flow due to the 

deflection of the wake by the upstream  rotor [67].

A comprehensive wake interference study was conducted by A daram ola and Krogstad 

using two 0.9 m diameter wind turbines with a longitudinal offset th a t was varied from 

3D to 9D [23]. The work conducted in Ref. [23] evaluated the effect of the operating 

conditions of the upstream  rotor on the downstream rotor's performance, including the 

effects of tip speed ratio, yaw angle, and blade pitch angle. The performance loss of a 

downstream turbine was up to 45% compared to the upstream  tu rb ine in a longitudinally- 

aligned configuration. The authors identified th a t the overall array efficiency of the two 

turbines could be increased by modifying the yaw angle of the upstream  rotor in order to 

partially deflect the wake. An alternate method of increasing th e  array efficiency was by 

either changing the tip pitch angle or the tip speed ratio of the upstream  turbine in order 

to reduce its th ru st coefficient. This approach reduced the losses of the downstream turbine 

by 5% to 10% [23], Two wind turbines with similar diam eters to the experiment presented 

by Adaramola and Krogstad were used in an experim ent presented by Bartl in 2011 [62], 

The upstream  rotor in Ref. [62] had a diam eter of 0.94 m and th e  downstream rotor had 

a diameter of 0.9 m and both turbines had a NREL S826 airfoil. The performance of the 

dowmstream turbine was evaluated wdth longitudinal separation distances of 3D and 5D.
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In addition to recording power and th rust data. B artl also characterised the wake velocity 

profiles using a single-normal hot-wire probe [62].

Meyers and Meneveau investigated optimal turbine spacing distances of very large wind 

farms using an optimisation model th a t was refined using LES of a large wind farm [68]. In 

very large wind farms (on the order of 10 km long), the surface roughness created by the 

scattered wind turbines will modify the boundary layer profile and will lead to a decrease in 

the hub speed far downstream. Meneveau and Myers evaluated the equilibrium boundary 

layer th a t developed over a variety of wind farm configurations and  developed a cost ratio 

for optimisation th a t included the costs of land use and the cost per turbine in the farm [68]. 

Based on their work, the authors suggested th a t an optim um  longitudinal spacing distance 

between turbines th a t considers the boundary layer development as well as land use and 

turbine costs may be approximately 15D [68].

Despite the increasing number of wake interaction studies available in literature, the 

lateral spacing between wind turbines within a row has not been thoroughly evaluated. The 

hub-to-hub spacing between wind turbines in a wind farm has historically been on the order 

of 5D to 7D for irregular, onshore wind farms. Recent wind farms have been installed with 

hub-to-hub separation distances of 3.1-4.5D in the predom inant wind direction, however 

[11,69], Hossain et al. examined the use of a wall of m icroturbines in order to provide 

a windbreak for agricultural or urban purposes while still generating electricity [41]. A 

5 x 5  vertically-mounted array of 5 cm diameter, four-bladed. wind turbines was tested 

in a wind tunnel with a 0.2D gap width between blade tips. Downstream HWA and PIV 

measurements dem onstrated th a t wake recovery was significantly delayed downstream of the 

array compared to the wake recovery downstream of a  single rotor [41]. The gap between 

blade tips in the previously-described static mesh sim ulator wind farm was 2D. but lateral 

interference effects were not noted [28]. As part of a marine curren t turbine study. Bahaj 

et al. tested the effect of a lateral tandem  rotor arrangem ent w ith a gap width tha t ranged
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from 0.5D to 0.0125D [30]. Interference effects from one rotor to the  main test rotor were 

not apparent in Ref. [30], however. A recent marine current tu rb ine experiment conducted 

by Myers and Bahaj investigated the use of two-row arrays using porous m etal discs to 

represent the effect of marine turbines [46]. Two upstream  turbines were arranged with 

a 1.5D gap between the discs and a third, downstream rotor was located 3D downstream. 

The work presented in Ref. [46] indicated th a t the th ru s t coefficient of the central disc could 

be increased due to accelerated flow through the upstream  gap. In addition to the work of 

Myers and Bahaj, the tidal turbine community has recently been investigating the concept 

of a tidal fence, or a linear array of tidal turbines across a partially blocked channel using 

com putational m ethods in order to improve the yield of these turbines [70-73].

2.2 .5  S ca led  w in d  farm s

In order to  extend the knowledge gained from two-rotor wake interference experiments 

and to improve the fundamental understanding of wake development in a  wind farm, several 

researchers have conducted scaled wind farm experiments. The earliest example of an 

experiment w ith a  scaled wind farm configuration in a wind tunnel was conducted by 

Ainslie et al. in 1989. The experiment used three-bladed wind turbines and was used to 

validate a novel wake model [22,24].

Despite the knowledge gained as a  result of the work by Ainslie et al., additional scaled 

wind farm experiments have only appeared in literature since 2004. A ubrun conducted 

experiments on a scaled wind farm composed of 9 static mesh discs in flow conditions 

representative of an offshore ABL [28]. The discs were arranged in a 3 x 3 grid configuration 

with 3D longitudinal and lateral separation. The speed in the wakes of the discs was 

determined using a triple hot-fibre probe and the th ru st coefficients of the turbine simulators 

were back-calculated by integrating the velocity deficit. The authors remarked th a t the
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decreased wake speed downstream of the first row of turbines resulted in a decrease in the 

power coefficient of approxim ately 60% at the second row of discs, bu t th a t the third row 

experienced similar ou tpu t to  the second row [28].

A similar wind farm configuration was evaluated at Carleton University using 9 scaled 

wind turbine models [74]. The wind farm was arranged in a 3 x 3 grid with 2D lateral 

separation and 5D longitudinal separation between rows. The electrical power output of 

the turbines was calculated and dem onstrated th a t the power ou tpu t in the second row of 

turbines was reduced by 45% compared to the upstream  row. The power ou tpu t in the third 

row of turbines was similar to th a t of the second row and followed the expected behaviour 

also noted in the experimental work of A ubrun et al. and in the full-scale measurements at 

the Horns Rev wind farm [10,28].

Two scaled wind farm experiments published in 2011 by Cham orro et al. and Chamorro 

and Porte-Agel investigated grid-aligned and staggered wind farm configurations [75.76]. 

The first of these experiments arranged 30. 15 cm diam eter wind turbines in a 10 x 3 grid, 

with 4D lateral separation within a row and 5D or 7D longitudinal separation between the 10 

rows [75]. Velocity profiles were measured along the centreline of the middle column in the 

wind farm using a cross-wire hot-wire probe and were observed to reach an equilibrium 

condition 4-5 rotors into the wind farm. Tip vortex signatures were also observed 5- 

7D downstream of the turbines. The authors identified th a t very large wind farms may 

be idealized as a case of surface roughness with a transition region followed by a fully- 

developed region [75], Subsequent work by the lead au thor investigated a 10-row wind farm 

where the rows contained alternating numbers of turbines (either 2 or 3) in a staggered 

arrangem ent [76]. Turbines were separated by 4D in the lateral direction and adjacent rows 

of turbines were separated longitudinally by 5D. The authors identified th a t the staggered 

arrangement produced 10% more power than  the grid-aligned placement of turbines by 

effectively increasing the wake recovery distance and the m om entum  transfer to the wake
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between successive longitudinal turbines. It was also observed in Ref. [76] th a t the internal 

boundary layer th a t forms over the wind farm developed more slowly with a staggered 

arrangem ent compared to a grid-like configuration.

Several compact wind farm configurations were evaluated by Ozbay in 2012 in the 2.4 

m x 2.3 m atmospheric boundary layer wind tunnel at the Iowa State University [77]. 

The author evaluated a number of wind turbine configurations using 0.254 m diameter 

turbines, including a  3 x 3 grid of turbines with 3D lateral separation and 3D longitudinal 

separation, a 3-2-3 staggered configuration with 3D lateral separation in which the middle 

row's turbines were offset, as well as the effect of a 2D ridge on longitudinally-aligned 

turbines, and deep array effects using 5 longitudinally-aligned turb ines with 3D downstream 

separation. It was dem onstrated th a t the array efficiency of the staggered configuration was 

20% to 24% better than the grid configuration w ith the same dow nstream  separation. The 

staggered configuration created a larger effective dowmstream wake recovery distance in 

between successive, aligned turbines. The gains observed with a  staggered configuration 

in this particular work were larger than  those observed by Cham orro et al. in a similar 

experimental setup [75]. This occurred due to the fact th a t the  wind farm losses in the 

baseline configuration were much larger in the experim ent presented by Ozbay due to 3D 

longitudinal separation, compared to 5D separation in the work of Cham orro et al. [75.77].

A comprehensive wind tunnel campaign was undertaken by Corten et al. using up to 

28 scaled wind turbines [78.79]. The two-bladed wind turbines had  a diam eter of 0.25 m. 

a tip Reynolds number of approximately 25.000 and operated a t a tip speed ratio of 5.5. 

The rotors were scaled aerodynamically and this resulted in a proportionally larger chord. 

The wind turbines were operated in the 3 m x 2 m atm ospheric boundary layer tunnel 

at TNO in the Netherlands in representative offshore boundary layer conditions. Grid 

configurations consisting of 8 x 3, 14 x 2, and 4 x 7  turbines were evaluated, along with a 

staggered configuration. The lateral hub-to-hub spacing between turbines within a row was
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typically 3D and the longitudinal separation between rows was typically 4D-5D. although 

the exact separation distances varied between configurations [79]. A separate configuration 

was evaluated using a single row of three turbines w ith 2.5D lateral separation between 

turbine towers. The authors noted th a t interference effects between the laterally-arranged 

turbines were not observed [79].

2 .2 .6  In creasin g  w in d  farm  p erform an ce

A number of novel approaches to improving wind farm perform ance have recently been 

investigated. The concept of reducing wake losses in offshore wind farms through upscaling 

wind turbines was investigated as part of the UpW ind research program  in the European 

Union (EU) [80]. The authors assessed the wake losses th a t would occur w'ith 100. 5 MW 

wind turbines compared to the losses th a t would be incurred w ith 25, 20 MW turbines 

installed within the same area. The 20 MW wind turbine was a hypothetical design with a 

252 m diameter and the wake effects were assessed using three com putational wake models. 

The upscaling study indicated th a t gains of 6.5% to 14.5% could be acheived by installing 

fewer, larger, wind turbines over a given surface area [80].

Another unconventional method of increasing wind farm perform ance involves con

trolling the orientation of the turbine wake by modifying the yaw angle of the upstream 

turbine in a  wind farm. The upstream  turbine will experience a  decrease in performance 

and increased unsteady loading, but the farm efficiency will increase as the wake can be 

partially-deflected away from downstream turbines [80].

A third approach to improving array efficiency has been independently evaluated 

by Corten and Schaak [78] and Adaram ola and K rogstad [23]. This approach involves 

deliberately reducing the power generated by the upstream  turb ine in a column of wind 

turbines either by changing its blade pitch angle or by altering its tip  speed ratio. This
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results in a lower induction factor, less energy extraction, and reduces the velocity deficit 

downstream of the first rotor. Subsequent turbines have been shown to generate more 

power and experience lower axial forces [78]. Corten and Schaak achieved this effect by 

changing the blade pitch angle of the upstream  turbines in a wind farm. Experiments 

confirmed th a t the array efficiency of a  24 turbine wind farm could be increased by 2-4.5% 

and tha t axial loading of the turbines could be reduced by 20% by adjusting the upstream 

turbine's blade pitch angle [78]. In an experim ent involving two wind turbines. Adaramola 

and Krogstad identified th a t the array efficiency of the two longitudinally-aligned rotors 

could be increased by 5-7% by adjusting either the tip speed ratio or the tip pitch angle of 

the upstream  rotor [23].

2.3 C o m p u ta tio n a l A p p ro a ch es

Com putational simulations can be implemented as an alternative to experiments in 

order to evaluate wind turbine performance and wake effects. The range of currently- 

used techniques consists of blade element methods, wake models, actuator disc methods, 

prescribed- and free-wake methods, and CFD methods. An early review of aerodynamic 

modelling efforts for wind turbines was given by Snel in 1998 [81] w ith a follow-up review 

in 2003 [82]. A thorough review of the aerodynamic techniques th a t are used to resolve 

the near- and far-wakes of wind turbines was published by Vermeer et al. in 2003 [19], A 

follow-up review in 2006 by Hansen et al. summarized the aerodynam ic and aeroelastic 

techniques th a t are presently being used to evaluate wind turb ine loads and a more recent 

review by Sanderse addressed techniques used to  evaluate wind tu rb ine wakes [21,83].
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2 .3 .1  B la d e  E le m e n t M o m e n tu m  T h e o r y

Blade element momentum theory (BEM T) methods are the sim plest and most com

mercially used analysis tools available for wind turbines [84]. They use a combination of 

blade element theory and momentum theory along with a series of em pirical approximations 

to calculate the loads acting on a turbine blade a t a discrete num ber of radial elements. 

This theory has been developed from the blade element theory of G lauert in 1935 [85]. A 

detailed derivation of BEMTs based on modeling the axial and radial inflow can be found 

in Refs. [86,87], whereas a BEM T based solely on the axial inflow to  the  rotor disc has been 

described by Leishman [88]. A review of the application of BEM T techniques in commercial 

wind turbine analysis software is presented by Molenaar and D ijkstra in [84]. While BEMTs 

have been shown to  reasonably predict inflow behaviour within a range of axisymmetric 

conditions [89]. they cannot characterise stalled flow conditions and require mathematical 

corrections a t typical tip speed ratios [88]. A dditional corrections th a t account for tip losses, 

root losses, yaw effects, and spanwise flow can be implemented to  improve the fidelity of 

BEMT models [87.90]. Despite the relative simplicity of BEM Ts. their rapid com putation 

time makes them particularly well suited for assessing the forces and torque generated by 

new rotor designs.

2 .3 .2  W in d  T u r b in e  W ak e M o d e lin g

A rapid m ethod of assessing wake effects in wind farms is through the use of wake 

models. A summary of currently-used wind farm tools was given in 2001 by Schepers et 

al. [91] and a detailed description of early wake modeling efforts was provided by Crespo 

[92]. The three types of wake models can be classified as roughness models, kinematic 

models, and field models [92], The earliest m ethods for evaluating wind turbine wakes 

treated wind turbines as distributed roughness elements th a t affected the mean flowfield.



Chapter 2 52

Kinematic models assume axisymmetric self-similar wake velocity profiles and typically 

relate the velocity deficit to the th ru st coefficient of the turbine [92]. The first kinematic 

model for wind turbine wakes was developed by Lissaman [93]. bu t other models were 

developed in the 1980s by Katie et al. [94] and Voutsinas et al. [95], Field models calculate 

the flow properties a t all of the designated points in a simplified flow field and use simplified 

Navier-Stokes equations with a 0-, 1-, or 2-equation turbulence model [92].

Wake models have been validated against a variety of d a ta  sets in wind tunnels and in 

the field. The GH Eddy Viscosity wake model has been validated against a wind tunnel 

experiment performed by Ainslie and Hassan in 1989 [24,96]. The results of the wind tunnel 

tests dem onstrated th a t the wind speed profiles across the wake behind a single turbine are 

well predicted where the velocity deficit has an approxim ately Gaussian shape. The Ainslie 

model was also validated against power measurements taken a t the  Nprrekser Enge II wind 

farm [96]. Though qualitative agreement was dem onstrated between the model and the 

measured power, a difference of 25% was observed between the power predictions and the 

measurements a t each row of turbines [96].

The ENDOW and UpW ind research programs in the EU com pared the wake predictions 

of several wind farm tools with experim ental measurements at offshore wind farms. The 

ENDOW program studied the wake measurements from the Vindeby offshore wind farm 

in 2001 where it was observed th a t model errors downstream of a single rotor were within 

±20% of the measured d a ta  [97]. The previously-mentioned UpW ind program studied wake 

model predictions at the Horns Rev and Nysted offshore wind farms and dem onstrated 

improvements in the capabilities of existing wake modelling tools compared to the earlier 

ENDOW program [10.80,98]. A num ber of wake models were validated using experimental 

and commercial-scale da ta  by Renkema in 2007 [99]. Despite the recent improvements in 

wake modelling capabilities, a num ber of models rely on empirical constants and may have 

to be tuned to match conditions a t a certain site.



Chapter 2 53

2 .3 .3  P r e sc r ib e d -  a n d  F ree-w a k e  M e th o d s

Potential flow methods for wind turbines can be classified as prescribed-wake methods 

or free-wake methods. In prescribed-wake methods, the shape of the wake is predefined and 

does not deform as a result of self-induced velocities. In free-vortex methods, however, the 

wake is created by successive vortex element shedding and wake deform ation is determined 

by the self-induced velocities of the vortex elements as well as the  induced velocity of the 

rotor blades [100], Prescribed-wake m ethods have been used by several authors [100-104]. 

whereas free-wake methods have not been as commonly used to analyse wind turbine wakes 

[49,89.105].

In 2003, Duque et al. tested a free-wake vortex lattice code. CAMRAD II. originally 

developed for helicopters, against the NREL Phase VI m easured d a ta  [105], Results for 

CAMRAD II with a stall delay model were w ithin 10% of the m easured power until the 

freestream speed increased beyond 15 m /s. after which a 50% over-prediction of power was 

observed [105]. A more recently-developed free-wake vortex code was developed a t the 

University of M aryland by G upta and Leishman [106]. Each blade was modelled using a 

lifting surface and a single vortex filament was trailed from the  tip  of each blade. The 

results of this work have been validated in a series of papers in axial and yawed conditions 

[89.107-109]. The numerical results of this code are promising, though the inadequacies in 

stall delay models and two-dimensional polar d a ta  have been discussed in Ref. [106],

A particular class of free-vortex m ethods are vortex particle m ethods (VPM), in which 

the distributed vorticity in a flow is represented by a discrete number of particles of 

a finite size. The GENUVP code, developed by Voutsinas et al.. models unsteady, 

incompressible, inviscid. and rotational flows using vortex particles [110-112]. A vortex 

particle approximation (also referred to as vortex blobs in literature) of the free vorticity 

is used to simulate the behaviour of the wake and a  dipole approxim ation is used for the
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flow induced by the turbine blades. Vortex particles are shed from spanwise strips along 

the trailing edge of a blade as well as from the chord wise elements along the blade tip. 

An unsteady com putational code created by Willis et al. uses a  similar vortex particle 

formulation to model the wakes of fixed and flapping aircraft wings [113].

GENUVP forms the aerodynamic basis for Sm artRotor. the aeroelastic discrete vortex 

method developed a t Carleton University in 2002 [114]. Sm artR otor is an aeroelastic. 

aeroacoustic code for rotorcraft and wind turbine analysis and combines a VPM to simulate 

the wake, a nonlinear structural dynamics model to simulate blade deflection, and an 

acoustic model. Sm artRotor has been used to  properly characterise several aeroelastic 

helicopter and wind turbine problems and has been validated against available data for the 

NREL Phase VI and Tjsereborg wind turbines [20.115-119], The wake generated by the code 

dem onstrated good agreement with vorticity transport m ethod com putations performed by 

Fletcher et al. [120].

Prescribed- and free-wake methods typically use a panel m ethod representation for the 

blades and rely on two-dimensional airfoil data, dynamic stall models, and stall delay models 

and therefore have difficulty in accurately resolving blade loads under stalled conditions [20]. 

Despite these challenges, a vortex particle representation of the wake is highly advantageous 

as the approach does not suffer from the numerical dissipation th a t is present in grid-based 

RANS solvers. Similarly, the grid-free nature of vortex particle codes eliminates the need 

for the very sophisticated grid techniques required in rotary-w ing grid-based CFD.

2 .3 .4  N a v ie r -S to k e s  C o m p u ta t io n a l F lu id  D y n a m ic s

There have been a number of RANS CFD simulations conducted over the past decade 

and they have dem onstrated a clear ability to resolve blade loads and rotor torque. RANS 

CFD has also been used to adequately predict the forces and rotor torque generated by
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small vertical axis wind turbines by McTavish et al. and Jaohindy et al. [121.122]. RANS 

CFD simulations, however, can suffer from numerical dissipation in the turbine wake tha t 

can limit their applicability for characterising the downstream wake.

The first instances of the application of RANS CFD techniques to  model complete wind 

turbines were conducted by Sorensen and Duque in 1998 and 1999. respectively [123.124]. 

Sorensen used an early version of EllipSys3D. an incompressible Navier-Stokes solver code 

developed a t Risp. to simulate a N ordtank 500 kW 3-bladed wind turbine using a 750.000 

cell mesh th a t extended 4 diameters from the rotor [123], The au thor found th a t insufficient 

grid resolution created erroneous results above 10 m /s, where portions of the blade were 

fully stalled. A similar study by Duque in 1999 analysed the flow over the NREL Phase II 

3-bladed rotor using the OVERFLOW  com putational code [124].

As part of the blind comparison test of the NREL Phase VI wind tunnel experiment. 

Sorensen et al. used the EllipSys3D CFD solver to  perform steady and unsteady com puta

tions [125], In these simulations, the tower and nacelle were neglected, a single rotor blade 

was modelled, and a uniform velocity field was prescribed. Over 3 million cells were used 

to model the rotor and freestream and simulations required 40.8 hours on 4 CPUs [125].

In 2007, Massouh et al. compared PIV  measurements of a 3-bladed scaled wind turbine 

with RANS simulations using Fluent [126]. The CFD simulation used six million cells, a 

sliding mesh and did not apply rotational periodicity in order to perform  yawed simulations. 

It was found th a t the CFD-predicted vortex core radii v/ere smaller and the distance 

between vortex cores was greater than  measured in the experim ent, with weaker vortices 

tha t dissipated more rapidly than  the experimental observations [126].

A more recent set of studies has dem onstrated both  the applicability of RANS CFD 

simulations to predict blade loads and their inability to resolve the far wake. A study 

conducted in 2009 by Fletcher et al. compared RANS and vorticity transport method
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(VTM) simulations of the NREL Phase VI turbine [120]. It way dem onstrated tha t the 

RANS predictions of the normal and tangential force coefficients, as well as the chordwise 

pressure distributions, were more accurate than  the VTM predictions. In this particular 

study, the wake structure predicted with the two m ethods was compared and it was 

dem onstrated th a t the VTM preserved the wake vorticity for many revolutions downstream 

with minimal numerical diffusion whereas the wake in the RANS simulations dissipated 

after 1.5 rotor revolutions [120]. A similar study conducted by Bechm ann et al. in 2009 

presented RANS simulations of the experim ental three-bladed M EXICO rotor and compared 

the predicted blade loads and the wake structu re to experim ental pressure measurements 

and PIV, respectively [127]. The EllipSys3D incompressible finite volume method CFD code 

from Rise was used with the k — u> SST turbulence model. A hyperbolic mesh topology 

consisting of 16 million nodes extended 7 diam eters downstream of the blades. The CFD 

simulations properly characterized the axial induction in the wake up to  1.3 diameters 

downstream (the limit of the PIV  m easurements), but the au thor attem pted to extend the 

measurement database using the simulation results. It was observed th a t a nonphysical 

acceleration in the wake occurs approxim ately 2 to 2.5 diam eters downstream of the rotor 

due to numerical errors caused by the coarsening mesh [127].

RANS simulations were conducted by Rethore et al. as part of the M EXNEXT program 

tha t followed the experimental wind tunnel campaign using the 4.5 m diam eter MEXICO 

turbine [128]. These com putations included the geometry of the open-jet wind tunnel nozzle, 

the downstream collector, as well as the room, and were designed to evaluate the effect of 

the wind tunnel on the development of the inflow and wake of the  turbine. It was noted in 

Ref. [128] th a t the wind tunnel collector appeared to influence th e  wake 1.5D downstream 

of the rotor and th a t the nozzle could also affect the flow more than  ID upstream  of the 

rotor plane. The PIV experiments conducted as part of the m easurem ent campaign with 

the MEXICO rotor were conducted within this range of values.
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The sophistication of rotating RANS CFD simulations has increased throughout the 

past decade. The initial results of the NREL blind comparison study  dem onstrated th a t 

earlier CFD com putations of wind turbines typically had errors of 25-60% in the predicted 

power ou tpu t [48]. Recent com putational efforts have produced errors in the predicted 

blade loading of 5-20% compared to experimental results [57. 120. 129]. RANS simulations 

have dem onstrated an adequate capability of predicting blade loading and power output, 

but they are typically not well suited to accurately resolve the wake. The high numerical 

dissipation th a t is present in recent simulations and the coarsening mesh downstream of the 

blades typically causes the wake to artificially dissipate w ithin 1 to  2 rotor diameters.

A more recent development has been the use of LES to resolve the wake downstream 

of a single rotor and wakes on a  wind farm scale. The results of a LES com putation 

were published in 2013 by Mo et al. in which the NREL Phase VI wind turbine was 

simulated inside a domain tha t mimicked the NASA Ames 24 m x 36 m wind tunnel [130], 

The simulations modelled the two rotor blades, the tower, and a simplified nacelle. Good 

agreement was observed between the experiment and the com putation when considering 

the pressure distribution over the rotor blades and the turbine power output. The helical 

vortex generated by the turbine was investigated in detail in Ref. [130]. The helical tip 

vortices took on a sinuous shape approximately 4D downstream  of the turbine and broke 

down 5D downstream. The authors suggested th a t the boundary between the near and 

far wake regions should correspond to the downstream distance where the tip vortices 

breakdown [130],

2.3.4.1 A ctu a tor  Line T echniques

In many cases where the wake is the prim ary region of interest, the rotor blades do not 

have to be modelled in a simulation. An alternative is to impose the effect of the blades on
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the simulation domain using an actuator disc or actuator line technique. A ctuator methods 

represent a wind turbine rotor as a discontinuous disc or a set of lines w ithin a CFD domain. 

The flow field is typically com puted by a RANS or LES CFD solver and the aerodynamic 

forces th a t represent individual blades are imposed onto the com putational grid [131.132]. 

A ctuator line methods have been applied to a wide range of problems, including yawed 

simulations [19], turbine wake interaction studies [133,134], and the effect of unsteady flow 

on a turbine [135]. Recently, Breton and Masson developed an actuator surface method 

to produce a more accurate representation of the rotor blades and validated the technique 

using the three-bladed 10 m NREL Phase III rotor [136]. It was dem onstrated in Ref. [136] 

th a t the turbine power was well predicted at low speeds, bu t was over-predicted a t high 

wind speeds due to the use of two-dimensional airfoil da ta  on a stall-controlled rotor.

A ctuator disc methods have also been used in tidal current turbines to evaluate the 

downstream wake development and the flow around the disc. Nishino and Willden used an 

actuator disc coupled to a RANS simulation th a t was designed to evaluate blockage and 

aspect ratio effects in a narrow channel [71]. In a similar m anner, Turnock et al. applied 

a combined RANS-BEM T m ethod in order to evaluate blockage effects on the velocity 

distribution of the flow bypassing the simulated rotor disc [72].

A ctuator line methods were also coupled to the EllipSys3D CFD software by Sorensen et 

al. and Mikkelsen [135,137] and have recently been used for grid-based LES [138-140], This 

actuator line-LES software has been used in a uniform inflow by Troldborg et al. to perform 

computations on a laterally-aligned column of three turbines separated by 3D [138] and to 

perform LES on a 3 MW wind turbine in order to evaluate the effect of turbulence levels 

on the wake development downstream of a rotor [140]. Additional work by Mikkelsen et 

al. using the same software investigated the power ou tpu t of three, longitudinally-aligned 

turbines with different blade pitch settings where the dow nstream  turbines were either 

operating in full-wake or partial wake conditions [139]. Churchfield et al. used actuator
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lines coupled to a LES simulation in order to evaluate the effects of longitudinal and lateral 

spacing of tidal current turbines [141].

The aerodynamic forces in actuator line methods can be determ ined w ith two-dimensional 

BEMTs with corrections for tip losses and yawed flow and as such, can experience the 

limitations of blade element momentum theory when predicting blade loads [19]. A relatively 

small number of grid points are required in order to characterise the effect of the blades on 

the flowfield. however, compared to the large com putational requirem ents for simulating the 

actual geometry of the blades and LES m ethods have been shown to  accurately characterise 

wind turbine wake development [130,140].

2 .3 .5  H y b r id  C F D -V o r te x  M e th o d s

Hybrid methods have also been developed recently as a way to  model blade loads and 

the wake behind turbines using the combined benefits of RANS and vortex methods. 

A small region around the turbine blade is modelled with a com putational mesh and 

the three-dimensional effects of the flow on the rotor blade are resolved with grid-based 

RANS. The vorticity in the flow is then carried from the RANS region using one of many 

available vortex-wake techniques. Hybrid CFD-Vortex m ethods have been developed by 

Xu and Benjanirat [142,143] and Schmitz and C hatto t [103,129,144,145]. Another solver 

developed by Anusonti-Inthra and Floros coupled a VPM  w ith a RANS zone around a 

stationary wing [146], This code was validated against an experim ent performed by NASA 

on a NACA 0015 semi-span wing and dem onstrated th a t the lack of significant numerical 

dissipation in the vortex particle m ethod allowed the wake structu re  to be validated 6 chord 

lengths downstream of the wing. Recent work performed by Oxley a t Carleton University 

introduced a novel compressible formulation for vortex particles th a t was coupled to  the 

Carleton Multi-Block (CMB) Euler solver [147]. This unsteady code was validated against
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AGARD oscillating airfoil experiments and has dem onstrated the capability to simulate 

air foil-vortex interaction [147],



C h ap ter  3

E xperim ental and C om putational 

M ethods

A variety of experimental techniques were applied in order to characterise wind turbine 

performance, tip vortex development, and wind turbine wake profiles. This Section will 

describe the scaled rotor designs and the range of experimental and com putational methods 

tha t were implemented.

3.1 S ca led  w in d  tu r b in es

The water channel and wind tunnel experiments conducted in this thesis used two 

different rotor designs. The first design was a three-bladed wind turbine designed in the 

D epartm ent of Mechanical and Aerospace Engineering (MAAE) a t  Carleton and the second 

rotor was a geometrically-scaled version of an existing, medium-scale rotor.

61
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3 .1 .1  M A A E  ro to r

A three-bladed, fixed-pitch, wind turbine rotor has been designed for wind turbine 

experiments. A solid model of the scaled wind turbine and a generator can be seen in Fig. 

3.1. The rotor blades were m anufactured with an Objet PolyJet three-dimensional printer 

and the blades were printed using a layer thickness of 16 pm . The diam eters of the printed 

rotors ranged from 20 cm to 40 cm. A 40 cm rotor was the largest size th a t could be printed 

with the PolyJet printer and a 15 cm rotor was printed bu t did not generate enough torque 

to reach the desired operating conditions.

Figure 3.1: Solid model of the scaled MAAE wind turbine.

Several scaling relationships had to be considered during the design of the scaled rotors 

and these factors relate to the Reynolds number. Mach num ber, rotor geometry, and 

dynamic motion. Many aerodynamic phenomena, including separation and vortex shedding.
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are dependent on the Reynolds number of the flow. The Reynolds num ber based on the tip 

conditions is defined in Equation (3.1). where UtiP and c ti P are the tip  speed and the blade 

tip chord, respectively, and v is the kinematic viscosity of the fluid. The Reynolds number 

based on the blade tip  speed and tip chord will be referred to simply as the Reynolds number 

in the remainder of the thesis.

=  ( 3 1)
V

Reynolds similarity is typically not maintained between commercial-scale turbines and 

small-scale models and the reasoning behind this can be illustrated by the work conducted 

by Burdett and Van Treuren [32]. Scaling relationships were developed and identify the 

scaling factor (Fs) required to maintain Reynolds similarity between a commercial-scale 

turbine with radius R c and a model with radius R rn as described in Equation (3.2) [32].

F* = T T  (3'2)

The rotational speed of the model (f2m) required to maintain Reynolds similarity with 

the commercial-scale rotor whose rotational speed is f2c can then be described as a function 

of F„ by Equation (3.3) [32].

Qm = ficF 2 (3.3)

The current scaled rotors would have a scaling factor F s of approxim ately 500 for a 20 

cm model based on a 100 m commercial wind turbine. This would require an extremely 

large rotational speed to m aintain the Reynolds number which would violate Mach number
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similarity and result in aerodynamic phenomena, such as shock waves, not seen on wind 

turbine blades. It is therefore more desirable to m aintain Mach sim ilarity between models 

than it is to  m aintain Reynolds num ber similarity. As a result, the Mach number based on 

the blade tip speed was m aintained a t below 0.2 in the experim ents conducted in air for 

similarity with blade tip Mach numbers observed on commercial-scale turbines. The Mach 

number based on the blade tip speed effectively limited the Reynolds num ber based on the 

blade tip conditions to values on the order of 104,

The three-bladed MAAE rotor was not intended to  act as a scaled version of a 

commercial-scale rotor, and therefore geometric similarity did no t need to  be maintained 

with this model. As will be discussed in greater detail below, the normalised chord of the 

rotor blades was increased relative to commercial-scale turbines in order to maximise the 

Reynolds numbers th a t could be reached by the turbine while respecting the Mach scaling 

limitation on the tip speed.

Dynamic similarity, however, can be maintained between models and commercial-scale 

rotors and the param eter th a t can be matched to this effect is the tip speed ratio (A). The 

tip speed ratio represents the blade tip speed divided by the freestream  speed. Commercial- 

scale wind turbines typically have a tip  speed ratio of 6 to 8 at mean annual wind speeds 

and properties such as the turbine th ru st and wake expansion have been shown to be related 

to the tip speed ratio [40]. The current rotor was therefore designed to operate in this tip 

speed ratio regime.

The wind turbine was also designed to generate a th ru s t coefficient representative of 

th a t produced by larger, commercial-scale designs. The th ru s t coefficient is related to the 

momentum deficit in the wake, the wake expansion, and the dow nstream  speed recovery. 

The applicability of the results from scaled experiments to commercial-scale scenarios will 

therefore depend in part on mimicking large-scale th ru st coefficients. The power coefficient
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of the turbine was not an im portant consideration with the M AAE rotor as scaled turbines 

have power coefficients which are much lower than  commercial-scale designs [79],

The current rotors were operated a t Reynolds numbers th a t ranged from 3,620 to 47.000. 

based on the blade tip speed and tip  chord. There is a limited am ount of experimental lift 

curve data  available for airfoils a t Reynolds numbers between 10,000 and 100.000. as this 

is a range of Reynolds numbers th a t falls between the Reynolds num bers typically seen on 

Micro Air Vehicles (MAV) and U ninhabited Air Vehicles (UAV). The lift. drag, and stall 

behaviour of an airfoil can become highly sensitive to changes in operating conditions at 

Reynolds numbers on the order of 104 and thick airfoils typically do not perform well in this 

flow regime [148]. As an alternative, an Eppler E387 airfoil was selected for the rotor blades 

due to the airfoil's lift curve behaviour and the availability of experim ental d a ta  near the 

expected Reynolds number regime [149-151]. The E387 airfoil was designed principally for 

low-speed applications where the Reynolds number is below 500,000 and has a thickness- 

to-chord ratio th a t is one half the thickness of contem porary wind turbine airfoils. The 

E387 airfoil has a camber of 3.7% and a thickness-to-chord ratio  of 9% and its geometric 

profile is shown in Figure 3.2(a). By comparison, modern wind turb ine airfoils have been 

designed for commercial-scale conditions and can have a thickness-to-chord ratio th a t is 

approximately 20-25%.

The selection of a thin airfoil for the MAAE was predom inantly a byproduct of the desire 

to use an airfoil th a t exhibited reasonable and quantifiable lift properties at the Reynolds 

numbers under consideration in these experiments. Work by B urdett and Van Treuren has 

indicated th a t thick, w ind-turbine specific airfoils can also be used on scaled models [32]. 

The experiments presented in Ref. [32] generated airfoil d a ta  for a 21% thick NREL S823 

airfoil at Reynolds numbers tha t ranged from 50.000 to 275.000. The airfoils did not suffer 

from degraded performance due to lam inar separation a t low Reynolds numbers provided 

tha t a trip  strip  was integrated on the scaled models. The geometry of the S823 airfoil is
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(a) E387 airfoil.

(b) S823 airfoil.

Figure 3.2: Comparison of the E387 airfoil w ith a typical wind turbine airfoil, 

compared to the E387 airfoil in Figure 3.2.

Experimental lift da ta  for the E387 airfoil from Refs. [149-151] is presented in Figure

3.3 for Reynolds numbers ranging from 10,000 to 50.000. The airfoil has a shallow lift curve 

at Reynolds numbers below 30.000 and has a relatively low lift to drag ratio of 7-9 when the 

Reynolds number ranges from 10.000-20.000. The airfoil also exhibits a characteristic jum p 

in lift at a  = 10° when Re = 30.000 and a similar increase a t a  =  8 ° when Re  =  40.000. 

This behaviour was evaluated by M cA rthur and was a ttribu ted  to  the formation of a laminar 

separation bubble at these particular flow conditions followed by subsequent transition to 

turbulence and flow reattachm ent, which results in the increase in lift [151].

Once the experimental lift and drag d a ta  had been obtained for the E387 airfoil, the 

geometry of the blades could be determined. The chord (c) and tw ist (0) distributions 

of the rotor blades were developed using blade element m om entum  theory from Ref. [8 6 ] 

and are presented in Figures 3.4(a) and 3.4(b). respectively. Blade element momentum 

theory (BEM T) combines momentum theory and blade element theory in order to resolve 

the performance of a turbine design. Two-dimensional airfoil d a ta  is required in a BEMT 

method to calculate the tangential and th ru st forces generated by a series of elements along
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Figure 3.3: Eppler E387 lift curves a t low Reynolds num bers [149-151],

the rotor blade and the axial and radial induction factors are determ ined iteratively at a 

particular A. The background theory for BEM T is well described in literature and will not 

be repeated here [8 6 ],

The normalized chord of the scaled blades was increased relative to  th a t observed on full- 

scale designs in order to increase the Reynolds number of the blades. The twist distribution 

of the blades was modified from an ideal tw ist distribution determ ined with BEM T due to 

the desire to produce angles of attack in the unstalled region of the E387 lift curve with tip 

speed ratios from 4 to 8  in the expected Reynolds number regime.

As a consequence of increasing the m agnitude of the Reynolds numbers tha t could 

be attained by the rotor blades, the solidity of the rotor blades will be larger than tha t 

observed on commercial wind turbines. The solidity of the rotor blades can be determined
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Figure 3.4: The chord and twist distribution of the scaled M AAE rotor blades.

using Equation (3.4) and represents the ratio between the frontal area of the blades (Abiades) 

and the swept area of the rotor (A swept). The solidity of the current design is 18% and is 3 

to 4 times higher than  the solidity of typical, in-service rotors [9]. The high rotor solidity 

resulting from the chord design choice will result in a narrow power coefficient curve.

Solidity  = *ladts (3.4)
A s w e p t

The scaling param eters and geometric design param eters for the MAAE wind turbine 

blades are summarized and are compared to typical commercial-scale values in Table 3.1.
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Table 3.1: MAAE Design Param eters.

Param eter MAAE Rotor Typical Full-Scale Values [9]
Diameter 20 - 40 cm 80 - 1 0 0  m

Tip chord. c /R 0.163 0 . 0 1  ( 1  m)
Tip speed ratios 6  - 8 6  - 1 0

Tip Reynolds number 3,600 - 47.000 1 x 1 0 ° - 1 x 1 0 7

Tip Mach number 0.05 - 0.18 0.2 - 0.25
Thrust coefficient 0 .8 -0 .9 0.8-0.9

Solidity 18% 4% to  5%
Airfoil Eppler E387 Various

Airfoil thickness to chord 9% 20%-25%

3 .1 .2  S c a le d  T U  D e lf t  tu r b in e

An experiment was conducted in 2005 by Haans et al. a t TU Delft using a two-bladed 

rotor in an open-jet wind tunnel in order to  determ ine the wake expansion in axial and 

yawed flow using smoke visualisation. The TU  Delft rotor had a  NACA 0012 airfoil and a 

diameter of 1.2 m [40]. The rotor had a linear twist distribution from the root cutout to  the 

90% radial location, followed by a constant twist to  the blade tip . The tip pitch angle of 

the rotor could be set at 0°, 2°. or 4°. The rotor was tested in uniform flow at 5.5 m /s and 

a t tip speed ratios th a t ranged from 6  to 10. These conditions corresponded to a Reynolds 

number range of 175.000-291.000. based on the blade tip  speed and tip  chord [40],

In order to gain a deeper understanding of how scaled wind tu rb ine experiments reflect 

medium- or full-scale conditions, a geometrically-scaled version of the TU Delft rotor 

was created to support this thesis research. The non-dimensionalised chord and twist 

distributions from the medium-scale rotor were therefore m aintained in the scaled model. 

The 1/4.8 scaled rotor had a diam eter of 25 cm and was tested w ith Reynolds numbers on 

the order of 1 0 4. similar to the MAAE rotor. A solid model of the  25 cm diameter scaled 

TU Delft rotor with 6tip = 0° is shown in Figure 3.5. The pitch angle of the rotor blades in 

the medium-scale experim ent could be changed manually. Given the  small size of the 1/4.8
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scale rotor, a more convenient solution was to print twro different models with the desired 

tip pitch angles. As a result, two scaled TU Delft rotors were m anufactured using the same 

method as used for the MAAE rotor with tip pitch angles of 0° and 4°.

Figure 3.5: Solid model of the scaled TUDelft rotor.

A comparison between the small-scale rotor used in the current study and the medium- 

scale experiment presented by Haans et al. is provided in Table 3.2 [40].

3.2 W ater  ch a n n e l e x p e r im e n ts

The experiments th a t were conducted to  identify blockage effects and Reynolds number 

effects in scaled wind turbine testing took place in the water channel facility a t Carleton 

University. The water channel a t Carleton was m anufactured by Rolling Hills Research 

Corporation (RHRC) and was commissioned in 2008 [152]. The commercially-available
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Table 3.2: Comparison between the full-scale TU Delft rotor and the 1/4.8 scale rotor.

Param eter TU Delft Carleton
Blades 2 2

Airfoil NACA 0012 NACA 0012
Diameter 1 . 2  m 0.25 m

Radius 0 . 6  m 0.125 m
Root cutout 0.3R 0.3R

Chord 0.08 m 0.01667 m
A 6 , 8 . 1 0 6 . 8

Uoc 5.5 m /s (Air) 0.028 m /s  - 0.23 m /s (H20 )
Re t i p 175,000 (A =  6 ) 12,800 - 29,100 (A =  6 )

230,000 (A =  8 ) 28,200 - 31,400 (A =  8 )
@tip 0°, 2°, 4° o o 0

1

Twist ( 6  +  6tip) — 6.67r / R  . —0.3 < r / R  <  0.9 
S u p ,  0.9 < r / R  < 1

same as full-scale

RHRC 2436 closed-loop water channel shown in Figure 3.6 has a 1.82 m long test section 

with a 0.61 m x 0.81 m cross-section. The water channel can be operated a t flow speeds 

ranging from 0.025 m /s to 0.31 m /s with a turbulence intensity of 1% RMS [152], The 

upstream flow conditioning elements consist of a series of screens and honeycomb and the 

walls then follow a 6 : 1  contraction ratio. Divergent glass walls compensate for boundary 

layer growth in the test section. The speed in the test section is inferred using a Signet 

2536 Rotor-X Flow Sensor  coupled to  a Signet 8152 Flow Totalizer. The rotary flowmeter 

is located in the downstream return  section of the w ater channel. A portion of the flow 

is diverted from the main return and passes through the flow meter. The speed output 

for Carleton's tunnel was calibrated by the m anufacturer prior to  installation of the water 

channel and requires the quiescent w ater height to be approxim ately 81 cm. As a result, 

the water level was verified every day throughout the  m easurem ent campaign and water 

was added if necessary.

A pressurized, six-colour, dye delivery system integrated w ith the wrater channel uses 

food colouring diluted with water for flow visualisation. The dye system is composed of six 

canisters filled with dye arranged as shown in Figure 3.7. The canisters are pressurised to
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Figure 3.6: The RHRC 2436 w ater channel.

2 0  psi using regulated shop air and the flow rate of the dye from each canister is controlled 

independently with a control valve. The dye is delivered to the w ater channel in Tygon 

tubing and is injected into the flow in a tapered copper tube.

Figure 3.7: The pressurised dye delivery system.

When conducting the flow visualisation experiments, the wind turbine and the dye rig 

were mounted in the channel test section as shown in Figures 3.8(a) and 3.8(b). The swept 

area of the rotor, the minimum tip clearance from the wall (s). and the dye injection location
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are all indicated in Fig. 3.8(b). The dye was injected into the flow a t the same height as the 

rotor axis near the blade tip. The dye s tru t was a stream lined rod and the tip of the dye 

injection tube was located sufficiently downstream of the dye s tru t to  limit the effect of the 

s tru t wake on the injected dye stream . The rotor was mounted a t the center of the water 

channel and the free surface was assumed to  have a negligible influence on the recorded 

values, based on experiments in literature [30].

Dye Strut
•it  {, .• ..

H  m

(a) Wind turbine and dye rig installation.

0.61 mF I Scale

Free S u rface ^ /

■swept

Dye strut

Dye tube

Flow Direction Dye Injection 
F’oint

Cam era

Front View
(struts omitted for clarity)Side View of the Test Section

(b) Schematic of the experimental setup. The dimensions are not to scale

Figure 3.8: The RHRC 2436 water channel at Carleton University,
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3 .2 .1  Q u a n t ita t iv e  d y e  v is u a lisa t io n  a n d  t ip  v o r te x  id e n t if ic a t io n

Flow visualisation is frequently used as a qualitative technique th a t can highlight 

im portant flow features [153]. In some cases, however, quantitative information can be 

extracted from flow visualisation images. Haans et al. used smoke visualisation in air 

to identify tip vortex core coordinates downstream of a two-bladed horizontal axis wind 

turbine [40]. Aurahs et al. used a similar technique in water to evaluate the interaction of 

a horseshoe vortex with the rotor in an axial turbine [154], Q uantitative flow visualisation 

was used in the w ater channel in order to identify discrete tip vortex cores lying along a 

plane.

Photographs of the flow structures were recorded from below the glass floor of the 

test section using a  Nikon D3100 digital SLR cam era equipped w ith a  AF-S NIKKOR 

18-55 mm lens. The field of view was illuminated using two 500 W  halogen lights. The 

relative locations of the tip vortex cores were identified using a 0.635 cm x 0.635 cm grid 

located above the surface of the water, represented schematically in Figure 3.9. Images 

were recorded to capture both the streaklines and the m easurem ent grid when the blade tip 

passing through the dye stream  was in the 0 ° azim uth position indicated earlier in Figure 

3.8(b). The images were post-processed using the image analysis software Engauge and 

the tip vortex locations were identified with respect to  the m easurem ent grid visible in 

the photographs. It has been assumed th a t the centre of the tip  vortex core corresponds 

to the tip vortex core location, following the techniques described in Ref. [40]. The two- 

dimensional coordinates corresponding to  the downstream (x) and lateral (y ) position of 

the vortex cores relative to the blade tip were identified and were extracted from the image 

processing software. As a result, the coordinate system used to assess the expansion in the 

wake has its origin at the blade tip, as highlighted in Figures 3.8(b) and 3.9.

The identified vortex core coordinates relative to the grid have to be subsequently
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Figure 3.9: Schematic of the wake expansion and the tip  vortex pitch.

corrected to  represent the distances at the dye injection plane. This involves correcting 

the distances for camera parallax effects using the distance between the camera lens and 

the measurement grid (H ) and the distance between the m easurem ent plane and the grid 

(h) following the procedure described in Ref. [40]. A schematic th a t identifies the distances 

used for parallax correction can be seen in Figure 3.10. The distance L  represents a distance 

identified based on the grid coordinates and d represents the corresponding actual distance 

at the measurement plane. The photographed vortex cores are corrected for the effect of 

parallax using Equation (3.5).

measurement grid

measurement plane

camera

Figure 3.10: Parallax correction schematic. A dapted from [40].
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d = ^ - j r L (3.5)

The downstream vortex core coordinates have been normalised by the turbine diameter 

(x / D ). The lateral positions of the tip vortex cores from the blade tip  were normalised with 

respect to the diam eter (y / D ) for consistency with the dow nstream  coordinates. The initial 

wake expansion is characterised in this thesis by the lateral position of the tip vortex cores 

in the near wake region. The core locations determ ined from six images wrere averaged 

for consistency with the procedure outlined in Ref. [40]. A dditional analysis confirmed 

tha t an acceptable level of repeatability was obtained when 5 or 6  images were used when 

calculating the average core locations. Additionally, a  synchronisation mechanism was not 

used to record the photographs and the images were selected based on the resulting blade 

tip position. The errors in the mean vortex core location resulting from the experimental 

approach will be described in C hapter 4.

3 .2 .2  R o to r  con tro l

A set of GWS-400 generators and EPS-series gearboxes m anufactured by Grand Wing 

Servo-Tech Co., Ltd were used to control the rotational speed of the  rotors. The gearboxes 

were designed to  slow the rotor down to the desired rotational speed and the selected 

gearbox depended on the rotor size and the flow speed. The reduction ratios of the 9 

gearboxes ranged from 2.14 to 6.30. Fine speed adjustm ents a t a given flow speed were 

performed by adjusting the load on the generator using a resistor.



Chapter 3 77

3 .2 .3  S c a le  m e a su r e m e n ts

In addition to conducting flow visualisation for each test case, the th ru s t force generated 

by the rotor was inferred using a commercially-available A M T I  HE6X6  six degree-of- 

freedora balance. The HE6X6  force balance uses Hall Effect sensors to  record displacements 

and calculates three forces and three moments. An image of the scale and the associated 

components can be seen in Figure 3.11. The balance measures 15.24 cm x 15.24 cm ( 6  in x 6  

in) and the balance platform has four m ounting screws. Four additional holes are provided 

on the base of the scale to fix the balance within an experim ental setup. The scale outputs 

digital da ta  th a t is transm itted to a com puter and to the AM TI NetForce software through 

a USB cable.

Figure 3.11: The HE6 X6  scale and com ponents.

A schematic of the top view of the balance indicating its coordinate system is shown in 

Figure 3.12. The five positions indicated on the right side of Figure 3.12 refer to the five 

locations where the balance was loaded during the calibration process th a t will be described 

below.

The six degree-of-freedom balance was predom inantly used in the water channel 

experiments, where it was mounted in the vertical arrangem ent highlighted in Figure 3.13.
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cablecable

Figure 3.12: Schematic of the scale coordinates - top view.

The balance was attached to a m ounting plate a t a 90° angle and a joining plate was used 

to connect the turbine support s tru t to the platform of the balance. In order to isolate the 

rotor-generated forces from the effect of the mean flow, a concentric pipe was place around 

the turbine support s tru t and was attached under the platform of the entire assembly.

The scale was also used for a small number of experiments in the upstream  section of 

the wind tunnel. While the configuration of those experim ents will be discussed in the next 

Section, the scale was arranged horizontally underneath the floor of the wind tunnel.

Mounting plate

N

Concentric 
P*pe s

Figure 3.13: Vertical scale arrangem ent for the water channel experiments.

The balance was used to determine the th ru st force generated by the wind turbines, as
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C t  was related to the downstream velocity deficit and wake expansion. The th rust force 

generated by a turbine was obtained using the moment about the x-axis (Mx ). instead of 

using the forces determined by the scale. In the vertical configuration, the direct th rust 

force corresponded to Fz from the balance and the Fz d a ta  ou tpu t by the balance were not 

reliable in this orientation. The moment about the x-axis and the  distance between the 

rotor's centre of rotation and the centre of the balance were used to  determine the thrust 

force (Fx/trust)- This approach was much more repeatable than  using the direct Fz output 

from the balance. Once the th rust force had been calculated, the  th ru s t coefficient ( C t ) 

was determined using Equation (3.6).

F'TllVUSt f o

T 0.5pAsweptUl,

3.2 .3 .1  B alan ce calibrations

The balance was calibrated by the m anufacturer and the calibration constants are 

applied in the AMTI NetForce software. The accuracy of the calibration curves for the scale 

in a horizontal configuration were previously-verified by Arends [155], The calibrations that 

related to the calculated th rust coefficients in the current experim ents were verified here in 

the horizontal and vertical mounting arrangements.

The first set of calibrations was conducted in March 2011 using the scale in the horizontal 

arrangement. Twenty-four Canadian 1 $ coins were used for the calibration and were weighed 

on a M ettler Toledo AG285 balance with a resolution of 0 . 1  mg. The mass of the coins is 

shown in Table 3.3.

The force in the +FZ direction was first verified. The calibration procedure began by 

zeroing the hardware and the software. Coins were then place one a t a time a t the centre 

of the balance in position 1 identified above in Figure 3.12. D ata  was recorded for 10
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Table 3.3: Calibration weights from March 2011 - horizontal orientation.

Weight Number Mass [g]
1 7.0314
2 6.9677
3 7.0673
4 6.9793
5 6.9227
6 6.9403
7 7.0986
8 6.9943
9 6.9393
10 6.9428
11 6.9999
12 6.9605
13 7.0030
14 6.9980
15 6.9834
16 7.0299
17 7.0599
18 7.0057
19 6.9846
20 6.9718
21 7.0805
22 7.0212
23 6.9974
24 6.9787

s and the average force was calculated each time a new coin was added to the balance. 

The calibration curve for Fz developed using this procedure is shown in Figure 3.14. A 

linear relationship with a slope of 0.9873 is observed between the actual weight of the coins 

{ F z ,a c tu a l )  and the recorded weight ou tpu t from the balance [Fz_mf;as). Additionally, the 

position sensitivity of the balance was assessed by placing coins 1-5 together at each of the 

five locations previously-highlighted in Figure 3.12. Forces were recorded for 10 s a t each 

position and the balance was zeroed in between each test. A bar chart highlighting the 

insensitivity of F z,meas to the position of the coins on the platform  is shown in Figure 3.15.

The calibration for the moment in the x-direction. M x . was verified as M x was used to 

determine the th ru st force in the horizontal configuration. The mom ents in the positive and 

negative M x directions were assessed by placing coins at positions 4 and 5 on the balance, 

respectively. As with the calibration for Fz . coins were placed one a t a time on the balance
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Figure 3.14: Calibration for Fz - horizontal configuration.
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Figure 3.15: Position sensitivity of Fz - horizontal configuration.

and averaged moments were calculated based on 10 s of recorded data. The calibration 

curve for M x is shown in Figure 3.16 and includes both the positive and negative ranges.

The balance was then calibrated in the vertical orientation using a  different set of weights 

in August 2012. The masses of the weights and the two hangars used to support the weights 

were obtained using a M ettler Toledo AG285 balance and are shown in Table 3.4. The 

calibration for M x in the vertical orientation was conducted w ith a setup th a t mimicked 

the one used in the water channel. The scale was mounted vertically and a turbine was
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Figure 3.16: Calibration for M x - horizontal configuration.

attached to the scale using a support s tru t as indicated in Figure 3.17. The schematic 

indicates th a t weights were added to a hangar th a t was attached to  the turbine support 

stru t using a pulley and a piece of string. Weights were added one a t a time at the centre 

of the hangar and the output from the scale was recorded for 1 0  s each time a new weight 

was added. The applied moment was determined based on the force applied to the turbine 

support s tru t (Fz âctuai) and the vertical distance, d, between the  string and the centre of 

the balance. The applied moment {Mx,a c t u a l )  E compared to the moment ou tpu t by the 

scale (M x,meas) in Figure 3.18 a t three different test conditions. The setup was evaluated 

using a 20 cm rotor, a 40 cm rotor, and both the light and heavy weight hangars.

3 .2 .4  B lo c k a g e  c o r r e c t io n s  a n d  free  su r fa c e  e f fe c ts

The presence of an object in a closed test section will create a blockage effect that 

results in artificial flow acceleration around the object in order to  preserve continuity. The 

definition of blockage used in this thesis is repeated here in Equation (3.7) as the ratio
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Table 3.4: Calibration weights from August 2012 - vertical orientation.

Weight Number Mass [g]
1 10/2440
2 10.0850
3 10.1540
4 10.1486
5 10.0033
6 10.0015
11 20.0039
12 20.0006

Light hangar 5/2036
Heavy hangar 49.9395

Sca le

z, actual  ►

/
Pulley

I '
H angar

Figure 3.17: Schematic of the vertical calibration setup.

between the swept area of the rotor and the cross-sectional area  of the test section, as 

this is a representative way of characterising blockage caused by dynamic rotor effects and 

the downstream wake. Blockage will have a tendency to  straighten out streamlines around 

and downstream of an object due to the higher speed. Additionally, blockage will lead to 

recorded forces and moments which are larger than they would be if the same object was 

tested in truly freestream conditions due to the local increase in the  speed of the flow [156].
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(a ) 20  cm  rotor, h eavy hangar (b) 4 0  cm  rotor, heavy hangar (c )  20  cm  rotor, light hangar

Figure 3.18: Calibration for M x - vertical orientation.

Blockage  =  ^ b̂ pi x 100 (3.7)

Analytical blockage corrections are typically used to  correct th ru s t coefficients in wind 

turbine experiments [30.60]. The correction presented by Bahaj et al. in Ref. [30] will be 

used in the current work to  correct th ru s t and power coefficients for blockage effects. The 

correction is based on an actuator disc model of a wind turbine in a closed test section and 

can estimate the equivalent freestream th ru st coefficient based on a blockage factor (cb)-

The symbols and assumptions used in the correction are indicated in the schematic 

shown in Figure 3.19. The rotor is replaced with an actuator disc, a t which the velocity is 

U\ and across which the pressure is discontinuous. P lane A is located upstream  in conditions 

tha t are undisturbed by the rotor, where the tunnel speed ( U t ) has a uniform profile [30]. 

Plane B is located downstream where the pressure in and out of the  wake is approximately 

equal. The velocity in the wake of the disc is represented by U2 and  the downstream velocity 

outside the wake is t/3 .

By applying continuity and an axial m om entum  balance, the velocities U\. U2 . and U t  

can be related to the cross-sectional area of the test section (Ax ) and A swept according to
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Figure 3.19: Schematic of the actuator disc-based blockage correction.
A dapted from Ref. [30].

Equations (3.8) and (3.9) [30].

Ui
U2

■1 + \ 1 + ŝwept
:&)■

A s - w e p t
Ax -  1

(3.8)

Ut   ^nwcpt U\
T h ~ T h ~  a x 1T2

Uz
Uo

(3.9)

The rotor's uncorrected th rust coefficient can also be rew ritten as

U t Ii t u s I
C T,U =  — ~ V "  UO' j j2 1 ^ 1  " I0 .o p A swepiUT

(3.10)

Equation (3.10) can be rearranged to produce Equation (3.11).

UT
Ih.

(3.11)

The benefit of using this formulation is th a t the velocities in th e  test section do not need 

to be known, as only the velocity ratios are required. In order to  solve the equations, a 

range of values are selected for U3 /U 2 and Equations (3.9) and (3.11) are solved iteratively
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until convergence is achieved. Once the two equations have converged to a common value 

for U f  / U2 ■ the velocity ratio U\/L’t  can be determ ined by first calculating U1 /U 2 with 

Equation (3.8) and then multiplying the result w ith the inverse of UjjU%. The ratio l \ / V j  

can then be used to determine the relationship between the flow speed in the tunnel and 

the equivalent freestream conditions using Equation (3.12).

V i. =  S   (3 12)
U p  ( U A 2 , CT.v( & )

The velocity Ut / U f  represents the blockage factor (e#) and can be expressed more 

conveniently as
U] Ut  { C i

“ > = irT

The blockage factor can then be used to correct the uncorrected th ru st coefficients 

recorded in the closed test section (Ct ,u ) to their equivalent freestream  conditions in the 

absence of blockage using Equation (3.14) [30].

C t ,c  — C T ,u e<B (3-14)

W ater channel experiments differ from wind tunnel experim ents in th a t there are three 

solid walls and one free surface. The free surface facilitates access to a model in a water 

channel, but it may affect the development of the flow around an object.

A similarity param eter th a t should be considered when m atching a water channel 

experiment to a channel flow or surface wave problem is the Froude number (F r). The 

Froude number is the relationship between the freestream speed and the surface wave 

propagation speed in channel flows and is defined by Equation (3.15). where Ux  is the 

freestream speed, g is gravity, and z is the height of the free surface in the channel.
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F r  =  %  (3.15)

The Froude number is analogous to the Mach number in air as it relates to the direction 

of propagation of flow information. The non-dimensional num ber should be m aintained in 

the subcritical flow regime in channel flow (< 1 ) if an analogy is to  be maintained with 

subsonic flow in air. Given th a t the water channel was not being used to  match a particular 

surface wave condition, it was desired to maintain a low Froude num ber such th a t the free 

surface of the water was not disturbed during the experiments. The Froude number in the 

current experiments will be discussed briefly in C hapter 4, bu t ranged from 0.036 to  0.082 

and was in the subcritical flow regime.

In tidal turbine experiments, the Froude number can typically reach 0.2-0.3 and the 

free surface of the water is affected by the presence of the rotor. A two-dimensional model 

to combine blockage and surface effects was proposed by W helan et al. in 2009 [157]. A 

schematic of the model has been adapted from Ref. [157] in Figure 3.20. The model assumes 

th a t the free surface of the water will drop downstream of the rotor. This was caused by 

the presence and energy extracting nature of the rotor. As a result of the drop in height 

of the free surface, the speed of the bypass flow (Ut,) around the rotor was assumed to 

increase further and it was proposed in Ref. [157] th a t forces and moments may experience 

an increase greater than what would be observed with traditional blockage effects.

The model of Whelan was evaluated in a separate work by Shives and was found to 

overestimate the drop in the free surface [73]. Shives developed an alternate model based 

on CFD simulations of a tidal turbine represented with an actuator disk. The resulting 

model is highlighted in Equations (3.16). (3.17). and (3.18). The inputs to the model are 

the th rust coefficient (Ct ). the blockage ratio ( BT) and the Froude num ber of the flow.
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Figure 3.20: Schematic of the free surface variation due to  blockage. 
A dapted from Ref. [157].

ha f ^ p  f l  [ 3 q [ = 3 -  f
T~ = 2 a / - cos < -  arccos — W—  >
h0 V 3 13 L2pV V >

(3.16)

P  = (■CT B r -  2 )F r 2 -  1 

q = 2F'r

(3.17)

(3.18)

3.3  W in d  tu n n e l e x p e r im e n ts

The wind farm layout experiments were conducted in the atm ospheric boundary layer 

(ABL) wind tunnel at Carleton University. The wind tunnel geometry, the design of the 

scaled wind turbines, and the wind turbine layouts th a t were considered will be described. 

Additionally, the flow conditioning elements used to generate a  scaled ABL will be presented. 

The instrum entation and setup of the three-axis traverse will then  be highlighted. Lastly, 

the calibration procedures and d a ta  acquisition param eters used in conjunction with the 

hot-wire probe measurements will be described.

The ABL tunnel at Carleton is an open-circuit wind tunnel designed for experiments
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occurring in scaled boundary layer flows and can be seen in Figure 3.21. The wind tunnel 

has an upstream  contraction ratio of 7.1:1 followed by a fetch distance of 9.76 m. The 

turbine is powered by a 30 kW m otor coupled to a 1.67 m diam eter fan and this allows the 

tunnel to reach a maximum flow speed of 17 m /s.

Figure 3.21: The open-circuit ABL tunnel at Carleton University.

The wind tunnel was commissioned in 1979 and has been used throughout the past 30 

years for a wide range of experiments, including snow drift interaction with the roof of 

M ontreal's Olympic Stadium and vortex interactions with building-mounted solar panels 

[155,158]. Images of the Olympic Stadium  in the ABL tunnel are shown in Figure 3.22.

A drawing of the boundary layer wind tunnel in 2140 ME a t Carleton University has 

been reproduced from Professor K ind's research notes and has been adapted in Figure 3.23 

to reflect the current state of the wind tunnel room [158]. The dimensions in Figure 3.23 

are in imperial units for consistency with K ind's research notes and to reflect the system 

of units used when the tunnel was built. Metric equivalents w^ere not provided in the 

drawing for clarity. A closed-return, two-dimensional wind tunnel with an offset return
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Figure 3.22: Snow drifting studies conducted with a scaled model of M ontreal's Olympic
Stadium  [158].

leg was commissioned in the same room in 2005 in order to study rotorcraft blade-vortex- 

interactions (BVI). The BVI tunnel was built on the exterior wall side of 2140 ME and 

blocks a significant portion of the return  for the open-circuit ABL tunnel. Additionally, an 

open passage was been created between the wind tunnel room and the motor control room 

in 2 0 1 0  th a t modified the shape of the room.
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Figure 3.23: Drawing of the ABL wind tunnel room. Adapted from Kind [158],
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The ABL tunnel way designed with upstream  and downstream test sections, which both 

have a height of 1.12 m. a width of 1.68 m. and a length of 2.44 m (44 in x 6 6  in x 

8  ft). Access is provided to each test section by a horizontally-hinged plexiglass door. 

The upstream  test section is used for experiments in clean uniform flow conditions. An 

experiment was conducted in the upstream  section w ith a single ro tor and the test section 

was configured with a smooth floor and w ithout boundary layer spires.

The wind farm experiments were conducted in the dow nstream  test section. In this 

configuration, boundary layer spires were installed a t the upstream  spire station indicated 

in Figure 3.23 and roughness panels were installed along the full fetch distance of the 

tunnel, corresponding to  Sections 1-4 in Figure 3.23. The test section floor of the wind 

tunnel is typically configured with a turntable, bu t the floor was replaced for the current 

experiments. A m atrix of holes were drilled in the tunnel floor th a t corresponded to the 

prescribed positions for the turbines used in the various la teral and longitudinal wind 

farm configuration experiments. Figure 3.24 identifies the potential turbine locations. 

The dimensions are normalised with respect to  the 20 cm diam eter wind turbine blades 

and a downstream distance of 0 corresponds to the upstream  m easurem ent plane used in 

the experiment. The nomenclature for the points in Figure 3.24 was used in file naming 

conventions where P  refers to the Port side of the tunnel, S  refers to the Starboard side of 

the tunnel, U was an Upstream position, and C  refers to positions along the Centreline.

3 .3 .1  A tm o sp h e r ic  b o u n d a r y  la y er  d e v e lo p m e n t

Wind turbines operate in the atm ospheric boundary layer, which causes fluctuating 

turbine loading. The full-scale ABL can have a height th a t ranges from 200 m to over 1 

km and has a profile tha t depends on atm ospheric stability and the roughness of the local 

topography [159]. The open circuit ABL wind tunnel at Carleton University was used in the



Chapter 3 93

u»
S4\.
S3\.
S2~ S
SI " * 0 1  C2 £ 3  C4 C5 C6 C7 C6' U1

P 2 — •  
P3^» 
P4 
P5

2 0 6 8 102 4
Downstream  distance [D]

Figure 3.24: Layout of the wind turbine positions.

current study in order to simulate the effects of a neutral atm ospheric boundary layer. A 

scaled boundary layer was created in the wind tunnel using triangular spires and distributed 

roughness elements along the floor of the wind tunnel, as seen in Figure 3.25(a).

The boundary layer spires and the roughness elements were designed using the empirical 

sizing methodology described by Irwin [160]. This approach assumes th a t a uniform velocity 

profile is found upstream  of the spires and th a t the wind tunnel has a rectangular cross- 

section w ith a height H  [160]. A boundary layer w ith a height 5 will develop downstream of 

the spires with the power law profile recalled here in Equation (3.19), where U is the speed 

at a particular height 3 . Us is the speed a t a reference height 5. and a  is the desired power 

law exponent. The triangular spires installed a t the test section inlet are equally-spaced in 

the lateral direction and their base b and height h dimensions are sized according to the 

boundary layer height and profile desired for a  particular application.

Once the desired 5 and a have been selected, the height of the  spires can be calculated
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(a) Upstream view of the flow conditioning elements.

Spires

H

Distributed Roughness

x
(b) Schematic of the spires and boundary layer. Adapted from Irwin [160J. 

Figure 3.25: Flow conditioning elements in the wind tunnel.

using Equation (3.20).

h =
1.39(5

l  +  a / 2

The base-to-height ratio of the spires can subsequently be determ ined as

■c(H/5)-

(3.20)

b/ h — 0.5
1 +  c

( l + a / 2 ) (3.21)
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where two additional coefficients c and d can be determ ined w ith Equations (3.22) and 

(3.23).

c =  rf{ M ^ ] + d ~  [ ^ C  +  o / 2 ) ] }  (322)
( 1  - i f

d =
a( 5 / H)  

1 +  a
(3.23)

Equation (3.21) includes the contribution of the drag from a roughened floor downstream 

of the spires necessary to produce a boundary layer w ith the desired 5 and a. The 

friction coefficient (Cj)  th a t would produce these boundary layer characteristics can be 

approximated using Equation (3.24).

C f 1.36
C* ]■ 

- 1 +  Q.
(3.24)

The roughness element size th a t is required to  produce the necessary floor skin friction 

coefficient can be estim ated using the empirical relationship described in Equation (3.25). 

The spacing of the roughness elements (D)  must be selected in order to determine the 

roughness element height (k). The overall shape of the roughness elements is not prescribed 

in Ref. [160], and various authors have used wooden cubes, spanwise chains, or metal L- 

brackets [16.24,158).

k/8  =  exp{(2/3) ln(D/5)  -  0.1161[(2/C/) +  2.05]1/2} (3.25)

The empirical formulation described by Irwin assumes th a t the desired boundary layer 

height and profile will be formed a t a distance 6 h downstream of the spires. If the test 

section is longer than this, then Equation (3.26) can be used to determ ine the additional 

boundary layer thickness tha t would be achieved by an additional A x  downstream fetch
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distance.
1 + 2 a

A 5 = 0.068a
1 4- a

A.t F  (3.26)

The function F  in Equation (3.26) can be estim ated using E quation (3.27). F  is a 

correction factor th a t accounts for the pressure drop in the te st section caused by the 

boundary layer growth [160].

Based on the sizing described by Irwin, two sets of spires were selected for the wind 

tunnel experiments [160]. It was desired to  produce scaled boundary layers tha t were 

representative of rough, forested terrain and of smooth, offshore conditions. A rough 

boundary layer corresponding to a power law profile with a  =  0.25 could be represented 

well with existing spires th a t had a height of 83.8 cm and a w idth of 12.7 cm (33 in x 5 in). 

The original roughness panels designed by Kind were broken and unusable and therefore 

new panels of roughness elements were designed based on the methodology of Irwin [160]. 

Sizing indicated th a t the roughness elements should have a height of 3 cm (1.2 in), but this 

size would have necessitated manufacturing custom elements. As an alternative. 2.54 cm 

( 1  in) angle brackets were purchased off-the-shelf and were glued to  1 / 8  in thick hardboard 

panels.. Sizing for a smooth boundary layer profile with a  =  0.1 indicated th a t spires with 

a height of 80.0 cm and a width of 5.1 cm could produce the desired boundary layer profile.

3 .3 .2  W in d  tu r b in e s

The wind tunnel experiments were all conducted using 20 cm diameter MAAE rotor 

blades. The size of the blades was based on the size of the wind tunnel and the height of 

the boundary layer tha t could be generated within the tunnel. The towers for the wind
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turbines were printed a t Carleton University using the Dimension B S T  three-dimensional 

printer. A DC generator was friction fit into the hub of each tower and the centre of rotation 

was 20 cm from the wind tunnel floor. This provided a blade clearance distance of 0.5D 

between the lowest blade tip  position and the floor of the wind tunnel, consistent with the 

ratio observed on a number of commercial onshore wind turbine designs.

Figure 3.26: W ind turbine model in the wind tunnel.

The low-torque DC generators were obtained from the company K idW m d  and were each 

wired to a 10-turn. 5 kQ potentiom eter in parallel with a 4.7 p F  capacitor. The load provided 

by the potentiom eters allowed the rpm of each turbine to be controlled independently. The 

voltage drop recorded by the d a ta  acquisition system (V) and the  resistance provided by 

the potentiom eter (fi) were used to calculate the electrical power (Petec) generated by the 

turbine using Equation (3.28).
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v 2Pelec — “q" (3.28)

A similar m ethod of controlling the power ou tpu t and rotational speed of small wind 

turbine models has been used by Cham orro et al. by Corten et al.  and by Ozbay [16. 

64,77,79], The baseline rotor operating conditions had a A =s 6  and R etip ~  38.000 and 

this corresponds to a rotational speed of 3300 rpm. The rotational speed of the turbine 

could not be precisely maintained (as would be the case in a  fixed-speed commercial wind 

turbine), and so the actual rotational speed of the rotor will fluctuate with turbulence in the 

boundary layer and changes in the mean freestream speed. This also means tha t turbines 

operating in the downstream wake of an upstream  turbine will experience a slower inflow 

speed and will ro tate with a slower rotational speed if the load provided by the resistor 

was maintained. A lower rotational speed and an associated lower voltage output would be 

divided by the same ft, leading to a decrease in power. An alternative th a t was evaluated 

would involve adjusting the load on the generator for dow nstream  turbines such th a t the 

target rotational speed could be maintained. In this case, the ta rge t rotational speed and 

voltage would be divided by a larger value of ft. leading to approxim ately the same power 

output as in the preceding case. The logistical challenges associated with this approach were 

cumbersome, and the goal of the experiment was not to m atch a particu lar rotational speed. 

Additionally, the overall outcome regarding the power ou tpu t of the rotor was similar in 

both cases (allow rpm  to vary for a fixed load, or attem pt to  m atch rpm by changing the 

load).

Therefore, the approach tha t was selected involved setting ft for each turbine such that 

the individual, isolated turbines operated with A ~  6  and Retip ~  38.000. The rpm  was 

then allowed to  fluctuate at a constant load regardless of the wind farm configuration being 

tested, consistent with the approach selected in Refs. [16.64.77.79].
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3 .3 .3  I n s tr u m e n ta t io n  a n d  d a ta  a c q u is it io n  s y s te m

The primary instrum entation and equipment used in the wind farm experiments can be 

seen in Figure 3.27. A com puter with a 3 GHz Pentium  4 processor and 512 MB RAM 

used Labview 2 0 1 0  version 1 0 . 0  to interface with the da ta  acquisition system (DAQ) and 

the motor controller. D ata were acquired using a National Instruments  (NI) Compaq- 

DAQ system with a NI-9205 analog input module. The DAQ can support 32 single-ended 

channels, 16 differential channels, or a combination thereof and each channel had a range of 

±10 V. The module has 16-bit resolution and a maximum sampling ra te  of 250,000 samples 

per second.

DC P o w er  1
Motor Control

\ I
A nem om eter

E m ergency
Stop

Turbine

Figure 3.27: Photograph of the primary instrum entation and equipment.

The NI-9205 da ta  acquisition module is shown in Figure 3.28 along with the wiring setup 

used in the current experiment. The DAQ is also used to acquire input signals from the 

D epartm ent's scaled wind farms and therefore 16 single-ended channels were configured for 

turbine voltages. All of the analog inputs for the current experim ent (pressure transducer, 

string potentiom eter, three turbines, and the anem ometer) were wired as differential inputs. 

While the DAQ has analog inputs for either 32 single-ended channels or 16 differential 

channels, row 17 includes a common ground for single-ended reference measurements and
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row 18 includes a single digital ou tpu t channel.

16 x wind turbines 
wind farm lab 

single ended ref.

j  empty
□  pressure  transducer (diff)
2  empty
3  string potentiometer (diff)

3 research  turbines (diff)

2  anem om eter input (diff)
2  common ground for wind farm 
D  empty 

O positive (red)
•  ground (black)

Figure 3.28: The NI Compaq-DAQ system and wiring diagram.

The ambient tem perature and humidity in the wind tunnel room were monitored 

using a thermocouple module and a humidity module th a t are input to the hot-wire 

anemometer. The J-type thermocouple was m ounted two metres away from the anemometer 

in a quiescent environment and the sensed tem perature was ou tpu t on the digital display of 

the anemometer. The tem perature was recorded during each experim ent with the hot-wire 

probe with a precision of 0.1°C.

Two power supplies were used during the experiment. The first power supply was a RS- 

75-24 24 VDC switching power supply from Mean Well th a t was used to power the traverse 

motor, the pressure transducer, and the motor controller. The second power supply was a 

steady DC power supply from B K  Precision. Model 1610. (S/N  145-04858) and was used 

to power the string potentiom eter as described below.

The P ito t-static  tube used to  determ ine the reference speed used to  set the tunnel 

operating conditions was a 160-36 P ito t-static  tube from Furneco (Dwyer Canada). A 

PX653 pressure transducer from Omega (Serial X I1080025) was used to convert the pressure 

sensed by the P ito t-static tube into a voltage. The transducer has a measurement range 

from 0 to 0.25 inches of water (62 Pa) and has an ou tpu t voltage between 1 and 5 V. The

N I9205 
Analog Input
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available range of the transducer corresponds to a maximum flow speed of 10 m /s. The 

transducer was pre-calibrated by the m anufacturer and the calibration curve is shown in 

Figure 3.29.

5

4

3
Q.

2

0.0625 0.125 
Pressure [in H20]

0.1875 0.25

Figure 3.29: Calibration curve for the PX653 pressure transducer.

The lateral position of the hot-wire probe in the test section was determined using a 

string potentiom eter th a t was attached to the actuator cart of the traverse system. A string 

potentiom eter consists of a thin m etal cable integrated into a potentiom eter and outputs 

a voltage th a t is proportional to the extension of the cable. The LX-PA-50 series string 

potentiom eter from UmMeasure (Serial number 42050470) used in the experiment had a 

maximum range of 1270 mm. The ou tpu t voltage of the string potentiom eter {Voat>sp) is 

ratiometric and will depend on the excitation voltage (Ve) applied to  the sensor. The sensor 

has a maximum excitation voltage of 25 V, but the excitation voltage was maintained at

10.00 V throughout the experiments so as not to exceed the range of the DAQ. The string 

potentiom eter had initially been powered by a 10 V switching-type DC power supply, but 

this produced an ou tpu t voltage th a t switched between V0.ut lip and 0 a t the frequency 

of the power supply. As this was not satisfactory, the sensor had to  be powered by a 

separate, steady DC power supply, referred to as DC Power 2 in the following subsection. 

The manufacturer-provided sensor sensitivity was 0.77194 m V /m m /V 'e which produced a 

calibration curve for the string potentiom eter distance (dsp) according to Equation (3.29) 

when Ve = 10.OOP.
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dsp [mm] =  128.67V0.u/iS.p (3.29)

This calibration was verified in situ on the traverse setup by conducting three separate 

calibrations. The traverse was moved toward the starboard  side of the test section in 

intervals of approximately Ax «  1 0  mm and then was stepped back towards the port 

side of the tunnel in approximately 20 mm intervals. The distance moved by the string 

potentiom eter was measured a t each interval and is compared to the Vout ŝp in Figure

3.30. The slope of the calibration equation resulting from this procedure varied from the 

manufacturer-provided slope by approxim ately 1%. The calibration procedure was repeated 

2  additional times, and the new calibration equation resulting from the three combined data 

sets is indicated in Equation (3.30).

• Ax = 10 mm, starboard 
Ax = 20 mm, port1000

800

■a 600

400

200

Voltage, Voutsp [V]

Figure 3.30: Manual calibration curve for the string potentiom eter.

dsp [mm] =  130.5Fo.u/,sp -  3.29 (3.30)
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3 .3 .4  T ra v erse  d e s ig n

One of the goals of the planned experiment was to determ ine the  flow speed downstream 

of a variety of wind farm configurations. A three-axis traverse system  was therefore designed 

in order to map the flow in the region of interest. The majority of the traverses tha t were 

planned were lateral traverses at the turbine hub height, and so the  lateral (spanwise) axis 

was the only autom ated direction of travel in order to keep the design straightforward and 

inexpensive. The probe height could be adjusted manually in the vertical and streamwise 

directions in order to  infer the flow speed a t various planes. An image of the traverse system 

th a t was manufactured can be seen in Figure 3.31. The traverse system was mounted on 

streamwise-aligned rails and can be moved upstream  or downstream . The traverse actuator 

is mounted on a plate which is attached to  bearing blocks so th a t the entire assembly can 

be easily moved along the rails. A latch-style brake was installed alongside the bearing 

blocks on both rails to lock the assembly in place during a particu lar test. The vertical 

axis is controlled manually by adjusting a  guide on a Vernier scale. The Vernier scale had 

a resolution of 0.001 ft (0.3 mm) and a set screw was used to fix the vertical axis at a 

particular height above the test section floor.

The lateral motion of the traverse system was autom ated using a  FA-200-TR-24-50 track 

actuator from Firgelli Automations. The screw-driven actuator had a range of motion of 

1270 mm (50 in). The actuator's motor was controlled using a model 1065. 5 amp. 9-28 V 

brushed DC motor controller from Phidgets. The actuator comes with a pre-installed cart 

tha t was used to fasten the vertical axis to the actuator. The string potentiom eter was 

fastened on the port side of the traverse system and was installed in such a way th a t the 

aluminum extrusion of the track actuator shielded the potentiom eter's cable from the flow. 

The end of the cable was fastened to the actuator cart so th a t motion of the cart would 

modify the output of the potentiom eter.
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Figure 3.31: Photograph of the traverse equipment.

The actuator had pre-installed limit switches, but their locations were not compatible 

with the location of the string potentiom eter. Two additional contact switches were 

therefore installed on the frame of the actuator to prevent dam age to the actuator, the 

motor, and the string potentiom eter. The contact switches would cut power to  the motor 

when activated and these were wired to an additional emergency stop button located beside 

the data  acquisition computer. A schematic of the wiring setup for the traverse system is 

shown in Figure 3.32. Connectors were used where possible so th a t the traverse could be 

disconnected from the wiring to facilitate movement along the rails.

The motor integrated with the track actuator did not come equipped with an encoder 

and therefore the string potentiom eter described earlier was used to determine the lateral 

position. One of the string potentiom eter ou tpu t calibrations was shown above in Figure

3.30, bu t the calibrated distance from the potentiom eter had to  be related to the lateral 

position of the hot-wire probe a t the end of the probe support. A calibration curve was 

developed and is shown in Figure 3.33(a) th a t relates the string potentiom eter distance to



Chapter 3 105

Positive (red) 
G round (black) 

Connectorm
Motor

C on tac t Switch 2C ontact Switch 1
Cart

A ctuator

C able

String PotiII

IIII
. Mdtor Controller

II usb
DAQL

DC Power 1

Figure 3.32: W iring diagram for the traverse system.

the lateral position of the probe from the port side wall of the tunnel. A calibration curve 

was developed in a similar manner to relate the reading from the Vernier scale (dv) on 

the vertical axis to the height of the probe from the test section floor, as shown in Figure 

3.33(b).

3 .3 .5  H o t-w ir e  m e a su r e m e n ts

The speed in the wake of several turbine configurations was determined in order to 

complement the turbine power measurements. The sensor th a t was available to meet this 

objective was a single-normal hot-wire probe connected to  a constant tem perature hot

wire anemometer. Single-normal hot-wire probes have been used by several authors in 

Refs. [41,43.62] to characterise the flow downstream of scaled wind turbines. The hot-wire
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Figure 3.33: Calibration curves for determ ining the position of the hot-wire probe.

probe was manufactured by Auspex Scientific and had a 5 ^m  tungsten welded sensor with 

a length of 1 mm. The body of the probe was a stainless steel tu b e  with a 1/8 in diameter.

The probe was connected to  an AN-1005 constant tem peratu re anemometry system 

from A.A . Lab Systems Ltd. The anem ometer had a single channel, which was equipped 

with a signal conditioning unit in order to amplify, offset, and filter the signal [161]. The 

manufacturer-provided guidelines for setting up the anem om eter were followed and the 

param eters in Table 3.5 were applied to the anemometer. The DC offset and the gain were 

selected in order to m atch the range of expected flow conditions to the voltage output of 

the anemometer. This led to a voltage ou tpu t at zero velocity of approxim ately -9.6 V and 

a voltage ou tpu t at the upper range of the measurements of approxim ately 7 V. Based on



Chapter 3 107

the results observed in other wind turbine experiments with a similar rotor diameter, the 

frequencies of interest were typically below 1 kHz [16.64]. D ata were subsequently low-pass 

filtered a t a slightly higher frequency. 1.4 kHz, and were sampled a t twice th a t frequency. 

The DAQ receiving the anem ometer amplifier ou tpu t signal had 16-bit resolution, which 

corresponds to  65.536 discrete values between -10 V and 10 V and discrete voltage intervals 

of 0.0003 V.

Table 3.5: Anemometer settings.

Param eter Value
DC Offset -3.510 V

Gain 13.18
Overheat Ratio 1.488

Filter 1.4 kHz
Sampling Rate 2 . 8  kHz
Sampling Time 30 s

3.3.5.1 C alibrations and tem p era tu re  correction

The hot-wire probe was calibrated against a P ito t-static  tube in situ in the downstream 

test section of the ABL tunnel. The wind tunnel configuration was modified from the 

configuration used to generate a scaled ABL. however. The spires and the two upstream 

roughness panels were removed. This was done in order to limit the growth of the boundary 

layer so th a t a core of uniform flow was present a t the height where calibration took place. 

The centre of the P ito t-static  probe and the hot-wire probe were located 500 mm above 

the floor of the test section and were separated laterally by 35 mm. as indicated in Figure 

3.34. A separate study investigated the effect of the interference between the two probes 

and determined th a t the probes did not m utually-interfere a t this distance.

Hot-wire probe calibrations were conducted throughout the measurem ent campaign with 

calibrations conducted before or after experim ents and a t different am bient tem peratures. In 

total, 17 calibrations were conducted throughout the m easurem ent campaign. Calibration
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Figure 3.34: Calibration setup in the wind tunnel.

curves are typically presented in literature where the anem om eter amplifier ou tpu t voltage 

is a function of the speed. An alternate approach is described by B ruun in which the speed 

is expressed as a fourth order polynomial as a function of the anem om eter voltage [162], The 

approach highlighted by Bruun simplifies the d a ta  reduction procedure and was adopted 

in the current work. The calibration curves are presented in a  m anner th a t follows the 

calibration equations and therefore the ou tpu t voltage will be presented on the x-axis and 

the recorded wind speed will be on the y-axis.

A particular challenge th a t had to be addressed during the calibration procedure related 

to the minimum freestream speed in the tunnel. The wind speed in the tunnel when 

the motor was operating at its idle condition was approxim ately 4.2 m /s and this was 

higher than some of the flow speeds expected in the wakes of downstream turbines. A 

convenient and suitable low-speed calibration facility in which flow speeds could range 

from 1-4 m /s  could not be located and so another solution was explored. A series of 

sandwiched screens were placed upstream  of the hot-wrire and P ito t-sta tic  probes in order
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to slow down the incoming fluid. The speed of the flow' reaching the probes was adjusted 

by removing individual screens. This approach allowed the flow to be slowed down to 2 

m /s. One of the calibration curves developed during the measurem ent campaign can be 

seen in Figure 3.35(a). where the symbols representing the da ta  recorded in the low' speed 

configuration (with screens) are distinguished from those representing the da ta  in the high 

speed configuration (no screens). Labels corresponding to the num ber of screens used for 

certain da ta  points in the low speed d a ta  series are identified in Figure 3.35(a). A 4th order 

polynomial calibration equation was generated using all of the d a ta  from the calibration and 

the percent difference between the da ta  points and the calibration curve is highlighted in 

Figure 3.35(b). The errors in the high speed configuration were all w ithin ±0.25% and those 

observed in the low speed configuration were typically w ithin ± 1 %. The majority of the 

recorded d a ta  corresponded to wind speeds above 4 m /s and therefore the errors associated 

with the low speed configuration were deemed to be acceptable. I t  is w orth noting th a t the 

data  point recorded a t the tunnel idle condition w ithout screens often exhibited a larger 

error than the remaining data  obtained in the high speed configuration.

The sensitivity of the calibration curves to changes in ambient tem peratu re was identified 

using calibration curves developed a t the three tem peratures indicated in Figure 3.36(a). 

The tem perature in the room was m aintained within ±0.1°C during each of the calibrations. 

The results are consistent with calibrations observed in literature in th a t the same voltage 

represents a higher speed as the tem perature in the room increases. The three calibration 

curves identified in Figure 3.36(a) were used to interpolate for the wind speed based on 

the tem perature during a particular test. Each experim ental run typically lasted 1 hr and 

the average tem perature recorded during the run was used to account for tem perature 

effects. The calibration curves were extrapolated in cases where the tem perature exceeded 

23.0°C, the highest tem perature associated with a calibration curve. A small number of the 

experimental runs had velocities above 23.0° and the highest tem perature observed during a
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Figure 3.35: Calibration curve developed a t low and high velocities.

run was 23.7°C. The errors between the recorded d a ta  points and the 4th order polynomial 

curve fit are shown in Figure 3.36(b). Similar to the calibration presented earlier, the errors
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associated with the high speed calibration configuration were w ithin ±0.25% and these 

errors increased to approximately ± 1 % in the low speed configuration.
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Lastly, the long term  calibration stability was dem onstrated using two calibration curves 

recorded at the same ambient tem perature. The calibration curves presented in Figure 

3.37 were recorded 20 days apart and approxim ately 50 hours of tunnel time was recorded 

between the two calibrations.
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Figure 3.37: Long term  calibration stability a t 23.0°C.

3.3.5.2 D ata reduction

The speed time series (U) was calculated based on the anem om eter amplifier output 

(Lttmp) according to Equation (3.31). The calibration coefficients A  to E  are presented in 

Table 3.6.

U = AV*mp +  B V l np +  C V l np +  D Vamp + E  (3.31)

The mean speed was calculated for each 30 second sample. The turbulence intensity
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Table 3.6: Calibration coefficients.

Calibration Temp A B C D E
1 0 21.0°C -0 . 0 0 0 2 0.0019 0.0505 0.4682 2.8103
1 2 22.0°C 0 -0.0006 0.0566 0.5017 2.8692
17 23.0°C -0 . 0 0 0 2 0 . 0 0 2 2 0.0511 0.5151 3.0000

(Tu)  was calculated using Equations (3.32) and (3.33). where UrnLS is the root-mean-square 

of the speed and Urej  is the mean reference speed. UTtj  corresponds to  the mean speed 

at hub height in the test section w ithout wind turbines following the results presented in 

Refs. [16.43,64.79] as opposed to  the mean local speed at a  particular da ta  point.

(  1 V"' 2 \ ° ' 5
=  (a T T T  “  Urneanf)  (3.32)

T u  = V?™ (3.33)
U r t j

3.4  C o m p u ta tio n a l m e th o d s

The two com putational m ethods used during the thesis research were blade element 

momentum theory (BEMT) and a vortex particle code. The BEM T was previously- 

discussed in Section 3.1 and as the related theory is well explained in literature, the method 

will not be described in the thesis [8 6 - 8 8 ]. The vortex particle code. GENUVP. was used 

to  support a  portion of the research and offers the ability to evaluate the development of 

the wake in freestream conditions.
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3 .4 .1  G E N U V P

GENU VP is an inviscid. incompressible, discrete vortex m ethod com putational solver 

tha t was developed at the National Technical University of Athens and the software has been 

used to characterise a number of helicopter and wind turbine problem s [118.163]. A complete 

treatm ent of the theory and im plementation of the code can be found in Refs. [110.112]. The 

simulation domain in GENUVP is divided into three regions: th e  rotor blade surface, the 

near wake region, and the far wake region. Singularity d istributions are defined on all solid 

surfaces and in the near wake, whereas the farwake behind the lifting surface is represented 

with free vortex particles [112]. The rotor blades are resolved using th in  lifting surfaces 

and an inviscid panel method is used to  resolve the blade forces. A viscous correction is 

implemented using lookup tables with two-dimensional lift and d rag  airfoil data.

At each time step, a vortex sheet is generated along the trailing edge of a blade and at 

the blade tip. This vortex sheet is then transform ed into free spatial vorticity in subsequent 

steps so th a t the vorticity in the far wake may be represented by free vortex particles. 

Therefore, instead of calculating the geometry of vortex sheets in th e  far wake, the evolution 

of free vortex particles is tracked throughout the domain [1 1 0 . 1 1 2 ].

A com putational simulation of the scaled MAAE rotor was conducted using GENUVP 

as part of the blockage study described in C hapter 4 in order to identify tip  vortex positions 

in freestream conditions. The com putation was performed in freestream  conditions with a 

rotor operating at A =  6  and Reup — 24. 000. A rigid body sim ulation was conducted as the 

radial structural properties of the blade were not known. Two-dimensional E387 airfoil lift 

and drag coefficients from Refs. [149-151] were used to correct the  panel method predictions 

for viscous effects. The viscous correction in GENUVP takes th e  form of a lookup table 

populated with steady 2D experimental da ta  a t several Reynolds numbers and angles of 

attack. Experim ental airfoil d a ta  for the E387 airfoil a t Reynolds numbers ranging from
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10.000 to 30.000 were used. The reduction in the lift coefficient due to  the 2D experimental 

data  correction ranged from 25% at the mid-span to 17.5% at the blade tip. The magnitude 

of the correction is due to the shallow slope of the lift curve of the E387 airfoil when the 

Reynolds number is less than 50.000.

The inboard section of the blades from the spanwise location r / R  — 0.1 to r / R  — 0.3 

has a local Reynolds number below 10.000 when Reap =  24.000. I t was estim ated th a t the 

inboard 2 0 % of the current rotor blades only generates approxim ately 8 % of the total rotor 

torque and, as a result, it was assumed tha t the airfoil d a ta  at this inboard section could 

be approximated with the available da ta  at a Reynolds num ber of 10,000 [151].

3.4.1.1 V alidation

GENUVP will be used to assess the wake development dow nstream  of the three-bladed 

MAAE rotor in freestream conditions in the next Chapter. I t was therefore desired to 

validate the ability of the vortex particle code to capture the expansion of the wake in the 

near wake region. The force and torque predictions from GENUVP have been previously- 

validated by this author using da ta  from the NREL Phase VI experim ent in 2008 in Ref. [20]. 

The two-bladed 1 0  m diameter wind turbine is seen below in Figure 3.38 in the NASA Ames 

24 m x 36 m wind tunnel. The stall-controlled wind turbine has twisted, tapered blades 

tha t have an S809 airfoil and a tip pitch angle of 3°. The experim ents conducted by the 

NREL operated the turbine with a fixed rotational speed of 72 rpm  and wind speeds that 

varied from 5 m /s to 25 m /s. Qualitative smoke visualisation was conducted during the 

full-scale measurement campaign in order to observe one of the helical tip vortices, but 

the wake expansion was not quantified. Fletcher et al. conducted CFD simulations of the 

NREL rotor using RANS and vorticity transport m ethod (VTM) approaches in 2009 [1 2 0 ]. 

Experimental da ta  w asn't available for comparison until recently in 2011. however, when
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a medium-scale experiment was conducted by Xiao et al. with a 1/8 scale model of the 

NREL turbine [50]. Given tha t the NREL Phase VI turbine had been used for previous 

validation efforts, it was decided to validate the wake profile predicted by GENUVP with 

those predicted in the com putational work of Fletcher et al. and in the experimental work 

of Xiao et al. [50,120].

Figure 3.38: The NREL Phase VI UAE turbine [56],

Xiao et al. recorded PIV  measurements of the tip vortex positions downstream of the 

blade throughout a wake age of 450°. corresponding to approxim ate 1.3 revolutions of the 

turbine [50]. The axial and lateral positions of the tip vortex cores were identified a t non- 

uniform wake age intervals. The rotor was tested in flow conditions th a t produced A =  4.9 

and R etiP =  175.000. These conditions are compared to the test conditions used in the 

com putations by Fletcher et al. and in the current work in Table 3.7. The tip speed ratio in 

the com putations is 1 0 % higher than  th a t used in the experiment. The lower tip speed ratio
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in the experiment should generate a wake with less lateral expansion and a larger helical

tip vortex pitch distance.

Table 3.7: Comparison between the com putational and the experim ental test conditions
from Ref. [50].

Description Diameter A Reap
Present work - GENUVP 1 0  m 5.4 900.000

Fletcher et al. [120] - RANS 1 0  m 5.4 900.000
Fletcher et al. [120] - VTM 1 0  m 5.4 900,000

Xiao et al. [50] - PIV 1.25 m 4.9 175,000

A schematic highlighting the com putational flowfields and the  coordinate system for 

the validation case is presented in Figure 3.39. The tip  vortices generated in the RANS 

com putations from Ref. [1 2 0 ] dissipate after 1.5 turbine revolutions and the wake profile 

is qualitatively similar to the flowfield highlighted by the vortex particles from GENUVP. 

The wake age from 0° to 540° is represented schematically in Figure 3.39, along with the 

conventions used for the downstream and lateral tip vortex positions.

The current com putational results are compared to the results from Fletcher et al. and 

Xiao et al. in Figure 3.40. The downstream and lateral tip vortex core locations were 

identified in 2 0 ° intervals in the com putations and an irregular distribution of data points 

was recorded in the com putations. The tip vortex age is limited to 540° of rotation in Figure 

3.40 as this encompasses the available range of da ta  for both the  experimental results of 

Xiao et al. and the RANS simulation of Fletcher et al. [120].

Good agreement can be seen when comparing the dow nstream  tip vortex position as a 

function of wake age in Figure 3.40(a). The increased axial distance a t a particular wake 

age in the experiment is consistent w ith the reduced A in th a t case and corresponds to a 

helical vortex w ith a larger pitch.

The four da ta  sets compared in Figure 3.40(b) highlight a num ber of similar features. 

In all cases, the wake appears to contract near the blade tip due to  tip vortex roll-up prior
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0°

RANS - Fletcher e t al. [120]

GENUVP

Downstream distance [x/D]

Figure 3.39: Comparison of the com putational wake profiles.

to expanding further downstream. The small expansion of approxim ately 1% is attributed 

to the low solidity and low th rust coefficient of this wind turb ine (Or  ~  0.49 a t A =  

5.4). The current results obtained with GENUVP are well validated and closely follow the 

lateral vortex position from the RANS simulations. The prediction of the wake expansion 

downstream of the MAAE rotor will be presented in C hapter 4.
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Figure 3.40: Validation of the axial and radial tip  vortex locations.
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C h ap ter  4

Evaluating blockage effects on  

wind turbine wake developm ent

One concern in scaled wind turbine experiments is the extent of the blockage effects 

on the wake development, as the factors influencing wake expansion in wake interference 

experiments should be limited to the surface representing the ground, neighbouring wakes, 

the turbulent inflow conditions, and atm ospheric stability. The objective of the current 

study was to evaluate the effect of blockage on the initial wake expansion downstream of 

a scaled wind turbine in a  closed test section. The initial wake expansion was assessed 

by identifying the tip vortex cores downstream of the five rotors using quantitative dye 

visualisation. The th rust developed by the scaled models was recorded using a six degree- 

of-freedom balance and has been related to the wake expansion.

This C hapter will first present a series of tests th a t were completed in order to assess 

the behaviour of the dye visualisation and force m easurem ent systems. The flowfield 

observed downstream of the scaled wind turbines will be described using experimental and 

com putational results. The blockage results in the near wake will then be presented and

120
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will be compared to the wake expansion determ ined com putationally using a discrete vortex 

method. Lastly, a relationship between the wake profile and the recorded th ru st coefficient 

will be established. The results of the study will help to  develop testing guidelines that 

minimize the effect of the test section on the natural development of the flow downstream 

of a rotor.

4.1 A sse ssm e n t o f  th e  e x p e r im e n ta l se tu p

The measurement campaign described in this C hapter represents the first quantitative 

data  set obtained using the RHRC 2436 water channel. It was therefore desired to develop 

a series of recommended practices by thoroughly evaluating the experim ental setup.

The RHRC 2436 water channel was previously described in C hapter 3 and is equipped 

with a 6 -colour dye visualisation system. The dye was composed of food colouring from 

Esco Foods, Inc.. th a t was mixed in proportions of 3 parts water and  1 part food colouring, 

in order to  produce dye th a t was close to neutrally-buoyant. Although two of the dye- 

containing canisters were broken during the test campaign, red, green, blue, and brown dyes 

were all tested. The brown dye provided the sharpest contrast in th e  recorded photographs. 

The blue dye produced acceptable contrast, but the flow p a tte rn s highlighted by the red 

and green dyes were more difficult to clearly distinguish in the w ater. W ith the exception 

of two tests, all of the remaining flow visualisation tests used brown dye.

The dye visualisation system represents an upstream  obstruction in the test section and 

the system was designed to  minimise the effects of the dye s tru t and dye tube on the flow 

behaviour. The dye s tru t was a stream lined rod and the dye tu b e  was a slender, tapered 

tube. The outlet of the dye tube was located more than  8  strut-chord widths downstream 

of the dye s tru t in order to  limit the effect of the wake shed from the dye stru t on the
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injected dye. The frontal area of the assembly represented 0.5% of the  test section area and 

its effect on the overall level of blockage in the channel was neglected. While the blockage 

contribution of the s tru t and tube were neglected, several aspects of the dye system were 

characterised during the flow visualisation campaign, including:

• the effect of the dye setting on the initial wake expansion.

• the effect of the dye setting on the measured forces.

• the effect of isolating the turbine s tru t from the wake.

4 .1 .1  E ffec t o f  th e  d y e  s e t t in g  o n  th e  in it ia l  w a k e  e x p a n s io n

The primary means of assessing the effect of blockage on wake development in this thesis 

is through the use of quantitative dye visualisation to identify tip vortex core locations. The 

first testing param eter to be evaluated was therefore the effect th a t the dye flow rate, or 

dye setting, had on the wake expansion.

The effect of the dye setting on the wake expansion was evaluated using a 25 cm

rotor, corresponding to 10% blockage a t a Reynolds number of 9.370 and a tip speed

ratio of approximately 6 . Recall from C hapter 3 th a t images were digitally-processed and 

the extracted tip vortex coordinate locations relative to the blade tip were subsequently 

corrected for parallax and were normalised with respect to  the turb ine diameter. Four dye 

settings were tested and five flow visualisation images were processed a t each dye setting. 

The initial wake expansion was subsequently calculated using the parallax-corrected vortex 

cores extracted from the images. All of the images were recorded when Blade 2 was passing 

through the dye stream, as previously discussed. The flowfield visualised at the four tested 

dye settings can be seen in Figure 4.1. A smooth dye stream  can be seen upstream  of the 

rotor blade at the low. medium, and high dye settings. However, the very high dye setting in
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Figure 4.1(d) creates a mushrooming effect upstream  of the rotor blade as the dye behaves 

like an impinging je t in the freestream flow.

(a) Low dye setting. (b) Medium dye setting.

(c) High dye setting. (d) Very High dye setting.

Figure 4.1: Tip vortex visualisation a t different dye settings w ith a 25 cm rotor at A % 6

and Reap — 9- 370.

The position of the tip vortices in the wake calculated based on images similar to those 

seen in Figures 4.1(a) to 4.1(d) is presented in Figure 4.2. Figure 4.2 dem onstrates th a t the 

initial wake expansion profile experienced small variations when the low. medium, and high 

dye settings are considered. The very high dye setting appears to  increase the observed 

wake expansion, however. The error bars visible in Figure 4.2 represent ±1 standard error 

from the mean vortex core locations. Although the horizontal and vertical error bars have 

been displayed, in many cases the horizontal error bars were smaller than  the symbol size. 

The vertical error bars represent a standard  error of less than  ±2%  to ±5%.

The effect of the dye on the tip vortex core location was further assessed by calculating 

the percent difference between each radial core location relative to  the vortex core location 

with the lowest dye setting. The lowest dye setting was selected as the baseline condition 

as it was expected tha t the dye would interfere the least w ith the flowfield developing 

downstream. The deviation of the lateral tip vortex core locations with the medium, high, 

and very high dye settings from the first five core locations identified w ith the low dye setting
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Figure 4.2: Initial wake expansion as a function of the dye setting: 25 cm rotor a t A « 6

and RetiP =  9-370.

can be seen in Figure 4.3. The vortex cores identified w ith the m edium  setting typically have 

small variations compared to the baseline results. The core locations identified with the 

very high setting, however, consistently have a percent difference larger than  1 0 % compared 

to the baseline. This occurs due to  the added momentum of the dye th a t amplifies any 

potential dye tube misalignment.

Based on these observations, the dye setting in the remaining experiments was main

tained near the medium level. A first-order method of obtaining this condition is to ensure 

tha t the dye stream  appears smooth upstream  of the rotor blade so th a t the jet-like effect 

visible in Figure 4.1(d) is not visible in the water. This has an additional practical advantage 

as the w ater takes longer to  become discoloured with a lower dye setting.
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Figure 4.3: Deviation of the lateral vortex core locations due to the dye setting.

4 .1 .2  E ffec t o f  th e  d y e  s e t t in g  o n  th e  m e a su r e d  fo r c e s

The force measurements were recorded in separate measurem ent campaigns from the 

dye visualisation experiments. This was done prim arily in order to  limit the blockage in the 

channel to the rotor and its support s tru t but also to minimize the  am ount of time th a t the 

six degree-of-freedom balance spent near the surface of the water. In order to assess whether 

or not future campaigns could collect flow visualisation and force da ta  simultaneously, the 

forces generated by a rotor were recorded a t various dye settings. The change in the 

uncorrected th ru st coefficient (Ct ,u ) as a result of the dye setting was evaluated using two 

separate runs. The procedure involved starting  the tunnel and allowing the transients to 

dissipate. The wind turbine forces were recorded w ithout the dye turned on. and then the 

dye was turned on and the flow rate was increased in discrete intervals approximately every 

90 seconds.

The th rust coefficient calculated based on the recorded forces during Run A and Run 

B a t all of the dye settings is presented in Figure 4.4. The errors th a t were assessed in 

the th ru st coefficient are included in Figure 4.4 and represent approxim ately 0.16% of the 

th rust coefficient magnitude. In both test cases (A & B). the th ru s t coefficient is observed
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to increase with increasing dye flow rate. The change in the m easured C t ,u  small, 

however. In Run A. the low dye setting represents an increase of 0.73% compared to the 

no dye setting. The very high dye flow rate results in a  th ru s t coefficient th a t increases by 

2.4% compared to the baseline case. Based on these observations, th ru s t readings and dye 

visualisation results can be obtained simultaneously. T hrust coefficient corrections could be 

implemented with the lower dye flow rates, bu t the very high dye setting should be avoided 

when obtaining quantitative results because of its dem onstrated im pact on the tip vortex 

locations.
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Figure 4.4: Effect of the dye setting on C t ,u - 25 cm rotor a t A ~  6  and R e a p — 9. 370.

4 .1 .3  E ffec t o f  is o la t in g  th e  tu r b in e  s t r u t  fro m  th e  w a k e

The last aspect of the experimental setup th a t was considered involved the effect of 

isolating the vertical turbine support s tru t from the wake. T he wind turbine s tru t was 

connected directly to the scale in the force measurement cam paigns. As a result, the shed
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tip vortices would strike the support s tru t and would create a higher perceived th rust force 

measurement. One practical solution to this problem involves isolating the turbine stru t 

tower from the wake with a concentric pipe. The 0.8 cm diam eter tu rb ine support s tru t was 

isolated from the effects of the wake using a 2 . 2  cm diam eter pipe. The pipe was fixed to 

the underside of the support platform using a flange and did not touch the support stru t.

The effectiveness of this technique is dem onstrated by com paring the th ru st coefficient 

recorded with the isolation pipe to  the perceived th ru st coefficient recorded w ithout the 

isolation pipe. This was assessed using a 25 cm rotor at A «  6  and  Reup = 9.370. These 

results are compared in Figure 4.5, where it can be observed th a t the test case w ithout the 

pipe generates a higher recorded th rust coefficient than  the case where the s tru t is isolated 

using a pipe. In this particular case, when the s tru t drag (recorded in a separate test) was 

removed from the forces recorded w ithout the pipe, the results collapse to a similar level 

as the isolated case. It is expected th a t a t higher flow speeds and  Reynolds numbers, the 

procedure of removing the s tru t drag will not result in a  th ru s t coefficient th a t is equivalent 

to the case where the s tru t is isolated from the wake due to th e  added contribution of 

the shed tip vortices. The concentric pipe was effective, however, in isolating the thrust 

coefficient developed solely by the rotor.
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Figure 4.5: Effect of isolating the s tru t on C t ,u \ 25 cm rotor a t A s» 6  and R e u p  =  9. 370.
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4 .1 .4  S u m m ary  o f  th e  d ev e lo p ed  te s t in g  g u id e lin es

Based on the results obtained in this Section, the following recom m endations can be 

made regarding the dye visualisation and force measurement setup:

• The dye flow rate should be m aintained at a low-to-medium level in order to limit the 

effect of the dye stream  on the developing flow structures. The useful range of dye 

settings corresponds to  the labels 11-15 on the dye control dial on the water channel.

•  Forces and flow visualisation can be recorded simultaneously, provided the dye setting 

is maintained in the low-to-medium range. This limits the increase in Ct ,u due to the 

dye stream  to approximately 1 %.

• If the forces are being measured using a support s tru t attached directly to the turbine 

and the scale, the s tru t should be isolated from the turbine wake and the freestream 

using a concentric pipe. This eliminates the need to remove the s tru t drag from the 

recorded forces and removes the effect of the turbine wake on the th ru s t force.

4.2  W ake d ev e lo p m en t

The flowfield in the near wake of the wind turbines was evaluated prior to assessing 

blockage results in order to understand the flow features th a t are affected by blockage. 

Examples of the recorded tip vortex visualisation images are presented in Figure 4.6. These 

particular images were recorded using a 25 cm diam eter rotor a t a Reynolds number of 

9,370. Although this R e tip varies from the blockage test conditions th a t will be discussed 

below, the qualitative flow patterns are similar to those observed a t Reap ~  23.000. The 

dye diffused more slowly a t the lower R eHp. allowing more of the flowfield to  be observed. 

The very high dye setting visible in Figure 4.6 was used to  improve the visibility of the



Chapter 4 129

downstream flowfield, but a lower relative dye setting was used when recording the images 

used for quantitative dye visualisation based on the testing guidelines th a t were established 

earlier in Section 4.1.

The nomenclature in Figure 4.6 is organised such th a t A. B. C refer to groups of vortices 

from the first, second, and third revolutions, respectively, and the  numbers 1, 2. 3 refer to 

the vortices shed by Blades 1, 2, and 3, respectively. A periodic vortex pairing instability 

occurred downstream of the rotor and the observed vortex core pattern  a t a particular 

instant was dependent on the blade passing through the dye stream  a t the 0 ° azimuth 

position, as observed in Figures 4.6(a) to 4.6(c). Two sets of three vortices are visible 

downstream of the rotor in Figure 4.6(a), as indicated by the  labels A and B. Vortices Al 

and A2 begin to pair when Blade 1 is in the 0° azim uth position. W hen Blade 2 passes 

through the dye stream  as shown in Figure 4.6(b). vortices A l and A2 continue to pair, while 

vortex A3 moves outward in the radial direction in the process of coalescing with vortices 

A l and A2. Vortex B1 moves inward due to its direction of ro tation  and the presence of 

the shear layer between the wake and the freestream and subsequently begins to pair with 

vortex B2. The first vortex in a new set of vortices, denoted C l. is formed when Blade 2  

is in the configuration shown in Figure 4.6(b). W hen Blade 3 is in the 0° azimuth position 

as shown in Figure 4.6(c). the vortices in Group A have paired further while diffusing and 

growing, while a second vortex in the new set of vortices, denoted C2, is formed. This vortex 

pairing process is repeated once per rotor revolution a t this operating condition. The flow 

visualisation images used to  evaluate the wake expansion were recorded when Blade 2 was 

in the 0° azimuth position, corresponding to the flow pattern  observed in Figure 4.6(b).

The vortex merging behaviour can be visualised further in Figure 4.7 using an image that 

has been post-processed. The background has been removed and  the visible but diffused 

dye could be highlighted using the Sobel edge detection algorithm  in the image processing 

software GIMP. The vortices present in Figure 4.7 represent the vortices shed from the 25
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(a) Blade 1 at 0°

(b) Blade 2 at 0°.

(c) Blade 3 at 0°.

Figure 4.6: Tip vortex visualisation downstream of a 25 cm rotor at A =  6 .1 .

cm MAAE rotor a t A =  6 . 1  and Reup =  24.100 over the course of 6  revolutions. The naming 

convention established earlier is m aintained here where the vortices are labeled in groups 

from A to  F. where the vortices from each revolution corresponds to a unique letter and 

the oldest vortices are labelled with A. The numbers associated w ith each letter correspond 

to the blade number th a t shed a particular vortex. The edge-detected streaklines identify 

three large structures on the right side of the image (groups A, B. and C) tha t are each 

composed of three merged tip vortices. Vortices D1 and D2 have paired and are in the 

process of coalescing with vortex D3. while the pairing process is being initiated between 

vortices E l and E2.
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A3+A2+A1

Blade Tip

Figure 4.7: Merged tip  vortices in the near wake.

The tip vortex pairing process downstream of a rotor will depend on the proximity and 

strength of the vortices as well as the velocity gradient th a t exists between the freestream 

and the wake. As a result, the num ber of blades on a rotor, the  rotor solidity, the tip 

speed ratio, and the Reynolds number under consideration will all affect the tip vortex 

pairing. Tip vortex pairing was observed by Alfredsson and D ahlberg approximately 1.5D 

downstream of a two-bladed rotor operating with A 4 and a Reynolds number on the 

order of 104 [27]. This behaviour was also observed by W hale et al. approximately ID 

downstream of a 2-bladed rotor operating at A =» 6  and a Reynolds number on the order of 

103 [49]. The onset of the pairing behaviour in the current work occurred at a downstream 

distance of 0.45D. The earlier onset of pairing in the current work is attributed to the 

three-bladed design and the high rotor solidity compared to  large-scale rotors. While it is 

unclear how this pairing behaviour extrapolates to full-scale conditions, recent large eddy 

simulations conducted by Ivanell et al. dem onstrated th a t tip  vortex pairing could occur in 

simulations of large-scale rotors [164]. The com putation of the Tjaereborg rotor in Ref. [164] 

dem onstrated tip vortex pairing 1.75D downstream of the three-bladed rotor at A =  7.

The structure of the wake was further investigated using the com putational results from 

GENUVP. The wake was visualised using the location of the discrete vortex particles shed 

from the trailing edge of the rotor blades and the blade tips. The wake structure when Blade 

2 is passing through a 0° azimuth angle can be seen in Figure 4.8. The vortex particles 

inboard of the blade tip have been om itted in Figure 4.8 for clarity and, as a result, the
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Onset of tip vortex pairing

Tip vortices at the 
0° azimuth plane

Sinuous instability

Figure 4.8: Com putationally-predicted tip vortex structures - B lade 2 is at a 0° azimuth
angle.

visualised vortex particles highlight the helical tip vortices th a t roll-up downstream of the 

blades. The shaded plane Figure 4.8 indicates the 0 ° azim uth plane and five tip vortex core 

locations are identified at this plane. The tip vortex core pattern  th a t is observed at the 0 ° 

azimuth plane in Figure 4.8 is similar to th a t observed in the experim ental flow visualisation 

in Figure 4.6(b). The visualisation of the wake in GENUVP also highlights the instabilities 

th a t are present in the helical near wake region. The tip  vortex pairing instability is 

highlighted in Figure 4.8 through the pairing of the 3rd and Atk vortices. Another common 

instability mode in helical vortices is a sinuous instability. This is highlighted in Figure 4.8 

and results in a streamwise oscillation of the tip vortices. The m agnitude of this sinuous 

instability is similar to the pitch distance between successive tip  vortex cores. Therefore, 

this sinuous instability may at times reduce the separation between successive tip vortices 

and accelerate the tip vortex pairing process th a t was observed dow nstream  of the rotor.
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4.3  E ffects  o f  b lock age on  th e  in it ia l w ake ex p a n s io n

It was established through the literature review in C hapter 2 th a t blockage in wind 

turbine experiments with single rotors has ranged from 1% to 53% and th a t there is little 

consensus on w hat constitutes a tolerable am ount of blockage as far as the wake development 

is concerned. The prim ary objective of this aspect of the thesis research involved identifying 

the effects of blockage on the initial wake expansion behind a scaled wind turbine and to 

establish a blockage limit th a t should not be exceeded if near wake properties are to  be 

measured.

These blockage effects were investigated in the RHRC 2436 w ater channel using 

quantitative dye visualisation. The five rotors w ith diam eters ranging from 20 cm to 40 

cm shown in Figure 4.9 were used in the experiment and these rotor sizes correspond 

to blockage tha t ranges from 6.3% to 25.4%. As was previously-mentioned, blockage is 

commonly defined in wind turbine experiments as the ratio of the rotor swept area to  the 

cross-sectional channel area (Ax ).

A summary of the test conditions used for the rotors in the blockage test can be seen in 

Table 4.1. The blockage ranged from 6.3% to 25.4% and the tip clearance is the minimum 

normalized distance between the blade tip and the side w^alls of the channel. A tip speed 

ratio of 6 , consistent w ith full-scale turbines, was targeted for ail of the tests and the flow 

speed ranged from 0.10 m /s to 0.23 m /s. Note th a t the tip speed ratio for the 20 cm 

diameter rotor test could not be maintained a t A =  6 , and therefore the resulting pitch 

distance between tip vortex cores will be increased relative to  the other four test cases. The 

tip speed ratio had an estimated uncertainty of ±3.3% from the mean value in each blockage 

test. The Reynolds number was maintained at approxim ately 23.000 in all of the blockage 

experiments. Another param eter th a t wras considered in the w ater channel tests was the 

Froude number. The non-dimensional number should be m aintained in the subcritical
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25 cm

40 cm

35 cm

30 cm

Figure 4.9: Scaled MAAE turbine blades.

flow regime in channel flow (< 1 ) if an analogy is to be m aintained with subsonic flow in 

air. The Froude numbers based on the tested flow speeds and a channel depth of 0.81 m 

ranged from 0.036 to 0.082 and were all in the desired subcritical flow regime. Additionally, 

the average water tem perature throughout the experim ental cam paign was maintained at 

21.5°C ±0.2°C. I t has been assumed th a t the small variation in the tem perature between 

the tests was not a significant source of uncertainty and, as a result, the kinematic viscosity 

of water at 2 1 .5° C was used for Reynolds number

The effect of R etip on the wake expansion was evaluated in a separate measurement 

campaign th a t will be presented in C hapter 5. Based on those results, it is expected 

tha t the Reynolds number variation in the current experim ent, which is in the range of 

23. 400 ±  700. will not contribute to the variation between the test cases th a t occurs as a 

result of blockage. Although the Reynolds number based on the  tip  conditions is used in 

this thesis, it should be noted th a t the Reynolds num ber can alternatively be based on the 

freestream speed and the turbine diam eter {Rep).  The R eo  values associated with this
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experiment are provided in Table 4.1 for completeness.

Table 4.1: Test conditions for the blockage experiments.

Test Number Diameter Blockage Tip Clearance A R(?tip Rep
1 2 0  cm 6.3% ID 5.8 23.700 48,500
2 25 cm 9.9% 0.72D 6 . 1 24.100 48,500
3 30 cm 14.3% 0.5D 6 . 0 23,700 48,300
4 35 cm 19.4% 0.375D 5.9 23.100 48,200
5 40 cm 25.4% 0.26D 6 . 0 22.600 46.200

The initial wake expansion is characterised as the lateral position of the tip vortex 

cores and is presented in Figure 4.10 as a function of the dow nstream  distance for the five 

tested rotors. The downstream and lateral distances indicated in Figure 4.10 are relative 

to the blade tip. The lines connecting the vortex core locations in Figure 4.10 and in all 

subsequent tip  vortex figures are for representation only. All of th e  images th a t wrere used 

for vortex core identification correspond to instances where Blade 2 was passing through 

the dye stream  in the 0° azim uth position, similar to the case presented earlier in Figure 

4.6(b).

In addition to the wake expansion, the tip vortex pairing process is highlighted in Figure 

4.10 by investigating the 3rd and 4th vortices for each rotor. The fourth tip vortex core in 

all but the 40 cm diam eter case moves inward toward the blade tip . This is not indicative 

of overall wake contraction, bu t represents the onset of the tip vortex pairing instability 

th a t was highlighted in Figure 4.6 and highlights one of the lim itations of flow visualisation 

for inferring the wake expansion profile. Once the vortices pair, diffuse, and grow, their 

presence can be observed qualitatively in the water, bu t the unique cores are no longer 

visible.

Several trends are visible in Figure 4.10 th a t highlight the effect of blockage on the wake 

expansion. The wake narrows as blockage is increased, based on the expansion observed at 

the fifth vortex cores. This result was expected, as the obstruction created by the rotating
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Figure 4.10: Initial wake expansion as a function of blockage a t Reup ~  23.000 and A =» 6

(A =  5.8 for the 20 cm rotor).

turbine in the closed test section will cause the flow between the  blade tips and the solid 

walls, as well as the flow upstream  of the rotor, to accelerate. This acceleration will cause 

the downstream wake to narrow artificially. Blockage had a  pronounced effect on the wake 

expansion at the fifth vortex core when the blockage was greater than  1 0 % and resulted in a 

wake which was 35% to 55% narrower than  the wake downstream  of the two smallest rotors. 

The 20 cm and 25 cm rotors have similar initial wake expansion profiles based on the first, 

second, and fifth vortex core locations. The vortex pairing, however, is not as prominent 

in the 2 0  cm diam eter rotor case. This is a ttribu ted  to the tip  speed ratio of the test 

performed with the 20 cm diam eter rotor, which could only reach A =  5.8 and resulted in a 

larger pitch distance between successive vortices. Despite the m oderate difference observed 

in the behaviour of the th ird  and fourth vortices, the initial wake w idth at a downstream 

distance of x / D  — 0.65, approximately a t the fifth vortex core, does not appear to be 

significantly affected in this case when the blockage is less than  1 0 %.
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Increased blockage is also seen to limit the vortex pairing motion. For the smaller rotors, 

pairing typically occurred a t x / D  =  0.45. corresponding to  a wake age of 360°. The lateral 

motion associated with pairing is reduced with a diam eter of 35 cm and is not observed 

for the 40 cm rotor within the range of axial values shown in Figure 4.10. The proximity 

of the vortices to the wall in the case of the 40 cm diam eter ro tor restricted tip vortex 

movement in the radial direction and delayed the observed vortex pairing to a vortex age 

of approximately 720°.

The vertical and horizontal error bars shown in Figure 4.10 represent ±1 standard error 

from the mean vortex core location. E rror bars are shown for all of the data  points, bu t in 

many cases the standard error is smaller than the symbol w idth. One standard  error in the 

lateral direction is typically 2% to  5% of the mean value.

The testing environment used to characterise blockage effects on the wake development 

differs from most experiments conducted in wind tunnels due to the presence of one free 

surface and three walls. The height of the free surface of the w ater was not observed to 

vary as a result of the turbine model. There were some visible surface ripples caused by 

the support s tru t and the vertical edge where the w ater channel contraction joins the test 

section. In some tidal turbine experiments, the w ater level will drop downstream of the 

turbine and this effect is related to the th ru st coefficient, the blockage, and the Froude 

number [73]. The drop in the free surface is associated with an increase in the bypass flow 

speed around the object and this may have an additional blockage-related contribution [73]. 

Models are available in literature to predict the drop in height experienced by the free 

surface. The model presented by Shives in C hapter 3 was applied to  the present experiment 

and predicted a drop in water height of less than  1 mm based on the th rust coefficient, 

blockage, and Froude numbers identified for the 2 0  cm and 40 cm rotors [73]. By comparison. 

1 mm was the accuracy of the measurements for the height of the free surface, so this was 

consistent with the lack of change in the free surface height observed in the experiments.
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The insensitivity of the free surface was predominantly due to the low Froude number range 

of 0.036 to 0.082 in the present experiment compared to  a value of approximately 0.3 in 

many tidal turbine experiments. As the additional bypass speed effect observed in tidal 

turbine experiments was not a factor in the present set of tests, these results are assumed 

to also apply to experiments conducted in a wind tunnel.

The most conservative wall distance was selected in this experim ent in order to assess 

the blockage effects on the wake development, recognizing the fact th a t the test section is 

not square. In fact, many test sections in literature are rectangular, allowing the wake to 

expand differently in the vertical and lateral directions, despite the fact tha t blockage is 

generally characterised as a  simple area ratio. It is expected th a t the wake expansion tha t 

will occur between the rotor and the free surface will be on the same order as the expansion 

occurring between the rotor and the bottom  wall.

4 .3 .1  S e n s it iv ity  to  th e  s tr e a k lin e  p a tte r n

It was previously-highlighted in Figure 4.6 th a t the tip vortex streakline pattern  was 

dependent on the blade number (1. 2. or 3) passing through the dye stream . The conclusions 

tha t were drawn from the above initial wake expansion analysis w ith Blade 2 were verified 

with results obtained when Blades 1 and 3 were passing through the dye stream. Similar 

data reduction procedures were followed to determine the blockage dependence of the tip 

vortex core locations. The tip vortex core patterns corresponding to  Blades 1 and 3 are 

shown in Figures 4.11(a) and 4.11(b). respectively. The error bars indicate ±1 standard 

error of the mean downstream and lateral core locations

The wake expansion trends observed as blockage increases in Figures 4.11(a) and 4.11(b) 

are similar to the trends observed with Blade 2 in Figure 4.10 and th e  initial wake expansion 

is seen to narrow as the blockage is increased. Tip vortex pairing for Blade 3 is visible in
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Figure 4.11: Initial wake expansion variation w ith blade number.

Figure 4.11(b) through the motion of the 4th and b1h tip vortex cores. These two vortices 

correspond to the same two vortices th a t are pairing when Blade 2 was passing through the
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dye stream  (though these were located a t the 3rd and 4th vortex positions in the Blade 2 

streaklines). The increased vortex pairing behaviour observed w ith the 25 cm blade (where 

A =  6 .1 ) makes it difficult to directly compare the wake expansion profile to the 20 cm 

diameter rotor (where A =  5.8). where the vortex pairing is not as pronounced. The wake 

expansion, however, does appear to  be somewhat affected in these two cases when blockage 

was 9.9%. This highlights th a t special consideration should be given to wind tunnel blockage 

if wake properties are to be measured and reinforces the finding th a t blockage should be 

less than  1 0 % to  minimize wall effects on the natural expansion of the wake.

4 .3 .2  C o m p a r iso n  w ith  c o m p u ta t io n a l r e s u lts

A simulation was run in GENUVP with a model of the M AAE rotor and the resulting 

wake expansion was compared to  the experimental blockage results in order to compare 

the freestream wake expansion observed in the simulations to th e  blockage-affected wake 

expansion in the experiment. For consistency with the blockage experiments, a 25 cm 

diameter rotor was simulated a t A =  6  with flow conditions corresponding to Reup = 

23.000. The simulation was run for 5.5 revolutions and tip vortices were extracted from the 

5,/l revolution. A simulation consisting of 5.5 revolutions has been shown to be long enough 

to generate a converged solution, based on previous work [118]. T ip vortex core locations 

were extracted from a plane at a 0 ° azimuth angle and the initial wake expansion profile 

was calculated downstream of the blade tip.

The initial wake expansion downstream of the com putational rotor when Blade 2  is 

passing through the dye stream  is compared to  the experim ental results with 6.3% and 9.9% 

blockage in Figure 4.12 because these were the closest cases to the freestream conditions 

applied in the simulations. The comparison highlighted in Figure 4.12 indicates tha t 

the com putation predicts many im portant flow features, including vortex pairing between
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the 3rd and 4tk vortices and the m agnitude of the wake expansion. There is an offset 

along the x /D  axis between the com putational and experim ental results, however, th a t is 

consistent with the expansion behaviour previously-noted in Figure 4.10. The computation 

was conducted in freestream conditions and the resulting wake is representative of the 

wake development in the absence of walls or blockage. The difference in the tip vortex 

pitch distance between the experimental and com putational results may be due to the fact 

tha t the simulation was conducted with a rigid blade model whereas the experimental 

rotor blades exhibited some deflection in the water channel. Experim ents available in 

literature have shown tha t a change in the tip pitch angle can lead to an increased pitch 

distance between vortex cores on the order of the difference observed between the current 

com putational and experimental results [40]. The similarities between the com putation and 

the experiment indicate, however, th a t the development of the near wake in the experiment 

was not significantly altered when the blockage was less th an  1 0 %.
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Figure 4.12: Comparison between the experimental and com putational wake expansion.
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4 .4  E ffect o f  b lock age on  th r u s t  forces

In addition to narrowing the wake, the freestream acceleration caused by blockage will 

cause forces and moments generated by the rotor to increase as well. Corrections have been 

developed in literature to account for the increase in th ru s t and power coefficients resulting 

from increased blockage and these have been shown to be effective even when blockage 

reaches 50% [30, 32]. A relationship between an increase in the th ru s t coefficient and a 

narrowing wake as a result of blockage has not been identified in literature, however. For 

th a t reason, the th rust coefficient was determ ined in each of the current configurations and 

was related to the lateral position of the tip  vortices.

4 .4 .1  C o r r e c te d  F o rce  C o e ff ic ie n ts

The th ru st coefficient was calculated based on the scale m easurem ents recorded for the 

five rotors and was corrected to account for the presence of the rotor and the wake in the 

channel, using the m ethod recalled here in Equation (4.1). where C t ,u  and Cx,c are the 

uncorrected and corrected th rust coefficients, respectively, and eb  is the blockage factor. 

The blockage factor is dependent on the rotor diam eter, the cross-sectional test section area 

and C t ,u - The mean uncorrected th ru st coefficients were calculated based on M x  obtained 

from the balance for each of the blockage test conditions identified in Table 4.1 and the 

blockage correction was used to determ ine Cy.c- These two coefficients are plotted with 

increasing blockage in Figure 4.13.

The force measurement campaign was conducted separately from the flow visualisation 

study. The th rust coefficients in Figure 4.13 were calculated as the average of the mean 

th ru st coefficients from three separate experimental runs, consistent with the procedures 

identified in Ref. [40].
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Figure 4.13: Uncorrected and corrected th ru st coefficients a t R e tip =s 23.000 and A as 6 .

Figure 4.13 dem onstrates th a t although Ct ,u increases with increasing blockage, the 

corrected Ct ,c values collapse to similar freestream levels. The increase in Ct .u with 

increasing rotor size is associated with increased blockage effects caused by the rotor and 

the corresponding flow acceleration in the test section. The corrected th rust coefficient 

obtained with the smallest rotor (lowest blockage) does not follow the trend established 

by the four larger rotors. This decrease is a ttribu ted  to the operating condition of the 

smallest rotor, which had a tip speed ratio  of 5.8. The error bars on the uncorrected 

coefficients in Figure 4.13 represent ± 1  standard  deviation from the mean, uncorrected, 

th rust coefficients, where one standard  deviation from the mean represents 1% to 4% of the 

mean th ru st coefficients.

The th ru st coefficient and the lateral position of the tip vortices a t a downstream 

distance of x / D  =  0.65 were then both evaluated with respect to the blockage in the water 

channel. This distance corresponds approximately to the location of last available vortex 

core and the lateral position at x / D  =  0.65 was interpolated based on the coordinates

C t ,c  =  C T , u e B

■ Uncorrected, CTU
n Corrected, CTC
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of vortices 4 and 5 for the case where Blade 2 was passing through the dye stream. The 

difference in the th rust coefficient between the uncorrected and corrected values (ACy) 

was calculated using Equation (4.2). The effect of blockage on bo th  the wake expansion 

at x / D  = 0.65 and A C j  can be observed in Figure 4.14. The reduction in C j  obtained 

with the blockage correction ranged from 3.6% to 17.5% for the sm allest and largest rotors, 

respectively. Given the m agnitude of the th ru st coefficient corrections th a t were required 

in the current study, blockage corrections may be beneficial even when the blockage is 

approximately 5-10%. Figure 4.14 also dem onstrates th a t the wake expansion approaches 

its freestream level as the blockage in the channel is reduced. The opposite is true when 

blockage is increased, however, and Figure 4.14 links an artificially-narrowed wake with an 

increasing th ru st coefficient.

a c y  =  | C k : C t j I x ioo
C t .u

(4.2)

L ateral D ista n ce  a t  x/D = 0 .65  
□  A C t

>? 0.10 10 o

6 .3  9 .9  14 .3  19.4

Blockage [%]
25.4

Figure 4.14: Relationship between blockage. ACy. and the wake expansion at x / D  =  0.65.

4.5  S u m m ary

The current experiment was conducted in a closed-loop w ater channel and investigated 

the effects of blockage on the initial wake expansion behind scaled wind turbine rotors in
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uniform flow using quantitative dye visualisation. The results of th is  study set a benchmark 

regarding blockage effects on initial wake expansion in small-scale experim ents in closed test 

sections. It was established th a t the initial wake expansion was narrowed when the solid 

blockage was larger than 10% for this particular three-bladed rotor at A =  6 . A lthough this 

limit cannot be assumed to be definitive for all rotors, the results indicate th a t care must 

be taken in wind turbine wake experiments in order to limit the effect of blockage on the 

wake development. The following conclusions were developed throughout this component 

of the thesis:

•  Guidelines were developed regarding the dye visualisation setup  in the water channel. 

It is recommended th a t the dye setting should be m aintained a t or below the 'medium' 

dye level used in this study. This limits the effect of the dye stream  on the wake 

expansion and on the recorded forces. Additionally, the turbine-supporting stru t 

should be isolated from the turbine wake using a concentric pipe.

•  Q uantitative dye visualisation indicated th a t the initial wake expansion was narrowed 

by the presence of the walls when the blockage of the  rotor was larger than  1 0 %. 

The effect of blockage on the initial wake expansion was significant and resulted in an 

initial wake expansion th a t was 35% to 55% narrower when blockage was increased 

above 1 0 %.

•  Tip vortex pairing behaviour was dependent on the quantity  of solid blockage created 

by the rotor and blockage of 25% was observed to  delay vortex pairing.

•  The experimental wake expansion results w ith blockage ratios of 6.3% and 9.9% were 

compared to com putational results conducted in freestream conditions. The wake 

behaviour in the com putation was consistent with the established wake expansion 

trends and predicted a similar wake expansion m agnitude com pared to the blockage- 

affected experiments.
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•  The th rust coefficients inferred with a six degree-of-freedom balance dem onstrated 

th a t the as-measured, uncorrected th ru st coefficients increased with increasing block

age. although the corrected th ru st coefficients collapsed to  a  similar magnitude. Based 

on the results of the force measurements, it is recommended th a t blockage corrections 

may be beneficial even when the blockage is 5-10%. The research presented a link 

between a narrowed wake and an increased th ru st coefficient as blockage was increased.



C h ap ter  5

E valuating R eynolds num ber  

effects in scaled w ind turb ine  

experim ents

In addition to  blockage effects, scaling in wind turbine experim ents presents another 

challenge. Commercial wind turbines typically operate with Reynolds numbers on the 

order of 1 0 6, but large single rotor experiments typically only operate with Retip on the 

order of 105. W ind farm experiments present an even bigger lim itation on R e tip, as the wind 

turbines must be small enough to operate w ithin a scaled atm ospheric boundary layer wind 

tunnel and to allow adequate room in the tunnel for realistic separation distances. This 

generally results in experiments with Reup on the order of 1 0 4. twro orders of magnitude 

lower than commercial-scale turbines. Little work is available in literature  th a t investigates 

the impact of such low Reynolds numbers on the wake expansion.

Therefore, the objective of the current study was to evaluate the effect of the Reynolds 

number on the initial wake expansion and on the measured th ru s t coefficients of scaled

147
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wind turbines. The effect of the Reynolds number was evaluated by testing two different 

small-scale wind turbines in a water channel. This study was designed to  bridge some of the 

knowledge gap th a t exists between rotors operated at Reynolds num bers on the order of 104 

and larger experiments with Reynolds numbers on the order of 105. Specifically, the study 

contrasts the wake expansion and th rust coefficients of a rotor developed for a low Reynolds 

number testing regime with the characteristics of a rotor th a t has been geometrically-scaled 

and operated in a low Reynolds number regime. The scaled rotor results will help to develop 

guidelines for scaled wind turbine testing and will explore the extent to which the scalability 

of the wake profile and thrust coefficients are dependent on the behaviour of an airfoil in 

scaled experiments.

5.1 S ca led  ro tors

The measurement campaign was conducted with the three-bladed MAAE rotor and the 

scaled two-bladed TU Delft rotor. A photograph of the two rotors is shown in Figure 5.1. 

Each rotor has a diam eter of 25 cm. which corresponds to 10% blockage in the water channel 

based on the rotor frontal area and the cross-section of the test section. The current rotors 

were tested w ith Reynolds numbers th a t were on the order of 1 0 4 to 1 0 4. The two rotors 

differ in th a t the MAAE rotor was designed for a low Reynolds num ber regime and the 

scaled TU Delft rotor was geometrically-scaled.

The MAAE rotor has been designed to generate a th ru st coefficient similar to tha t 

observed on full-scale wind turbines. The rotor has an Eppler E387 airfoil tha t behaves 

wrell in a low Reynolds number environment and a chord th a t was designed to generate high 

enough Reynolds numbers to reduce the sensitivity of the airfoil's lift and drag properties 

to changes in Reap.
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The second rotor used in the study was a 1/4.8 geometrically-scaled version of a larger.

1.2 m diam eter wind turbine from TU Delft [52. 165], The non-dimensionalised chord 

and twist distributions were maintained between the medium-scale rotor and the current 

experiment and the rotor blades have a NACA 0012 airfoil. Two scaled TU Delft rotors 

were manufactured using the same rapid prototyping m ethod as th e  MAAE rotor and had 

tip pitch angles of 0° and 4°.

Figure 5.1: 25 cm diam eter MAAE and TU  Delft ro tor blades.

5.2 T est co n d itio n s

The current set of experiments was conducted in the RHRC 2436 water channel at 

Carleton using the flow visualisation and force m easurem ent practices established in Chapter 

4. The flow speeds in the Reynolds num ber experiments ranged from 0.10 m /s to 0,27 m /s 

and the range Froude numbers based on these flow speeds and a channel depth of 0.81 m 

was 0.036 to 0.096.
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5 .2 .1  M A A E  t e s t  c o n d it io n s

The 25 cm diam eter MAAE rotor was operated a t A =s 6  th roughout a Reynolds number 

range of 3.620 to 30,100 in order to observe the effect of Retip on th e  initial wake expansion. 

The lowest Reynolds number th a t could be tested a t A =  6  was 3.620 and the highest 

Reynolds number tha t could be tested was 30.100. The test conditions used to evaluate the 

Reynolds number effects are summarized in Table. 5.1.

Table 5.1: Test conditions for the MAAE rotor.

Test Case Diameter A R c 11 p
1 25 cm 6 . 0 3,620
2 25 cm 6 . 1 9,370
3 25 cm 5.8 19,100
4 25 cm 6 . 1 24.100
5 25 cm 6 . 1 30.100

5 .2 .2  S ca le d  T U  D e lf t  t e s t  c o n d it io n s

The scaled TU  Delft rotor was operated in the water channel a t A ~  6  and A sj 8  with 

Reynolds numbers ranging from 12,800 to 31.400 in order to evaluate the scalability of the 

initial wake expansion downstream of the rotor. The test conditions and their associated 

Reynolds numbers can be seen in Table 5.2. along with the medium-scale test conditions 

used for comparison. The tip speed ratio had an estim ated uncertainty of ±3.3% from the 

mean value in each test.

5.3 D e sc r ip tio n  o f  th e  flow fie ld s

Given th a t the two rotors have different numbers of blades and different lift-generation 

characteristics, their near wake flowfields will differ. Therefore, th e  flowfields in the near 

wake of the rotors will be described prior to investigating the effect of the Reynolds number
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Table 5.2: Test conditions for the scaled and medium-scale TU Delft rotor.

Test Case Rotor D iameter @ tip A R e t i p

6 25 cm 4° 5.9 12,800
7 25 cm 4° 6 . 2 29,100
8 25 cm 4° 7.9 31,400
9 25 cm 0 ° 8.3 28.200

Medium-scale [40]
1 . 2  m 4° 5.9 175.000
1 . 2  m 4° 7.9 230.000
1 . 2  m 0 ° 7.9 230,000

on the wake expansion.

5 .3 .1  M A A E  flo w fie ld

The near wake development and the  tip vortex behaviour dow nstream  of the MAAE 

rotor were both described in detail in C hapter 4. Reynolds num ber effects introduce some 

additional variations in the flowfield, however. Figure 5.2 shows images recorded at Reynolds 

numbers ranging from 3,620 to 30,100. The images were recorded when Blade 2 was passing 

through the dye stream , and so the 3rd and Ath vortices should be in the process of pairing, 

based on the results presented earlier in C hapter 4. There appears to  be little vortex pairing 

when R e(ip = 3.620 and the pitch distance between successive vortices is larger compared 

to the three other cases. While the flowfield with Retip — 9.370 is qualitatively similar to 

those at the higher Reynolds numbers, the wake expansion is wider in Figures 5.2(c) and 

5.2(d).

5 .3 .2  S c a le d  T U  D e lf t  flo w fie ld

Flow visualisation images were subsequently recorded with the scaled TU Delft rotors 

at the four test conditions highlighted in Table 5.2. In the flow visualisation experiment 

conducted with the MAAE rotor, significant differences were observed in the instantaneous
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0 .6 5 D ---------------------------------►. H---------------------------------- 0.65D

(a) Blade 2 at 0° with R e u v =  3,620. (b) Blade 2 at 0° with R e txp =  9,370.

0 .6 5 D ------------------------------------- h----------------------------------0.65D

(c) Blade 2 at 0° with R e txp — 24,100. (d) Blade 2 at 0" with R e txp =  30,100.

Figure 5.2: Tip vortex visualisation downstream of the 25 cm MAAE rotor at A w 6  at
several Reynolds numbers.

flowfield when each of the three blades passed through the dye stream . However, due to the 

two-bladed nature of the scaled TU Delft rotor, the tip  vortices are spaced further apart and 

the pairing behaviour observed in the MAAE test is not as prevalent. The instantaneous 

flowfields recorded when Blade 1 passed through the dye are shown in Figure 5.3. The tip 

vortex pairing instability th a t was present downstream  of the MAAE rotor is not visible in 

these images, however, and occurred further downstream.

The flowfield downstream of the rotor was. however, dependent on the rotor operating 

conditions. The images in Figure 5.3 have the same horizontal and vertical scale and 

portions of the downstream flowfield were om itted in Figures 5.3(a) and 5.3(b) in order 

to focus the field of view on the first five tip vortex structures. The flow visualisation 

images highlight the effect of the tip  pitch angle setting  and the tip  speed ratio on the wake 

expansion and the tip vortex pitch. The effect of the tip speed ratio  on the tip  vortices can 

be visualised in Figure 5.3(a). The tip vortex pitch increases from Figure 5.3(a)-i to Figure 

5.3(a)-ii due to the reduced tip speed ratio  in Figure 5.3(a)-ii.
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The effect of decreasing the tip pitch angle is highlighted by com paring Figures 5.3(b)-i 

and 5.3(b)-ii. Note tha t Figures 5.3(a)-i and 5.3(b)-i are the same image. The reduced 

tip pitch angle in the test visualised in Figure 5.3(b)-ii creates a higher effective angle of 

attack distribution along the blade, higher circulation, and higher shed vorticity. resulting 

in stronger tip vortices. The increased wake expansion th a t accompanies a higher lift force 

along the blade and higher th rust coefficient can be observed in Figure 5.3(b)-ii as well.

1.35D

1.35D

1.35D

0 “ tip  =  4", X = 8

1.35D

'0  ©tip = 4°, X = 6 ii) Otip = 0°, X = 8

a) Tip speed ratio effect b) Tip pitch angle effect

Figure 5.3: Scaled TU Delft tip vortex visualisation. R e iip ~  30.000.

The tip vortex pairing process was investigated further dow nstream  by post-processing 

an image using an edge-detection filter. It was dem onstrated in C hapter 4 th a t this 

technique was effective in highlighting flow structures when the dye had partially diffused 

downstream of the rotor. The flowfield th a t extends 1.85D downstream  of the blade tip 

with 0tiP =  4° a t A =  7.9 and Reup — 31.400 can be seen in Figure 5.4. Six pairs of 

vortices are identified downstream of the blade tip and each vortex pair has been assigned 

a common letter following the naming conventions also applied in C hapter 4. The onset 

of vortex pairing in this configuration occurs between vortices C l and C 2 . approximately 

1D-1.25D downstream of the blade tip. This behaviour is consistent w ith the tip vortex 

pairing distance noted by Alfredsson and Dahlberg (1.5D dow nstream ) and by Whale et al.
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(ID  downstream) using other two-bladed wind turbines [27.49].

1.85D
B2

C2 C1F2 E2 D2
A2 + A1Blade Tip

Figure 5.4: Merged tip vortices in the scaled TU Delft near wake. A =  7.9. Qiip = 4°.
RetiP =  31.400.

5 .4  R e y n o ld s  n u m b er e ffects  on  th e  w ake e x p a n s io n

Q uantitative flow visualisation was conducted downstream  of the  MAAE and scaled TU 

Delft rotors in order to gain an improved understanding of scaling effects. The initial wake 

expansion downstream of the MAAE rotor was assessed in order to evaluate the sensitivity of 

the wake to  changes in the Reynolds number. This is contrasted w ith the wake expansion 

identified downstream of the geometrically-scaled TU Delft rotor -when tested in a low 

Reynolds number regime.

5 .4 .1  M A A E  w ak e e x p a n s io n

The 25 cm diam eter MAAE rotor was tested at the five Reynolds numbers previously- 

shown in Table 5.1 in order to assess the effect of the Reynolds num ber on the initial wake 

expansion. The vortex cores th a t were extracted from six dye visualisation images were 

averaged a t each Reynolds number. The initial wake expansion a t each Reynolds number 

can be seen in Figure 5.5. The vortex core locations correspond to  instances where Blade 2  

passed through the dye and the blade tip  position corresponds to  the origin. The vertical
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and horizontal error bars shown in Figure 5.5 represent ±1 standard  error from the mean 

vortex core location. One standard  error in the lateral direction is typically 2% to  5% of 

the mean value and the horizontal error bars are generally sm aller than  the symbol. The 

errors in the lateral direction were the highest in the smallest Reynolds number case and 

may have been due to radial vortex wandering th a t was observed in this particular case. 

Figure 5.5 dem onstrates th a t the wake becomes wider w ith increasing Reynolds number.

—■------  Retip = 3,620
Relip = 9,370

- A  Rellp = 1 9 ,100
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Figure 5.5: Wake expansion dependence on R e t i p  for the M AAE rotor a t A =s 6 .

The initial wake expansion and the vortex pairing behaviour appear to become less 

dependent on Reynolds number when the Reynolds number was higher than 24.100. The 

similarity in the initial wake expansion above a Reynolds num ber of 24,100 may be related 

to the lift and drag characteristics of the E387 airfoil a t these particu lar Reynolds numbers. 

Experiments presented in Refs. [150] and [151] evaluated the lift and drag coefficients of 

the E387 airfoil at Reynolds numbers ranging from 10.000 to 60.000. It was found that 

laminar to turbulent transition occurred over sm ooth E387 airfoils a t a Reynolds number
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of 30.000. but th a t this transitional behaviour could occur a t a Reynolds number of ‘20.000 

because of surface roughness effects [151]. While the blades used in the current study are 

smooth to  the touch, there is a visible roughness pattern  on the surface of the blades tha t 

was an artifact of the rapid prototyping m anufacturing method and  may have affected the 

transitional Reynolds number of the rotor blades. The initial wake expansion could not. 

however, be tested above a  Reynolds num ber of 30.100 w ith th is particular rotor. When 

the flow speed was increased in an a ttem p t to raise the Reynolds number, surface waves 

were generated due to the vertical edge in the w ater channel wall between the contraction 

flange and the test section glass. These surface waves blurred the view of the measurement 

grid located above the free surface of the channel.

5 .4 .2  S c a le d  T U  D e lf t  w a k e  e x p a n s io n

In a similar m anner to the flow visualisation experim ents conducted with the MAAE 

rotor, vortex cores were digitally extracted from six images a t each of the scaled TU 

Delft test conditions in Table 5.2. The experimental vortex cores obtained from the dye 

visualisations were compared to smoke visualisation results presented by Haans et al. [40] 

in addition to HWA measurements behind the same rotor discussed by Vermeer [52].

There were some small differences between the present experim ent and the previous work 

by Haans et al. and Vermeer tha t should be mentioned before in terpreting the results [40.52]. 

The first observation relates to the physical location where the d a ta  were recorded. The 

smoke visualisation conducted by Haans et al. measured the tip vortex core locations when 

the smoke and the blade were a t 90° and 270° azim uth angles, w hereas the results obtained 

in the present study were recorded when Blade 1 passed through the dye at a 0 ° azimuth 

angle [40]. Additionally, the HWA results from Ref. [40] trace the  radial location of the 

tip vortices a t a plane and do not correspond to  the tip vortex core locations based on



Chapter 5 157

streakline patterns. The second difference between the current experim ent and its medium- 

scale equivalent relates to wake asymm etry and the observation th a t the wake expansion 

may be somewhat dependent on the azimuth angle. Wake asym m etry has been observed 

by Haans et al. and by Barber et al. downstream of two- and three-bladed turbines, 

respectively [31,40], In the work by Haans et al.. wake asym m etry was observed as a 5% 

to 1 0 % difference in the radial location of the first two tip  vortices at two different azimuth 

angles [40]. This difference, however, is small com pared to the difference observed in the 

wake w idth downstream of the rotor in the present work as a result of a lower Lastly,

the original da ta  from Haans et al. and Vermeer were normalised with respect to the rotor 

radius, but are normalised in the current work with respect to  diam eter for consistency with 

the blockage results from the previous chapter [40,52].

The vortex cores in the near wake at Reynolds numbers of 12,800 and 29.100 at A «  6  

with 9tiP — 4° are compared to the medium-scale vortex core locations determined from 

HWA measurements conducted by Vermeer in Figure 5.6 [52]. Smoke visualisation results 

were not available for this particular case. The results in Figure 5.6 follow similar trends to 

those established w ith the MAAE rotor, in th a t the wake expansion widens w ith increasing 

Reynolds number. The lateral positions of the tip vortices a t Reynolds numbers of 12.800 

and 29.100 are approximately 60% and 30% narrower, respectively, than the positions 

observed in the medium-scale results [52].

The rotor with a  tip  pitch angle of 4° was also tested w ith A =  7.9 and R e tip =  31. 400. 

The dye visualisation results from this test are compared to smoke visualisation results from 

Haans et al. and HWA data  from Vermeer in Figure 5.7 [40.52]. A 40% to 50% difference 

in the wake expansion can be observed a t the 3rd and 4th vortices by comparing the two 

medium-scale da ta  sets to the current results. The differences in the HWA data  and the 

smoke visualisation results were a ttribu ted  by Haans et al. to a change in the hub shape 

between the two tests [40], Additionally, Haans et al. described th a t the open je t wind
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a   ReIlp = 12,800, A = 5.9 (current work)
-■------  Re„p = 29,100, A = 6.2 (current work)
-A Re^p = 175,000, A = 5.9 (Vermeer [52])
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Figure 5.6: Initial wake expansion dependence on R e tiP for the TU  Delft rotor at A =» 6 .

tunnel was moved into a larger room for the smoke visualisation tests compared to the 

earlier HWA experiment by Vermeer [40.52],

Following the tests with a 4° tip pitch angle, a second rotor w ith a tip pitch angle of 0° 

was tested at A =  8.3 and Retip =  28,200. The calculated wake expansion is compared to 

the medium-scale experimental results in Figure 5.8 [40,52], The results in Figure 5.8 are 

consistent w ith the results presented in the previous two figures and the wake expansion 

was again 40% to 50% narrower in the current experim ent than in the medium-scale tests.

The set of results obtained a t these test conditions was self-consistent in tha t the wake 

expansion was larger with a tip speed ratio of 8  and when the ro tor had a tip pitch angle of 

0°. The lower blade tip pitch setting will result in higher angles of attack throughout the 

blade span and higher circulation, a larger th ru st coefficient, and a  wider wake downstream 

of the rotor.
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—■ Re„p = 31,400, A = 7.9 (current work)
 Retip = 230,000, A = 7.9 (Vermeer [52])
  Retip = 230,000, A = 7.9 (Haans ef al. [40])
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Figure 5.7: Initial wake expansion for the TU Delft rotor a t A as 8  and 6up =  4°.

Re^ = 28,200, A = 8.3 (current work)
Retip = 230,000, A = 7.9 (Vermeer [52]) 
Re„p = 230,000, A = 7.9 (Haans et al. [40])
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Figure 5.8: Initial wake expansion dependence on Retip for the TU Delft rotor at A ~  8

and 9(iP — 0 °.
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The error bars presented in Figures 5.6. 5.7. and 5.8 represent ± 1  standard error from 

the mean tip vortex location. The errors observed when calculating the tip vortex core 

locations for the scaled TU Delft rotor were higher than  those observed during the MAAE 

test. The errors in the downstream direction are smaller than  the  symbol size in many 

cases and represent less than  ±2%  of the mean value. The errors in the lateral direction, 

however, are in most cases ±5% to  ±10%. This is partially a ttrib u ted  to  the fact th a t 

all of the dye visualisation tests conducted on the scaled TU  Delft rotor were conducted 

at Reynolds numbers below 31,400, where the performance of th e  NACA 0012 airfoil is 

degraded [148]. The wake expansion errors increased a t lower Reynolds numbers in the 

MAAE test as well, when the E387 airfoil was operating in a  Reynolds number range tha t 

resulted in diminished performance. The error bars from the medium-scale flow visualisation 

experiment conducted by Haans et al. were approxim ately ±3%  to  ±10%  of the mean value 

and represented uncertainty in the measurements based on 95% confidence intervals [40],

The large variation between the wake expansion observed with the scaled model and the 

medium-scale turbine indicates one of the lim itations of geometrically-scaling an existing 

rotor design w ithout further tailoring it to  the desired Reynolds number regime. The 

lift, drag, and separation properties of the NACA 0012 airfoil are significantly different 

at Reynolds numbers on the order of 104 than  at Reynolds num bers on the order of 

105. Experiments conducted on a NACA 0012 airfoil a t a Reynolds number of 13.000 

by Hung and Ngoc measured the laminar separation location as the angle of attack was 

increased [166]. Lam inar separation occurred over the airfoil and there was no evidence of 

lam inar-to-turbulent transition [166]. Direct Numerical Simulations of a NACA 0012 airfoil 

at a Reynolds number of 50,000 performed by Lehmkuhl et al. indicated th a t a  long laminar 

separation bubble was present over approxim ately 50% of the chord of the airfoil and tha t 

the resulting turbulent flow reattached [167], The formation of a small laminar separation 

bubble and the associated lam inar-to-turbulent transition over the upper surface of an airfoil
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has been observed a t Reynolds numbers on the order of 1 0 5 by Tanaka [168], Additionally, 

the experimental work of Laitone has indicated th a t the m aximum lift coefficient (CTmttX) 

of a NACA 0012 airfoil a t a Reynolds number of 20.700 was approxim ately 0.45 and 

occurred a t a low angle of attack of 5.5° [148], By comparison, the NACA 0012 airfoil 

has been dem onstrated to have a C i max of 0.85 at an angle of a ttack  of 9° a t Reynolds 

number of 160,000 [169]. These previous results available in literature indicate tha t purely 

laminar separation may in fact be occurring over the scaled wind turbine blades a t low 

angles of attack. The extent of the flow separation and tu rbu len t flow over the airfoil 

will affect the lift production of the blades, the tip vortex formation, and the overall wake 

expansion. Additionally, the reduced lift and associated increased drag a t low Reynolds 

numbers will further alter the performance of the scaled model. T he results of the current 

flow visualisation study dem onstrate the im portance of reaching a  Reynolds number where 

airfoil properties, such as the lift curve slope, C i Tnax. and the separation characteristics 

become less dependent on changes to the Reynolds number.

Following the investigation of the wake expansion, the effect of the Reynolds number 

on the tip vortex pitch was evaluated. The tip vortex pitch was approxim ated as the 

downstream spacing between the blade tip and the 2nd tip vortex core, which corresponds 

to a tip vortex age of 360°. The tip vortex pitch results obtained from the scaled TU Delft 

rotor tests are compared to the medium-scale tip vortex pitch distances from Haans et al. in 

Figure 5.9 [40]. It should be noted th a t the lines in Figure 5.9 are for visualisation purposes 

only and the shaded symbols represent the da ta  from Ref. [40]. Figure 5.9 dem onstrates that 

the tip vortex pitch is not particularly sensitive to the Reynolds num ber. At A =s 6  and a 

tip pitch angle of 4°, the tip vortex pitch distance obtained in the present experiment varied 

by a maximum of of 5.4% compared to the results from Ref. [40] a t a Reynolds number of 

175,000. Similarly, the tip vortex pitch obtained a t A % 8  and tip  pitch angles of 4° and 

0° in the current experiment varied by a maximum of 2.4% com pared to the medium-scale
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results at a Reynolds number of 230.000. These variations are on the  order of the standard 

error of the axial vortex core location in this experiment. The tip vortex pitch, however, is 

predominantly a function of the blade geometry {&tip) and the operational characteristics 

(A). The insensitivity of the tip vortex pitch to  changes in Reynolds number was consistent 

with the MAAE results, where the tip vortex pitch was not significantly affected by changes 

in Retip above a Reynolds number above 9,300.

0.5

o
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Q
2 L 03
-Co£ 0.2

a

Figure 5.9: Comparison of the small-scale tip vortex pitch w ith medium-scale results.
Filled symbols represent experimental da ta  from Haans et al. [40],

5.5  E ffect o f  th e  R e y n o ld s  n u m b er on  th e  th r u s t  coeffic ien t

One of the operating characteristics th a t should be m atched between full-scale and 

scaled wind turbines is the th rust coefficient (C r). The th ru st coefficient is correlated to 

the wake deficit downstream of the turbine and is an im portant param eter in establishing the 

downstream wake recovery. Typical full-scale wind turbines have a  th rust coefficient tha t 

ranges from 0.75 to 1 when A ranges from 6  to 8 . This section will compare C r  generated 

by the low Reynolds number MAAE rotor with th a t produced by the geometrically-scaled 

turbine.
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5 .5 .1  M A A E  th r u s t  c o e ff ic ie n ts  - w a te r  c h a n n e l

As in the blockage measurement campaign, the th ru s t coefficient was calculated based 

on the recorded M x from the six degree-of-freedom balance. The th ru s t da ta  were recorded 

a t 500 Hz and were averaged over 30 revolutions. The mean th ru s t coefficient was then 

determined based on the th rust force averaged over three separate runs.

The th rust coefficient was evaluated a t each of the Reynolds num ber tests conducted 

with the MAAE rotor and these coefficients were subsequently corrected for blockage effects. 

The blockage factor (e#) in the MAAE experim ents ranged from 0.98 to 0.95, resulting in 

a maximum th rust coefficient reduction of 9.1% a t a Reynolds num ber of 30,100. The 

effect of the Reynolds number on the corrected th ru s t coefficients and the lateral position 

of the tip  vortices a t a downstream distance of x / D  =  0.65 can be seen in Figure 5.10. 

The vortex position a t x / D  =  0.65 was interpolated based on the surrounding data  points. 

As one can see, the th ru st coefficient and the wake expansion both  generally increase with 

increasing Reynolds number in Figure 5.10. The investigation of the visible trend in the wake 

expansion was limited, however, by the upper Reynolds number lim it in the experiment of 

30,100. The d a ta  point a t Retip =  3.620 had a higher-than-expected th ru st coefficient and 

this was attribu ted  to the axial com ponent of the high drag force a t such a low Reynolds 

number. The MAAE th ru st coefficient approached 0.8 a t a  Reynolds number of 30.100 and 

was in the desired range of full-scale values.

5 .5 .2  M A A E  th r u s t  c o e ff ic ie n ts  - w in d  tu n n e l

The maximum speed of the w ater channel limited the Reynolds num ber range over which 

the th rust coefficient could be evaluated. As the wind tunnel results th a t will be described 

in Chapter 6  used a higher Reup. it was desired to determ ine C t  over a greater range of 

Retip. The 25 cm rotor was therefore installed in the upstream  test section of the ABL
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Figure 5.10: Relationship between the Reynolds number. Cj-- and the wake expansion for
the MAAE rotor.

wind tunnel and C t ,c  was calculated using da ta  from the six degree-of-freedom balance at 

a higher Reynolds number range. A schematic of the wind turbine installed in the upstream 

test section of the wind tunnel is shown in Figure 5.11. Each d a ta  point obtained in the 

wind tunnel represents the average of two separate runs and the subsequent mean thrust 

coefficient was corrected for blockage effects for consistency with the water channel results, 

despite the observation th a t the blockage corrections represented 2 % to  3% of the mean C t -

The Ct ,c determ ined in the wind tunnel is compared to the values th a t were previously- 

presented from the water channel experiments in Figure 5.12. Reynolds number similarity 

could be achieved between the two facilities and so the results a t Reup ~  30.000 could be 

compared and dem onstrate good agreement. T he th ru st coefficient a t a Reynolds number 

of 38,500 was 0.92, and the wind turbines used in the experim ent described in Chapter 6  

were operated near this condition. The tip  speed ratio  could not be m aintained at 6  when 

the Reynolds number was 47.000 and this will increase CY,c- but the upperm ost data  point 

was included for completeness.
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Figure 5.11: Schematic of the upstream  test section in the ABL tunnel. 
Dimensions are not to scale.
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Figure 5.12: Comparison of wind tunnel and w ater channel-derived C t ,c  for the MAAE
rotor a t A 6 .

5.5.3 Scaled TU Delft thrust coefficients

Blockage-corrected th rust coefficients were obtained from the recorded forces for the 

four tested configurations with the scaled TU Delft rotor. The blockage correction resulted 

in a maximum th rust coefficient correction of 6 .1 %. The scaled rotor th rust coefficients 

presented in Figure 5.13 are seen to underpredict the medium-scale results. The lowest
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Reynolds number case had a th ru st coefficient th a t was approxim ately 60% smaller than 

the corresponding medium-scale test. The difference between the  scaled and medium- 

scale results, however, is reduced when the Reynolds num ber was approximately 30.000. 

The observed reduction in all of the small-scale th ru st coefficients is consistent w ith the 

reduced lift coefficients, reduced stall angles, and predominance of purely laminar separation 

associated with the NACA 0012 airfoil a t Reynolds numbers in the range of 12.800- 

31,400 [148,166], Geometric scaling and matching A will result in a significantly lower 

th rust coefficient and an associated narrower wake expansion if the  airfoil properties are 

sensitive to changes in Reynolds number. These results indicate th a t additional factors 

beyond geometric-scaling must be considered when conducting scaled tests a t a low Reynolds 

number.

— ■ ----- 8tip = 0°, TU Delft (Haans e l al. [40])

— A —  ©tip -  Delft (H aans el al. [40))

j—| ©tip = 0°« scaled  (current work)

A  A  Gtip r  4°, scaled (current work)

0.8
Re„p = 2 8 ,2 0 0

o
O 0.6

 A  -
R etlp = 29 ,100

0.4

0.2
R e lip = 12,800

A
Figure 5.13: Reynolds number and tip pitch effects on Cj- with the  scaled TU Delft rotor.
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5 .5 .4  C o m p a r iso n  w ith  o th e r  r e s u lts

The th rust coefficients generated by the MAAE rotor ranged from 0.77 to 0.92 in 

the practical Reynolds number regime of the scaled design (between 20.000 and 40.000). 

By comparison, the  geometrically-scaled TU Delft rotor developed th ru st coefficients that 

ranged from 0.21 and 0.63 and were 30% to 60% lower than  the equivalent medium-scale 

results.

The th ru st coefficient of a particular rotor will depend on its airfoil characteristics and 

its tip speed ratio. Although Ct  will also be dependent on Retip for a particular turbine 

design. Ct  is not a  function of Reup between different designs or scales of turbines. A stacked 

histogram of th ru s t coefficients for small-scale, medium-scale, full-scale, and commercial- 

scale turbine designs has been compiled in Figure 5.14 from available results in literature 

in order to compare the current MAAE design to existing results.

The majority of the scaled turbine experiments have th ru st coefficients th a t fall within 

bins ranging from 0.8 to 0.95, similar to range of C t  for the M AAE rotor. A number of 

small-scale experiments have th ru st coefficients below 0.65 and m any of these are static 

mesh or porous disc models. Although very little commercial-scale th ru st information is 

available in literature, da ta  for the 80 m Vestas V80, the 70.5 m G E 1.5s. and the 35 m 

diameter Bonus 500 kW turbines were available in Refs. [10,99.170].

5.6  S u m m a ry

The current experiment investigated scaling effects in small-scale wind turbine exper

iments using two rotor models in a closed-loop water channel. A three-bladed rotor was 

designed specifically for testing in a low Reynolds number regime and a two-bladed rotor 

was geometrically-scaled from an existing, medium-scale design. T he effect of changing the
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Figure 5.14: Compilation of Ct  values from experim ents in literature.
W ith da ta  from Refs. [23.25,28-30,40.45.47.48.51. 57.59.62. 77.79,80. 96,99,127.170.171].

Reynolds number on the initial wake expansion and the derived th ru s t coefficients associated 

with each rotor was assessed. The following results were identified as outcomes of this work:

•  The wake expansion downstream of the three-bladed rotor increased with increasing 

Reynolds number and became less sensitive to changes above R e tip =  2 0 ,0 0 0 . The 

increase in wake expansion was a ttribu ted  to an increase in th e  th ru s t coefficient with 

increasing Reynolds number. The wake expansion downstream  of the geometrically- 

scaled two-bladed rotor was approxim ately 30% to 50% narrower than  experimental 

results from the corresponding medium-scale experim ent conducted a t the Delft 

University of Technology. It was also observed th a t the tip  vortex pitch was not 

strongly affected by Reynolds number, and was instead a function of the tip speed 

ratio and the lift distribution along a blade, which is characterised in this work by the 

tip pitch angle setting.

• The th rust coefficient was observed to increase w ith increasing Reynolds number
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for the three-bladed MAAE rotor and approached the desired range of full-scale 

th rust coefficients. The th ru s t coefficient in the scaled TU Delft experiments was 

approximately 40%-60% lower than  the corresponding medium-scale coefficient.

• Blockage corrections reduced the m agnitude of the recorded th ru s t coefficients by up to 

9% for the MAAE rotor and by up to 6 % for the scaled TU Delft rotor. This confirms 

the recommendations developed in C hapter 4 th a t suggested blockage corrections may 

be beneficial even when blockage is approxim ately 1 0 %.

• The wake expansion and th ru st coefficient of a small-scale model operating in a low 

Reynolds number regime may not m atch a scaled-up version of the same rotor unless 

the scaled rotor geometry or airfoil is modified. As a result, it is recommended tha t 

scaled wind turbine experiments should be conducted w ith rotors tha t have been 

tailored to the expected Reynolds num ber regime. Additionally, a minimum Reynolds 

number corresponding a reduced variation in the lift curve, transition , and separation 

behaviour should be reached in small-scale experiments.



C h ap ter  6

T he perform ance o f w ind  farm s 

w ith  closely-spaced  w ind turbines

The two largest losses in wind farm performance result from wake effects in grid-like wind 

farms and mean annual wind speeds th a t are lower than the  rated capacities of turbines. 

Wake effects have been shown to result in downstream turbine efficiency losses of 5% to 

40% depending on longitudinal separation distances and the wind direction [10], The second 

source of losses can be quantified by investigating the annual capacity factor of a wind farm, 

recalled here as the energy actually generated by a wind farm  com pared to its rated energy 

capacity. The capacity factors of new, onshore wind farms in O ntario typically vary between 

30% and 32.5%. This occurs primarily as mean annual wind speeds are significantly lower 

than  the wind speeds required for turbines to generate their maximum rated capacity. The 

ability to improve wind farm performance a t mean annual wind speeds while reducing wake 

effects could therefore improve the annual capacity factor of wind farms.

The ability to  improve the performance of wind farms was investigated using scaled 

wind farm layouts designed to capitalise on wake behaviour. T he test conditions for the

170
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measurement campaign were identified using the guidelines established as a result of the 

blockage and Reynolds number campaigns. A param etric study of lateral and longitudinal 

wind turbine separation distances was conducted in an atm ospheric boundary layer (ABL) 

wind tunnel and the effect of the lateral separation between three rotors on the power 

output and the wake development was assessed. This C hapter will describe the flow 

conditions developed in the atmospheric boundary layer wind tunnel and will then present 

the wind farm performance results in several steps. This involves first characterising the 

downstream flowfield and turbine behaviour of a single rotor. Typical losses due to wake 

effects in longitudinally-aligned wind farm configurations will then  be verified using the 

scaled models. The in-field blockage effect identified in this w'ork will then be presented using 

wake measurements downstream of several laterally-aligned wind turbine configurations. 

Lastly, the ability of the in-field blockage effect to increase the perform ance of wind farm 

configurations will be described.

6.1 A tm o sp h er ic  b o u n d a ry  layer c h a r a c te r is tic s

W ind farm performance was assessed using scaled 2 0  cm diam eter wind turbine models in 

the ABL wind tunnel at Carleton University. The ABL wind tunnel a t Carleton University 

was commissioned in 1979 and several flow m apping studies were conducted between 1979 

and 1982 [158], Since th a t time, however, a second wind tunnel was installed in the 

room containing the ABL tunnel for blade vortex interaction (BVI) experiments and this 

additional tunnel creates a  large blockage on one side of the open re tu rn  portion of the ABL 

tunnel. Additionally, the roughness panels th a t were built for th e  wind farm experiments 

also differed from the original roughness panels th a t had been used in the 1980s. Given the 

change in the flow behaviour due to the BVI wind tunnel and the new roughness panels, the 

boundary layer developed in the current configuration was characterised prior to conducting
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the performance measurement campaign.

Rough and smooth boundary layer profiles were generated in th e  wind tunnel using the 

flow conditioning devices previously-described in C hapter 3. The rough boundary layer was 

generated using the 83.8 cm x 12.7 cm spires followed by full-length roughness elements. 

The smooth boundary layer was generated using 80.0 cm x 5.1 cm spires with roughness 

along only 25% of the fetch distance in the wind tunnel. The boundary layer measurements 

were all obtained using a single-normal hot-wire probe using the techniques identified earlier 

in Chapter 3. The smooth and rough boundary layer profiles a t the  tunnel centreline a t the 

X  =  0 plane can be seen in Figure 6.1(a). Note th a t the  upper-m ost da ta  point in Figure 

6.1(a) was recorded using a pitot-static tube. The associated turbulence intensity profiles 

for the boundary layers a t the tunnel centreline can be seen in Figure 6.1(b). The rough 

ABL approximates a power law distribution with a  =  0.25 and has a  UTtf  and a turbulence 

intensity a t hub height of 5.8 m /s  and 13.2%. respectively. T he sm ooth boundary layer, 

however, approximates a power law distribution with a  =  0.1, has a UTef  of 5.9 m /s and a 

hub height turbulence intensity of 5.5%. The two boundary layers approxim ately represent 

commonly-assumed power law profiles in the atmosphere. A lthough the two boundary layers 

were designed to produce a similar wind turbine Reynolds number, the rough boundary layer 

was meant to mimic onshore partially-forested terrain and the sm ooth boundary layer more 

closely matches offshore conditions.

6 .1 .1  F lo w  a s y m m e tr y

Flow asymm etry in the test section was subsequently evaluated in the downstream test 

section of the ABL tunnel by recording a plane of data  at the X  =  0 plane. Nine spanwise 

traverses were conducted in horizontal m easurem ent intervals of approxim ately 40 mm. The 

measurement window shown schematically in Figure 6.2 was restricted by the reachable
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Figure 6.1: Velocity and turbulence intensity profiles a t X  =  0  and  the tunnel centreline.

workspace of the traverse and represents 2 0 % of the cross-sectional area bu t encompasses 

the lateral range in which the wind turbines were installed. The speed variation in the Y-Z 

plane with rough and smooth boundary layers can be seen in Figures 6.3(a) and 6.3(b). 

respectively. Dots indicating the measurement locations and shaded circles highlighting the 

outermost turbine positions are included in Figure 6.3. The contour plots identify th a t the 

centreline speed decreases slightly moving laterally away from the  centreline. The effect of 

the observed variation in the speed m agnitude a t the turbine hub height was accounted for 

in the experimental campaign and is described in the next Section.

6.2  S in g le  tu r b in e  re su lts

The wake developed by a single turbine was evaluated in order to obtain a baseline 

condition for the fiowfield, to verify the wake expansion with earlier results from Chapter 5. 

and to validate the wake recovery characteristics with other results available in literature.
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Figure 6.2: Schematic of the ABL m easurem ent plane.

Following the characterisation of the flowfield, the position-dependence of the power output 

of a turbine was evaluated in order to account for the identified speed non-uniformities in 

the test section.

A 20 cm wind turbine was installed at the X  = 0. Y  = 0  position, which is located 

at the upstream  measurement plane along the tunnel centreline, and was operated with 

a tip speed ratio of approximately 6  and a Reynolds num ber of 38,000, based on the tip 

conditions. The wind turbine was operating with a reference speed a t hub height of 5.8 

m /s, as established from the boundary layer measurements. C hapter 5 identified th a t the 

wake expansion behaviour of this three-bladed rotor became less sensitive to changes in 

the flow conditions above R etip — 23. 000. The Reiip of an isolated rotor was subsequently 

selected not only to be above this limit, but also so th a t turbines operating in the wake 

of an upstream  turbine (and experiencing a lower inflow speed) will also be operating in 

a favourable Reynolds number regime. A series of horizontal traverses were conducted at 

the turbine hub height in the measurement window highlighted in Figure 6.4. The mean 

flowfield speed was calculated from the hot wire da ta  and was normalised with respect to



Chapter 6 175

0 Li i I i i i I i i, i I____i i i I___ i i I I__ i l
- 2 - 1 0  1 2

Lateral Distance, Y/D [-]

(a) Rough boundary layer.

Lateral Distance, Y/D [-]

(b) Smooth boundary layer.

Figure 6.3: Normalised speed contours at X / D  =  0.

the hub height reference speed.

Mean speed contours a t downstream planes ranging from 0.5D to  9D are shown in Figure

6.5. These contours, along with subsequent contour plots, were generated using Tecplot 360. 

Note tha t the contour levels have been deliberately cut off below a  normalised speed of 0.35 

in order to  reflect the limitations of the HWA calibration. I t was mentioned in Chapter 3 

tha t the calibration setup limited the minimum speed th a t could be reliably calculated to
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•hub

Figure 6.4: Schematic of the single rotor HWA m easurem ent window.

2 m /s, corresponding to  U / U ^  = 0.35. Care was taken to  avoid regions where the speed 

would be below this threshold along w ith those where rotation may be present in the wake 

(typically w ithin 3D immediately behind the rotor). The d a ta  points where the speed was 

below 2  m /s represented less than 1 % of the speed da ta  recorded in all of the considered test 

cases and so these points were subsequently om itted from the contour plots. Additionally, 

dots indicating all of the measurement points have been included in the contour plots in 

order to more clearly denote the measurement planes.

The mean speed contours dem onstrate th a t the wake expands downstream  of the turbine 

and recovers to 90-95% of the freestream speed 9D downstream. Labels have been included 

along the 1 . 0 0  contour lines, which represents where the speed is equal to the reference 

freestream speed at hub height. These 1.00 contour lines confirm th a t the speed returns to 

the freestream level outside the wake region.

The outline of the wake profile, corresponding approxim ately to the wake expansion 

defined in Chapters 4 and 5. was assessed using the reduced speed d a ta  by identifying the 

lateral distance in the wake where U =  Urtj  a t each of the dow nstream  planes. The wake
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Figure 6.5: Hub height contour plot - Single rotor.

expansion profile determined using this approach is overlayed on the contour plot in Figure

6.5. The discrete data  points used to highlight the wake expansion profile are represented 

with exaggerated hollow circles and have been connected for visualisation with straight, 

dashed, line segments. It had been previously assumed th a t the tip  vortices could be used 

to represent the edge of the wake, bu t this only applies w ithin ID  of the rotor while the 

discrete tip vortices were still visible. The approach used in this C hapter allows the wake 

profile to  be identified further downstream. The consistency of the profile between the tip 

vortex visualisation conducted in the near wake region in C hapters 4 and 5 was verified with 

the far wake expansion profile determ ined with HWA traverses. The lateral positions of the 

wake profiles obtained using the two methods were calculated relative to the blade tip and 

are compared in Figure 6 .6 . The da ta  points used to identify the far wake profile have been 

connected with straight line segments for visualisation, similar to  the their presentation in 

Figure 6.5. The tip  vortex-derived wake expansion profile was obtained from the earlier 

water channel experiments conducted a t Reap — 30. 100 when Blade 2 was passing through 

the dye. This differs from the wind tunnel test conditions w ith the 2 0  cm rotor which
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were set at Ret%p = 38. 000. Despite the differences in the test conditions, a good degree of 

consistency can be observed by comparing the two d a ta  sets. A lthough the wake appears 

to contract slightly a t the X / D  — 9 position, this difference falls w ithin the uncertainty of 

the velocity da ta  based on hot wire results. This uncertainty was assessed as approximately 

±0.5% of the mean speed and was based on quantization errors, tem perature sensitivity, 

and calibration errors.
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Figure 6 .6 : Comparison of the wake expansion profile for a single rotor.

Following the identification of the wake profile, the speed distribution at several 

downstream planes in the wake was validated with experim ental d a ta  available in literature 

[99], A scaled wind tunnel experiment conducted a t the Energy Center of the Netherlands 

(ECN) used 25 cm diam eter two-bladed turbines th a t had been scaled to operate with a 

Reynolds number above 25,000 and to generate a th ru st coefficient representative of full- 

scale turbines [79,99]. The ECN turbine was operated with Ct  — 0.91 and speed profiles 

were recorded from ID  to 20D downstream of the turbine using a cross-wire HWA [99]. The 

results in C hapter 5 indicated th a t the MAAE rotor generated a th ru s t coefficient of 0.92 at 

A =  6.11 and R etip — 38. 500 and therefore the ECN experim ent was selected for validation 

due to the similar th rust coefficient. The ECN experim ent with a  single rotor corresponded 

to 0.8% blockage whereas the current experiment had blockage of 1.67%. Additionally, the
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turbulence intensity at hub height was 8.5% in the ECN experim ent and 13% in the current 

experiment [78].

The lateral hub-height wake speed profiles inferred dow nstream  of the MAAE rotor are 

compared to those from the ECN experiment in Figure 6.7 a t several downstream planes. 

Available da ta  from the ECN experiment a t downstream  locations of ID, 2D. 3D. and 5D 

were directly compared to the results from the present work. Note th a t only every second 

data point is shown in the speed profiles for the current experim ent and th a t the x-axis has 

been inverted. Good agreement can be seen between the two experiments and similar flow 

features are observed. The increase in speed above U /UTef  =  1 near the blade tips a t ID 

and 2D is predicted well by the present experiment. Turbine hub effects are visible a t ID 

in the ECN data  near the turbine centreline but such hub effects were not observed with 

the MAAE rotor. The Gaussian speed profiles a t 3D and 5D also compare well with those 

from the ECN experiment. The ECN d a ta  set had a wake speed profile available a t 8 D 

but traverses were conducted in the current experim ent a t 7D and  9D. The three traverses 

are therefore compared in the right side of Figure 6.7 and it can be observed th a t the wake 

profiles a t 7D and 9D bracket the available ECN d a ta  a t 8 D. This validation indicates 

tha t the wake width, flow speed profile, and dow nstream  wake recovery are all being well 

characterised with the current turbine and ABL configuration.

The final aspect of the single rotor test th a t was characterised was the position- 

dependence of the power output. The speed variation in the test section tha t was observed 

in the previous Section would lead to the situation where a  single isolated turbine would 

generate more (or less) power depending on its position in the wind tunnel test section and 

this behaviour would make the interpretation of m ulti-rotor performance quite challenging. 

This variation was therefore accounted for by recording the power output of a single 

undisturbed rotor at several of the possible turbine positions in the tunnel. The isolated 

rotor data  was subsequently used to normalize a tu rb ine’s power ou tp u t based on its position
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Figure 6.7: Wake speed validation downstream of a single rotor, 

in the wind tunnel.

The effect of the variation of the wind speed within the tunnel on the power output of 

an individual turbine is presented in Figure 6 .8 . The wind tunnel speed was set in each 

case using a P ito t-static  tube located along the tunnel centreline, 76 cm above the tunnel 

floor, as a reference. The variability of the power ou tpu t in the la teral direction shown in 

Figure 6 .8 (a) indicates th a t the wind speed is reduced away from th e  centreline of the tunnel 

and this is consistent with the behaviour noted in the flow asym m etry measurements. The 

outerm ost tu rb ine positions result in a tip  clearance distance of 1.5D between the blade 

tip and the tunnel wall (30 cm). The longitudinal variation for a single rotor along the 

test section centreline is shown in Figure 6 .8 (b). The power o u tp u t of the rotor in a rough 

boundary layer was the highest when located either a t the upstream  position or further 

downstream in the test section. Note th a t the turbine position located 2.5D upstream of 

X  =  0  in Figure 6 .8 (b) was only used for the test case with twro longitudinally-aligned 

rotors. A position of X  =  0  corresponds to the lateral m easurem ent plane and is located 

1 0  cm downstream of the beginning of the downstream test section.

The wind turbine angular speed in these isolated rotor tests had an average standard
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deviation th a t represented 3.5% of the mean turbine rpm. This was a result of the velocity 

gradient in the boundary layer and the design of the turbines, which incorporated a DC 

generator and a potentiom eter to set the target rpm. The resistance was maintained at a 

constant value and therefore the wind turbine rpm  was allowed to  fluctuate. The reference 

wind speed measured with a pitot-static tube in the single rotor tests had a mean speed of 

7.96 ±  0.06 m /s, which represents a maximum variation of 0.75% between tests.

m ean  = 0.46
m ean  -  0.46

L atera l D is ta n ce , Y/D D o w n s tre a m  D is ta n c e , X/D

(a) Lateral variation in the test section. (b) Longitudinal variation along the tunnel cen
treline.

Figure 6 .8 : The power output of a  single rotor a t several wind tunnel positions in a rough
boundary layer.

The power measurements in the m ulti-rotor configurations are normalized with respect 

to the single rotor d a ta  in order to  account for the non-uniformities present within the 

test section. The subsequent power measurements {Prneas) will be presented as the change 

in the power ou tpu t of a turbine relative to  the power recorded at th a t location in the 

single, undisturbed, rotor case (Psingit ) based on Equation (6 .1 ). Similar position-correction 

approaches have been applied in Refs. [77,79] in small-scale wind farm  experiments. Ozbay 

assessed the rotational speed of a turbine located in the middle of the last row in a grid- 

aligned wind farm configuration and compared the rpm  to th e  rotor characteristics in 

isolated conditions a t the same location in the tunnel [77].

A P  =  — — ?-sin2±  x 1 0 0
P s i n g l t

( 6 . 1)
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6.3 W ake lo sses in lo n g itu d in a l c o n fig u ra tio n s

A number of wind farms have a regular, grid-like design in which power losses due to 

the longitudinal alignment of turbines can be significant. The power ou tpu t from turbines 

in the second row of a wind farm with downstream  separation of 7D to 10D has been shown 

to be 40% to 20% lower, respectively, than  the power ou tpu t of the  upstream  rotors [10],

The current scaled models were designed w ith a th ru s t coefficient representative of full- 

scale turbines in order to  generate an appropriate velocity deficit in the wake and the 

scaled ABL was generated to approxim ate the wake recovery distance. The wake recovery 

downstream of a  single rotor was well validated with existing d a ta  from literature in the 

previous Section. This validation is extended to m ulti-turbine experim ents by determining 

the power ou tpu t of two longitudinally-aligned turbines a t various separation distances. 

Two rotors were aligned in the longitudinal direction according to  the schematic in Figure

6.9 and the downstream separation distance was varied from 5D to  1 1 D.

longitudinal
separation.

U »

x/D

Figure 6.9: Longitudinally-aligned wind turbines.

The power ou tpu t of the downstream rotor relative to the upstream  rotor with respect 

to the downstream separation distance can be seen in Figure 6.10. The dotted line in Figure

6.10 is for representation only. A downstream separation distance of 5D yields a reduction 

in power of 40% and separation distances th a t range from 7D to 11D result in power deficits 

of 30% to 25%.
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Figure 6.10: The power ou tpu t of a  downstream longitudinally-separated rotor.

The longitudinal separation results are compared to larger-sale experiments and full- 

scale results in Figure 6.11. The trends in the loss in power exhibited by longitudinally- 

aligned turbines is consistent with the larger-scale experiments conducted by Tsalicoglou 

et al. and Adaramola and Krogstad [23,67], The results described by Adaramola and 

Krogstad were conducted with a th ru st coefficient of 1.04 and tested  the effect of the tip 

pitch angle (/3) of the upstream  turbine on the power generated by the  downstream turbine. 

Tsalicoglou et al. tested two turbines with 6.5D separation in a w ater tow tank, but the 

th rust coefficient was not reported in Ref. [67], The power deficits highlighted in Figure

6.11 are also consistent with the full-scale wind farm performance results from the Horns 

Rev I wind farm published in Ref. [10], where a power deficit of 35% was observed with a 

7D downstream separation distance between longitudinally-aligned wind turbines. Despite 

the similarity of the data  in Figure 6.11, a number of factors introduce uncertainties into 

the comparison, including the m ethod of control of the rotors, the scale of the rotors, the 

ambient turbulence intensity of the various experiments, and varying am ounts of blockage 

in each experiment. The trends in Figure 6.11, however, indicate th a t the scaled MAAE 

rotor generates a wake th a t has representative characteristics of larger experimental models 

as well as full-scale turbines.
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Figure 6.11: Comparison of longitudinally-aligned results.

The wake generated by a rotor was qualitatively shown to replicate the downstream 

wake behaviour of larger-scale models based on the performance of two longitudinally- 

aligned turbines. Grid-aligned wind farms, such as the Horns Rev I wind farm presented 

in Chapter 1, also exhibit an equilibrium -type behaviour in the  wake, where the 3rd and 

4th row turbines will generate approxim ately as much power as the 2nd row turbines. The 

ability of the scaled turbines and boundary layer configuration to  mimic this behaviour was 

assessed using the grid-aligned 3 x 3  wind farm shown in Figure 6.12(a). The scaled wind 

farm at Carleton University has 2D separation between rotor hubs in the lateral direction 

and 5D separation in the longitudinal direction, as shown in Figure 6.12(b). While these 

spacing distances are more compact than  those observed in full-scale wind farms, other 

scaled wind farm experiments have used similar longitudinal separation distances due to 

the space constraints in typical ABL test sections [75,77,79].

The wind farm was tested in the rough ABL and the power ou tpu t of each turbine 

was calculated based on the recorded voltage ou tpu t from the generator and its associated 

resistor. The power output of the turbines in the 3 x 3  wind farm was not position-corrected
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i
(a) Downstream view of the 3 x 3  wind farm.

Column 3 

U-
5D

Column 2

Column 1

T '
2D

Row 1 Row 2 Row 3

(b) Schematic of the 3 x 3  wind farm.

Figure 6.12: The longitudinally-aligned 3 x 3  wind farm.

and therefore the output of the downstream turbines has been normalised by the first turbine 

in each column. The relative power drop for the three rows of turbines due to wake effects 

is shown in Figure 6.13.

The small difference in the power ou tpu t observed between the 2nd and 3rd rows is 

consistent with the behaviour observed in other scaled wind farm s as well as in full-scale 

measurements. The power output of the turbines in the middle column of the scaled wind 

farm is compared to the power ou tpu t from turbines in the first four rows of the Horns Rev 

I wind farm and the output from the small-scale wind farm experim ents conducted a t the 

ECN in Figure 6.14 [10. 79]. The 8 x 3  wind farm used in the ECN experiment had 3D 

lateral separation and 5D longitudinal separation in the upstream  rows of the scaled farm.
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Figure 6.13: Power results in the 3 x 3  wind farm.

10

The Horns Rev I wind farm, however, has 7D spacing between turbines in the longitudinal 

direction. The results in Figure 6.14 qualitatively follow similar trends and the equilibrium 

in the relative power output between the 2nd and 3rd rows is consistent in all three cases. 

Other scaled wind farms described by Cham orro and Porte-Agel and by Ozbay exhibit a 

more gradual decrease in the power ou tpu t as a function of row num ber [75,77]. This more 

gradual power decrease can be attribu ted  to a low th ru st coefficient of 0.17 in Ref. [77], 

but a th rust coefficient is not reported by Cham orro and Porte-Agel in Ref. [75] or in their 

related works.

6.4  G e n e ra tin g  in -fie ld  b lock age w ith  c lo se ly -sp a c e d  rotors

The wind farm test conducted w ith the scaled 3 x 3  farm, along with other experiments 

and full-scale measurements available in literature, have highlighted the fact th a t wake 

losses can be quite significant in grid-aligned wind farms. An alternative to both grid-like 

and irregular wind farms is presented in this thesis as a way to reduce the losses generated 

by downstream wake effects while capitalising on the behaviour of the wake itself to increase 

the energy yield of a  wind farm. The observations in C hapter 4 th a t blockage both narrowed
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Figure 6.14: Comparison of wind farm results.

the downstream wake and resulted in higher forces have been applied to  evaluate situations 

where turbines are spaced closely enough to  generate a synthetic in-field blockage effect.

Previous work in Chapter 4 dem onstrated th a t the initial wake expansion will not be 

strongly-affected by the tunnel walls when blockage is less than  10%. W ind tunnel blockage 

calculated based a single rotor in the ABL tunnel was 1.67% and blockage based on the 

combined swept area of three laterally-aligned rotors was 5%. T he effect of this low level of 

blockage on recorded param eters will be minimal. The m ulti-rotor experiment was sized this 

way so th a t blockage effects (in the context of a rotor in a closed test section, as described 

in Chapter 4) could effectively be neglected. It was desirable to meet this condition so that 

the in-field blockage phenomenon generated by rotors in close lateral proximity could be 

studied in isolation of typical blockage effects.

In order to illustrate the in-field blockage effect, two 20 cm diam eter rotors were placed at 

the X  = 0 plane in the wind tunnel test section and were separated by a gap (G) according
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to Figure 6.15. Horizontal traverses w ith the HWA were conducted a t the turbine hub height 

between OD and 9D downstream of the rotor plane. Approxim ately 10-30 da ta  points were 

recorded in the turbine gap region and 65 da ta  points were recorded along the 3D-9D planes. 

This measurement process was repeated for gap distances of 3D. 2 D, 1.5D. and 0.5D.

U»

Figure 6.15: Schematic of the two-rotor arrangem ent and the HWA measurement plane.
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Contour plots of the normalised speed m agnitude at hub height for each of the gap widths 

are presented in Figure 6.16. As in the single turbine case, the speed m agnitude calculated 

from the HWA data  was normalised with respect to the reference hub height speed (5.8 

m /s) in order to  clearly denote regions of increased and decreased speed. Contour levels 

below a normalised speed of 0.35 were om itted in a similar m anner to the single turbine 

experiment to reflect the lim itation on the minimum calibrated speed.

The normalised speed contours when G — 3D  in Figure 6.16(a) highlight th a t a region of 

increased speed occurs between the rotors. The region where the speed is increased by 4% to 

7% compared to the freestream value extends from the upstream  plane to  3D downstream. 

Labels have also been included to denote the 1.00 contour line, w here the speed is equal to 

the freestream value. W hen the gap is narrowed to 2 D, a significant increase in speed can 

be observed in Figure 6.16(b) between 0.5D and 2D downstream and  a core of higher speed 

extends all the way to 9D downstream. In this case, the m aximum speed increases by more 

than 6 - 1 0 % of the reference value.

Similar behaviour is noted in Figure 6.16(c) near the ID  plane, where the speed in the 

gap is increased by up to 11%. In addition to the region of higher speed between the rotors, 

the wake profile in the near wake region between Turbines 1 and 3 appears to be narrowed 

from the 0.5D plane to the 2 D plane. Figure 6.16(c) also dem onstrates th a t the wind speed 

retains its freestream value outside the wake of Turbine 1 , near the lower edge of the contour 

plot. This confirms the earlier claim th a t blockage (as a result of the tunnel walls) would 

not affect the flow development away from the rotors. The speed contours resulting from a 

0.5D gap are visible in Figure 6.16(d) and highlight a very small region between the blade 

tips where the wind speed is increased, a narrowing of the inner edge of the wakes, and a 

return to  the freestream speed on either outer edge of the wakes.
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(a) Normalised velocity contours at hub height - 3D gap.
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(b) Normalised velocity contours at hub height - 2D gap. 

Figure 6.16: Normalised speed contours at hub height.
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ITurbine 3

Turbine 1

1 2 3 4 5 6 7 8
Downstream Distance, X/D [-]

(c) Normalised velocity contours at hub height - 1,5D gap.

ITurbine 3

Turbine 1

2 3 4 5 6 7 8
Downstream Distance, X/D [-]

(d) Normalised velocity contours at hub height - 0.5D  gap. 

Figure 6.16 (continued).
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The flow acceleration observed in the gaps between the narrowly-spaced rotors in Figure 

6.16 dem onstrates what is being identified in this thesis as an in-field blockage effect. This 

effect is caused by the relative proximity of the rotors and their wakes and results in a 

constriction of the flow between adjacent rotors. The constriction created by the in-field 

blockage between neighbouring rotors will result in a core of higher speed through the gap 

th a t extends more than 2.5D downstream. This behaviour is also observed to be associated 

with a narrowed wake in the region encompassing the gap.

The in-field blockage effect was investigated further by plotting  the centreline speed 

as a  function of downstream distance for the four gap w idths th a t  were evaluated. The 

normalised centreline speed in the near wake region is plotted in Figure 6.17(a) for gap 

widths ranging from 3D to  1.5D. The curves highlight the region of increased speed tha t 

is found within 3D of the upstream  rotor plane, which is a  m aximum between 0.5D and 

ID. The centreline speed is not representative of the more general flowfield in the gap 

region, however, and a more representative measure of the power generation capability of 

the wind would be the flow rate through the vertical planes in the  gap. The data  required 

to determine the planar speed in the gap a t several different heights could not be obtained 

due to time constraints in the wind tunnel. The centreline speed further downstream is 

presented for the four gap widths in Figure 6.17(b). The 1.5D. 2D. and 3D gap width speed 

curves indicate th a t the two wakes do not merge together. The 0.5D gap width leads to a 

significant increase in speed from 0.5D to  ID. followed by a decrease to U/Uref  «  0 . 8  as the 

adjacent wakes merge quickly in this case. The centreline speed w ith G =  0.5D  gradually 

recovers downstream.

It was also observed in the contour plots in Figure 6.16 th a t the portion of the wake 

adjacent to the gap appeared to  narrow. The wake outline in each of the studied cases 

was evaluated in a similar m anner to the wake profile determ ined earlier from the single 

rotor. The wake outlines at the three narrowest gap w idths are compared in Figure 6.18
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(b) Centreline speed in the far wake.

Figure 6.17: Normalised centreline speed a t several gap widths, 

and illustrate the narrowed wake th a t is associated with the flow acceleration in the gap.

6.5 P ow er a u g m e n ta tio n  in  th r e e -r o to r  co n fig u ra tio n s

The increased speed resulting from the close proximity of the turbines creates a unique 

opportunity to increase the power ou tpu t of wind farms by placing an additional turbine in 

this region. In order to capitalise on the flow acceleration created by the in-field blockage
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Figure 6.18: Wake profile as a function of the gap width.

effect, a multi-rotor study was conducted using three wind turbines. T he wind turbines 

were arranged as shown in Figure 6.19, where the outer upstream  wind turbines were 

separated by a gap distance (G) and adjacent rotors had a tip clearance distance of S tip. 

The longitudinal setback of the central turbine, Turbine 2, was then  varied for a fixed outer 

turbine configuration, as indicated in Figure 6.19(b). Nine dow nstream  setback locations 

were considered for each upstream  gap w idth and the power ou tpu t was recorded in each 

instance.

centreline setback 
positions

x/D

(a) Three laterally-aligned turbines.

centreline
setback

U«
x/D

(b) Centre turbine with a downstream setback.

Figure 6.19: Schematic of the gap in three-rotor configurations.

The effect of adding a third turbine in the region of increased speed is illustrated 

in Figure 6.20(a). The three laterally-aligned turbines had an outer gap width of 3D. 

corresponding to S hp = ID. The speed contours highlight distinct regions of higher speed
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wind parsing between the adjacent rotors. The contours also seem to indicate tha t the wake 

from the middle turbine recovers more rapidly than  the outer wake. This is a ttribu ted  to the 

high speed plumes on either side of the rotor, which create a larger shear with the edge of 

the inner wake and promote more rapid mom entum transfer and wake recovery. The effect 

of adding the third, central rotor to this configuration is highlighted in Figure 6.20(b). The 

power results were corrected for the speed variation in the wind tunnel and represent the 

increase (or decrease) in power generated by a particular turbine a t th a t location. A modest 

increase in power output of 2.5% to 3% is observed by Turbines 1 and 2 in this case.

,Turbine 3

Turbine

dw-'W

Turbine 1 ©MW#**""!

2 3 4 5 6 7
Downstream Distance, X/D [-]

(a) Normalised speed contours at hub height. 

10 □  Turbine 1 
|  Turbine 2
□  Turbine 3

L___
o

Centre turbine position, X/D
(b) Change in power output.

Figure 6.20: Speed contours and relative power ou tpu t - G  = 3D. S iip = ID.
Three laterally-aligned turbines.
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The effect of a narrower gap with three laterally-aligned turbines is presented in Figure 

6.21(a). where G =  2D and S tip is reduced to 0.5D. The speed contours highlight a broad 

wake behind the three rotors and although the central rotor's wake appears to recover 

slightly earlier than the outer turbine wakes, the wake recovery distance is longer than 

th a t observed w ith a wider gap in Figure 6.20. The narrowed gap leads to the beneficial 

power increase observed in Figure 6.21(b). The power ou tpu t of all three rotors is increased 

relative to their respective isolated power outputs and Turbines 2 and 3 each exhibit an 

increase of approximately 7%.
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(a) Normalised speed contours at hub height.

10  -

5 -

I
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(b) Change in power output.

Figure 6 .2 1 : Velocity contours and relative power ou tpu t - G  =  2 D. S tiP
Three laterally-aligned turbines.

0.5D.



Chapter 6 197

The configuration with G = 2D and three laterally-aligned turbines was also used to 

assess the repeatability of the experim ental measurements. Hub height speed traverses 

were conducted downstream of the three-rotor configuration on O ctober 1, 2012 and again 

as part of a separate series of measurements conducted between O ctober 12-22. 2012. The 

normalised velocity profiles in the wakes of the three upstream  turbines at downstream 

planes ranging from ID to 9D are compared in Figure 6.22. A lthough some disagreement 

between the wake profiles can be observed near Y /D  =  2 a t the  3D plane, there was generally 

good agreement between the two sets of results.

1D 3D 5D 7D 9D
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3
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Figure 6.22: Repeatability of speed m easurem ents. 
Three laterally-aligned turbines - G = 2 D. Sf ip = 0.5D.

The centreline speed curve th a t was previously-presented in Figure 6.17(a) indicated 

tha t the maximum speed increase with G — 2 D occurred a t X / D  — 1 . The effect of a 

centreline setback of ID for the middle rotor on the flowfield was therefore evaluated and 

can be seen in Figure 6.23. The speed contour plot in Figure 6.23(a) dem onstrates th a t the 

wakes from the outer turbines are deformed and th a t a region of higher speed is present 

near the centre turbine. A broad, partially-merged wake is present downstream, but the 

downstream speed appears to have recovered more rapidly than  w hen the three rotors were 

longitudinally-aligned. The power ou tpu t in the case of a 2D gap and a ID centreline
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setback is presented in Figure 6.23(b) and highlights th a t Turbine 2 generates 10% more 

power than the same turbine in isolation.
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(a) Normalised speed contours at hub height.
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Figure 6.23: Velocity contours and relative power ou tpu t - G = 2D, S tiP
Centre turbine has a ID setback.

0.5D.

6 .5 .1  P e r fo r m a n c e  in  a  r o u g h  b o u n d a r y  la y er

The flowfields described above indicated th a t the power o u tp u t of lateral wind farm 

configurations could be increased by placing a turbine in the region of increased speed caused 

by the in-field blockage effect. The potential gains in power ou tp u t from the remaining 

configurations (three gap widths and nine longitudinal setback distances per gap width)
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were evaluated using three wind turbines in a rough boundary layer. As before, the power 

output from each turbine was position-corrected in order to  account for the speed variation 

in the test section.

Figure 6.24(a) plots the change in power generated by each rotor as a function of the 

longitudinal setback of the centre rotor when the gap w idth was 3D, corresponding to a tip- 

to-tip separation of ID. The centre rotor, Turbine 2, exhibits an increase in power ou tpu t 

when located ID to 2.5D downstream of the upstream  rotors and exhibits a  maximum 

increase in power output of 9% with a ID longitudinal setback and a 3D gap.

The gap was narrowed to 2D, corresponding to Stip = 0.5D, and the resulting change 

in the power ou tpu t of the three rotors is presented in Figure 6.24(b). A significant 

increase in the power output of Turbine 2  is observed in Figure 6.24(b) as its position 

is varied downstream. Turbine 2 experiences a maximum increase in power ou tpu t of 10.5% 

with a 1.5D longitudinal setback, bu t this benefit is reduced as the  rotor is moved further 

downstream. Turbines 1 and 3 also exhibit a notable increase in power ou tpu t when the 

setback of the centre turbine is minimized.

Similar characteristics can be noted when the gap was 1.5D. corresponding to S ttp = 

0.25D. in Figure 6.24(c). Turbine 2 produces a maximum power increase of 7% with a 

ID longitudinal setback, but exhibits a smaller overall increase in power compared to  the 

previous case. The outer turbines, however, generate a m oderate increase in power output 

when all three rotors are operating in the same lateral plane.

The trends observed in the power ou tpu t of the middle turb ine a t the three gap widths 

qualitatively follows the centreline speed curve th a t was previously-presented in Figure 

6.17(a). The average. reference speed in the test section for the  three-rotor tests had a 

variation of 8.03 ± 0 .0 3  m /s, which represents a speed variation of 0.37% from the mean 

speed. T he mean speed in the three-rotor tests was less than  1% higher than the mean speed
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Figure 6.24: Closely-spaced wind farm performance in a rough boundary layer.
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in the single-rotor studies. This variation was estim ated to result in a maximum variation 

in the magnitude of the recorded power of A P  =  2.5%. By comparison, the uncertainty due 

to the measurement of voltage and resistance in the power calculation was approximately 

A P  =  0.125%. Some additional variations were noted as an asym m etry in the power output 

between Turbines 1 and 3. The difference between the power o u tp u t of these two rotors 

generally falls w ithin the ±2.5% bounds noted for the uncertainty in the power output of 

the turbines. Additionally, in cases where three rotors are aligned in the same lateral plane, 

some of the asymm etry may be due to a Magnus effect caused by the fact tha t all three 

turbines are ro tating in the same direction.

The performance results obtained in the various wind turb ine configurations have 

identified th a t the power output of a centre turbine may be increased due to the narrow 

gap created by two upstream rotors. Although efforts were taken to  minimise the effect 

of blockage on the power results, it m ust be recognised th a t the  tests were conducted in 

a confined environment. The overall blockage of the three rotors was less than 5%. but 

the combined diameters of the three rotors represented 35% of th e  wind tunnel width and 

this may have had an effect on the outcome of the study th a t could not be quantified in 

the experiment. The author is confident th a t the gain in power is not purely due to the 

level of overall blockage in the tunnel, however. A similar in-field blockage effect occurred 

in the static mesh disc experiment conducted by Myers and B ahaj in a water flume which 

had lower levels of blockage than those observed in the current research [46]. In the work 

of Myers and Bahaj, three 10 cm diam eter static discs were configured in a 1.35 m wide 

channel and the frontal area of the three discs created an overall blockage of 1 .1 %. while 

the cumulative diam eters of the discs accounted for 22% of the w idth of the channel [46]. 

Additionally, there was 5D separation between the outer disc edge and the walls of the 

channel [46]. The authors observed an increase in the flow speed between two outer discs 

of approximately 4-5% a t a  distance 3D downstream  [46], similar to  the magnitude of the
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speed increase observed in the current work. In addition to the results obtained by Myers 

and Bahaj. it is expected th a t the overall level of blockage on the results will be minimal 

based on the power results observed above in Figure 6.24. W hen Turbine 2 is located more 

than ID downstream of the outer rotors, the A P  of Turbines 1 and 3 is close to 0 and 

within the ±2.5% error bounds estim ated for A P. This indicates th a t Turbines 1 and 3 are 

not experiencing a significant artificial blockage-induced power increase.

These results, however, represent d a ta  recorded in a low Reynolds num ber environment 

and it remains to be determined if the observed gains can be transferred to a commercial- 

scale. Com putational studies should be conducted to this effect in order to ascertain the 

potential performance benefits of such configurations in unbounded atmospheric flows at 

Reynolds numbers representative of commercial wind turbines.

6.5.2 Performance in a sm ooth boundary layer

The behaviour of closely-spaced configurations in a  smooth boundary layer designed to 

mimic offshore conditions was subsequently evaluated with a gap w id th  of 2D. corresponding 

to Sup =  0.5D. The results shown in Figure 6.25 exhibit similar trends as the wind farm 

behaviour in a rough boundary layer. The centre turbine exhibits a  m odest power increase 

when located within 2D of the upstream  rotors. Similar to the  rough boundary layer 

case, the outer turbines see an additional benefit when the three rotors are aligned in the 

same lateral plane. The increase in power observed in the sm ooth boundary layer case is. 

however, lower than tha t observed w ith a rough boundary layer. T his is partly attribu ted  to 

the observation th a t the velocity gradient in the rough ABL test results in a higher speed 

over the upper half of the rotor disc than in the smooth case and these results may be 

unique to this particular experiment.
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Figure 6.25: Closely-spaced wind farm performance in a sm ooth boundary layer - G — 2D.
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6 ,5 .3  D o w n s tr e a m  e ffe c ts

The effect of an upstream  gap on the power ou tpu t of a rotor located 6.5D downstream 

was subsequently evaluated in a  rough boundary layer. This was done in order to gain 

an understanding of the wake merging behaviour of the upstream  wakes on the power 

generated by a downstream turbine. The downstream distance a t which the upstream 

wakes merge will be a function of the lateral gap between the two upstream  rotors and this 

behaviour was observed earlier in Figure 6.16. Figure 6.26 dem onstrates th a t the reduced 

speed from the merging upstream  wakes results in a large decrease in the power ou tpu t of 

the longitudinally-setback rotor wrhen the gap is less than  1.5D. The wakes are partially- 

merged 6.5D downstream when the upstream  gap is ID. resulting in a decrease in power 

of approximately 20% for Turbine 2. The downstream rotor's power ou tpu t is reduced by 

42% when the gap between the upstream  rotors is further reduced to 0.5D.

The magnitude of the losses experienced by the downstream  rotor with two upstream, 

laterally-spaced rotors is compared to the typical case where two rotors are aligned in a 

purely longitudinal manner. This corresponds to  a gap w idth of 0 in Figure 6.26 and it can 

be observed th a t the downstream turbine experiences a  reduction in power th a t is similar
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in magnitude to a three-rotor configuration with a gap w idth of 0.5D.
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6 .5 .4  O ff-d es ig n  c o n d it io n s

Several of the above-mentioned wind farm configurations resulted in an increase in 

power output of greater than 10%. These tests were conducted in axial flow conditions, 

however, and represent the ideal situation where the wind is perpendicular to the turbine 

configuration. One of the configurations was evaluated with small changes in the wind 

angle (7 ) of 5° and 10° in order to evaluate the sensitivity of the in-field blockage effect to 

small changes in the wind direction. In order to conduct the directional configuration tests, 

the floor of the wind tunnel was replaced with the original floor containing a turntable. A 

change in the wind direction was mimicked in the wind tunnel by rotating the entire wind 

farm configuration on the turntable. Once the turn table  was ro tated  to the desired angle, 

the turbines were rotated into the wind in order to mimic tu rb ine behaviour in a wind 

farm operating w ith a change in wind direction. The turn tab le  arrangem ent is represented
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schematically in Figure 6.27.

U»

Turntable

Test Section Floor

(a) Turbines with zero yaw. (b) Turbines with a 10° yaw angle.

Figure 6.27: Schematic of three turbines with St.iP — 0.5D in yawed configurations.

Prior to conducting the tests w ith three wind turbines, the single turbine position 

correction procedure was followed in order to  account for variations in the wind speed within 

the test section. Turbines 1, 2. and 3 were each tested in isolation in their relative position in 

the 0° wind direction configuration. As before, the power ou tpu t of the turbines in the wind 

farm configuration was assessed as the change in power of a turbine a t a particular location 

from its ou tput in isolation. The directional performance of a configuration consisting of 

three laterally-aligned turbines w ith a gap of 2D and S tiP — 0.5D was evaluated at 0 °. 5°. 

10°, and —10°. The change in power for each of the three rotors is plotted as a function of 

the wind angle in Figure 6.28. The change in power of the three turbines at an angle of 0 ° 

compares well with the previous results presented in Figure 6.24(b), although the results 

presented here have a A P  th a t is 1-2% lower than  the previous results. In general, a t these 

small wind angles, the power ou tpu t of Turbine 2 increases as the  wind angle changes from 

0° to 10°. Additionally, there is good agreement between the performance of the wind farm
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at —10° and 10°. These results highlight th a t the closely-spaced wind farm configurations 

proposed in this thesis may be particularly well suited to  sites where the wind has a narrow 

distribution of wind directions.
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Figure 6.28: Power output of three laterally-aligned turbines w ith Snp = 0.5D at various
wind angles.

Although only small changes in the wind angle were evaluated, it is expected tha t the 

power ou tpu t of Turbine 2 will decrease as the wind angle increases from 20° to 30°. Turbine 

2 will begin to  be partially-blanketed by the wake from Turbine 3 in this range of angles, 

based on the relative position of the turbines and the expected wake expansion behaviour.

The scenario with a 90° wind angle would result in turbines aligned longitudinally with 

only 2D separation between the rotors. This situation would result in increased unsteady 

loading and a  drop in the power ou tpu t from the downstream  rotors on the order of 50%. 

This situation, along with other wind angles th a t result in partially-waked conditions for the 

downstream rotors could be m itigated in practice using the concept of sector management. 

This technique is frequently used by wind farm operators to shut down certain turbines 

when the wind is coming from a particular direction, or range of directions, in order to 

mitigate terrain effects or wake effects th a t could create undesirable loading conditions on 

the rotor.
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6 .5 .5  C u m u la tiv e  p o w er  in c r e a se

The cumulative effect of the rotor layouts was assessed by adding the change in power 

(S A P  =  A Pi +  A P 2 +  A P 3 ) for Turbines 1. 2. and 3 in all of the ro tor configurations. This 

allowed the wind farm system to be evaluated compared to the same three rotors in isolation. 

The cumulative power increase as a function of the centreline setback of the middle turbine 

can be observed in Figure 6.29 for three gap w idths in the rough boundary layer. The 

maximum cumulative increase in power was observed to be 17.8%T and occurred when the 

rotors did not have a longitudinal offset. Turbines 1 and 3 see an added benefit when all 

three rotors are aligned laterally, and this results in the highest net benefit, despite the fact 

tha t Rotor 2 sees its maximum benefit when located further downstream . The downstream 

range in which a significant benefit is observed appears to  narrow w ith a smaller gap width. 

A gap width of 2D, corresponding to tip  separation of 0.5D, produces the best range of 

large power increases (> 10%) and this occurs when the centreline setback is within 1.5D 

of the upstream  rotors.
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Figure 6,29: Cumulative change in the power ou tpu t as a function of the gap width in a
rough boundary layer.

The cumulative change in power was also evaluated as a function of the boundary layer 

profile when the gap width was 2D and can be seen in Figure 6.30. A greater benefit is 

observed to occur with a rough boundary layer profile than  w ith the smooth profile and
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Downstream position of centre turbine, XJD
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the maximum benefit in both cases occurs when the three turbines are aligned in the same 

lateral plane.
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Figure 6.30: Cumulative change in the power ou tpu t as a function of the boundary layer.

The configurations identified in this thesis not only present the  opportunity to reduce 

losses incurred due to wake effects, bu t may also increase the power ou tpu t of turbines in 

mean annual wind speeds. These results, however, are only representative of the three- 

rotor configurations under consideration and their in terpretation should take into account 

the fact th a t the experiments were conducted in a confined environm ent a t a low Reynolds 

number. It is recommended th a t additional com putational sim ulations be conducted in 

order to evaluate these configurations in unbounded atm ospheric flows a t Reynolds numbers 

representative of commercial-scale conditions.

6.6  S u m m a ry

The current work explored the effect of closely-spaced lateral wind farm configurations 

w ith tip-to-tip  separation distances th a t ranged from ID to  0.25D. The in-field blockage 

created as a result of the narrow lateral spacing increases the wind speed in between adjacent 

wind turbines and may be able to increase the power ou tp u t of the wind farm. This 

beneficial flow acceleration may have the potential to  reduce onshore land use requirements
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in addition to increasing the wind farm capacity factor a t wind farm  sites with particular 

wind distribution characteristics.

•  Experiments conducted with two longitudinally-aligned wind turbines as well as with 

a grid-aligned 3 x 3  wind farm confirmed th a t losses due to  wake effects in such 

configurations are typically 20%-40%.

• Hot-wire measurements conducted between two closely-spaced laterally-aligned tu r

bines with different gap widths identified th a t a synthetic in-field blockage effect occurs 

between the rotors tha t results in a region of increased wind speed. The region of 

increased speed extends from the upstream  rotor plane to 2.5D downstream.

• A systematic study of the effect of scaled three-rotor configurations indicated tha t 

a rotor placed in the region of increased speed generated by two closely-spaced 

upstream  rotors generated 5% -ll%  more power than  the same rotor in isolation. 

It is recommended th a t com putational simulations be conducted using grid-based 

CFD or a discrete vortex m ethod in order to identify the  behaviour of such wind 

turbine configurations in unbounded atmospheric flows a t commercial-scale Reynolds 

numbers.

•  The in-field blockage effect identified with closely-spaced la teral wind turbine config

urations may offer the potential to increase the annual capacity factor of a wind farm 

by increasing the energy yield in mean annual wind speeds while requiring less land 

for a wind farm.
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C onclusions, A cadem ic  

C ontributions, and Future W ork

The goals of the research involved characterising experim ental testing limitations 

using scaled wind turbines and investigating the ability of closely-spaced wind turbine 

configurations to  increase the performance of a  wind farm. T he research was conducted 

using a predom inantly experimental approach and investigated th e  effects of blockage and 

Reynolds number on the development of the initial wake region of a single turbine as well 

as the performance and wake characteristics of m ulti-turbine wind farm configurations.

A scaled wind turbine was designed to  support the experim ental campaign. The MAAE 

turbine was designed to generate a  th ru s t coefficient similar to th a t observed on commercial- 

scale turbines and had a normalised chord th a t was scaled up relative to full-scale designs 

in order to  increase the Reynolds number reached by the blades. An airfoil was selected 

tha t had adequate performance in the anticipated Reynolds num ber regime.

Blockage effects were characterised in the water channel a t Carleton University with 

the scaled rotors using quantitative flow visualisation. Dye was injected into the water

210
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and the positions of the photographed tip vortex streaklines were used to identify the 

expansion of the near wake. Five rotors with different diam eters were evaluated in this w'ay. 

with blockage ranging from 6% to 25%. The work identified th a t blockage greater than 

10% constricted the expansion of the wake downstream of the turbine and delayed vortex 

pairing. The applicability of blockage corrections was verified as part of the work and this 

confirmed th a t although the recorded th ru st coefficients increased w ith increasing blockage, 

the corrected coefficients collapsed to  a similar magnitude.

Following the blockage experiment, the effect of the Reynolds num ber on the wake 

expansion and the th rust coefficient was evaluated using the MAAE turbine. The wake 

expansion was identified using the same quantitative flow visualisation technique applied in 

the blockage experiments. A limit above-which the wake became less sensitive to Reynolds 

number was identified for this particular turbine. The benefits of developing a rotor tailored 

for a low Reynolds number regime was contrasted with the behaviour of a geometrically- 

scaled rotor operated outside of its intended flow regime. A scaled version of an existing 

turbine from the Delft University of Technology was m anufactured and was tested in the 

water channel. The wake and the th ru st coefficients generated by the scaled turbine in a low 

Reynolds number environment were significantly lower than the wake and th ru st coefficients 

produced by the medium-scale turbine due to the poor behaviour of the rotor's airfoil at 

low Reynolds numbers.

Finally, the performance of scaled wind farm configurations was evaluated using wind 

turbines with the MAAE rotor blades in the atmospheric boundary layer wind tunnel 

at Carleton University. The power ou tpu t generated by the scaled turbines was used to 

characterise their performance and a single-normal hot-wire probe was used to determine 

the mean speed profiles in the flowfield. It was observed th a t when two turbines had a tip- 

to-tip spacing of less than  3D, the speed of the flow between the  rotors was increased and 

this was identified in the thesis as an in-field blockage effect. T he increased flow speed was
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associated with a narrowing of the wake between the closely-spaced rotors and the concept 

of capitalising on this in-field blockage effect using a th ird , offset rotor was investigated. 

Performance measurements were conducted for 3 gap widths between the outer two turbines 

and a third, centre turbine was placed a t 9 different downstream positions. It was identified 

tha t the power ou tpu t of the wind turbines could be increased when a central rotor was 

placed within 2.5D of the upstream  rotors, corresponding to the region of increased speed. 

This approach to planning wind farms will help to limit wake effects while providing an 

increase in power ou tpu t a t mean annual wind speeds.

7.1 C o n c lu sio n s

The results of the thesis were grouped into three chapters th a t  reflected the blockage. 

Reynolds number, and wind farm aspects of the research.

7 .1 .1  B lo c k a g e  e ffe c ts

• Guidelines were developed regarding the dye visualisation setup  in the water channel. 

It is recommended th a t the dye setting should be m aintained a t or below the 'medium' 

dye level used in this study. This limits the effect of the dye stream  on the wake 

expansion and on the recorded forces. Additionally, the turbine-supporting stru t 

should be isolated from the turbine wake using a concentric pipe.

• Q uantitative dye visualisation indicated th a t the initial wake expansion was narrowed 

by the presence of the walls when the blockage of the ro tor was larger than 10%. 

The effect of blockage on the initial wake expansion was significant and resulted in an 

initial wake expansion th a t was 35% to 55% narrower when blockage was increased 

above 10%.
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• Tip vortex pairing behaviour was dependent on the quantity  of solid blockage created 

by the rotor and blockage of 25% was observed to delay vortex pairing.

• The experimental wake expansion results with blockage ratios of 6.3% and 9.9% were 

compared to  com putational results conducted in freestream  conditions. The wake 

behaviour in the com putation was consistent with the established wake expansion 

trends and predicted a similar wake expansion m agnitude com pared to the blockage- 

affected experiments.

• The th ru s t coefficients inferred with a six degree-of-freedom balance dem onstrated 

th a t the as-measured, uncorrected th ru st coefficients increased with increasing block

age, although the corrected th ru st coefficients collapsed to a sim ilar magnitude. Based 

on the results of the force measurements, it is recommended th a t blockage corrections 

may be beneficial even when the blockage is 5-10%. The research presented a link 

between a narrowed wake and an increased th ru st coefficient as blockage was increased.

7 .1 .2  R e y n o ld s  n u m b e r  a n d  sc a lin g  e ffe c ts

• The wake expansion downstream of the three-bladed rotor increased with increasing 

Reynolds number and became less sensitive to changes above Re^p  =  20,000. The wake 

expansion downstream of the scaled two-bladed rotor was approxim ately 30% to 50% 

narrower than experimental results from the corresponding medium-scale experiment 

conducted a t the Delft University of Technology. It was also observed th a t the tip 

vortex pitch was not strongly affected by Reynolds number, and was instead a function 

of the tip  speed ratio and the lift d istribution along a blade, which is characterised in 

this work by the tip pitch angle setting.

•  The th ru st coefficient was observed to increase w ith increasing Reynolds number 

for the three-bladed MAAE rotor and approached the desired range of full-scale
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th rust coefficients. The th ru st coefficient in the scaled TU Delft experiments was 

approximately 40%-60% lower than  the corresponding medium-scale coefficient.

• Blockage corrections reduced the m agnitude of the recorded th ru s t coefficients by up to 

9% for the MAAE rotor and by up to 6% for the scaled TU Delft rotor. This confirms 

the recommendations developed in C hapter 4 th a t suggested blockage corrections may 

be beneficial even when blockage is approxim ately 10%.

• The wake expansion and th ru st coefficient of a small-scale model operating in a low 

Reynolds number regime may not match a scaled-up version of the same rotor unless 

the scaled rotor geometry or airfoil is modified. As a result, it is recommended tha t 

scaled wind turbine experiments should be conducted w ith rotors th a t have been 

tailored to  the expected Reynolds number regime. Additionally, a minimum Reynolds 

number corresponding a reduced variation in the lift curve, transition , and separation 

behaviour should be reached in small-scale experiments.

7 .1 .3  In -fie ld  b lo ck a g e  e ffe c ts  in  w in d  fa rm s w ith  c lo se ly -sp a c e d  w in d  

tu r b in e s

•  Experiments conducted with two longitudinally-aligned wind turbines as well as with 

a grid-aligned 3 x 3  wind farm confirmed th a t losses due to wake effects in such 

configurations are typically 20%-40%.

•  Hot-wire measurements conducted between two closely-spaced laterally-aligned tu r

bines with different gap w idths identified th a t a  synthetic in-field blockage effect occurs 

between the rotors tha t results in a region of increased wind speed. The region of 

increased speed extends from the upstream  rotor plane to  2.5D downstream. The 

increase in speed in the gap was associated w ith a narrowing of the edge of the wake 

profile adjacent to the gap.
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• A systematic study of the effect of scaled three-rotor configurations indicated th a t a 

rotor placed in the region of increased speed generated by two closely-spaced upstream 

rotors generated 5% -ll%  more power than the same rotor in isolation.

• The in-field blockage effect identified with closely-spaced lateral wind turbine config

urations may offer the potential to increase the annual capacity factor of a wind farm 

by increasing the energy yield in mean annual wind speeds while requiring less land 

for a wind farm.

7.2  S u m m a ry  o f  A ca d em ic  C o n tr ib u tio n s

A significant portion of the research is either in various stages of review or has 

been accepted for publication in academic journals and for presentation at peer reviewed 

conferences. The m ajor academic contributions resulting from the current research are 

highlighted below:

• A scaled wind farm was developed th a t consisted of 9 wrind turbines arranged in a 

grid-like layout th a t has been used to understand wake effects in traditional wind farm 

layouts [74],

• The limitations of scaled wind turbine testing were evaluated by identifying the effect 

of wind turbine blockage on the development of the near wake expansion. A threshold 

beyond which blockage in a closed test section constricts the expansion of the wake 

was identified for the first tim e in literature [172,173].

• The limitations of scaling wind turbine experiments were further assessed by com

paring the wake expansion and th ru st force generated by a geometrically-scaled wind 

turbine to a medium-scale experim ent [174]. The advantages of developing a  scaled
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wind turbine design for a low Reynolds num ber testing environm ent were contrasted 

with the challenges in using a purely geometrically-scaled rotor.

• A new approach to laying out wind farms was identified, in which wind turbines are 

closely-spaced in the lateral direction. The close lateral spacing creates an in-field 

blockage effect th a t results in a region of increased speed between the turbines. The 

resulting flow acceleration in the narrow gaps between the wind turbines resulted in 

a notable power increase for a scaled wind farm [175,176].

• The development of the wake downstream of closely-spaced wind turbine configura

tions was characterised and the accelerated flow in the gap between adjacent turbines 

was measured [177],

7.3  R e c o m m e n d a tio n s  an d  fu tu r e  w ork

The wind tunnel experiments in the current work indicated th a t  the closely-spaced wind 

turbine configurations may have the ability to increase the performance of wind farms in 

mean annual wind speeds. These experiments were conducted in a  constrained flow in 

a wind tunnel, however, and this may have introduced a source of error in the recorded 

power estimates. It is recommended th a t com putational sim ulations be conducted using 

grid-based CFD or a discrete vortex m ethod in order to identify the  behaviour of such wind 

turbine configurations in unconstrained atmospheric flows. These simulations could initially 

be conducted in unbounded freestream conditions, followed by a  flow situation in which the 

ground is represented along with an atmospheric boundary layer. The performance of 

the closely-spaced configurations should also be investigated at commercial-scale Reynolds 

numbers in order to develop a deeper understanding of how the scaled configurations 

investigated in this work relate to  larger-scale turbines.
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Wind farm configurations with only three turbines were evaluated in the current work. 

While the closely-spaced configurations dem onstrated the ability to increase the power 

output of the turbines, it would be valuable to evaluate how th e  array efficiency of an 

entire wind farm could be improved. The efficiency of a  wind farm  could be evaluated by 

modifying wind farm layout software to  incorporate the design guidelines and flow behaviour 

identified in the experiments. The use of wind farm software would allow the configuration 

of a wind farm to incorporate topographical, wind distribution, and  land use characteristics 

into the optimization of a layout. This problem may necessitate additional wind tunnel 

studies at a wide variety of yaw' angles in order to  characterise the behaviour of closely- 

spaced configurations in off-design conditions. W ind farm software typically uses wake 

models to evaluate the power production of downstream turbines. While the concept of 

developing closely-spaced lateral wind farm configurations would aim to limit the number 

of turbines in operating in waked conditions, in a large wind farm some downstream turbines 

may undoubtedly be operating in the merged wake of several upstream  turbines. It would 

therefore be recommended to evaluate the applicability of existing wake models in closely- 

spaced configurations and to  modify their im plem entation if necessary to reflect the wake 

merging characteristics th a t occur in such configurations.

Blockage effects were evaluated in this work in the context of a rotor in a closed test 

section and investigated the im pact of blockage on the near wake region. The effect of 

blockage on the speed and turbulence intensity profiles in the far wake should be evaluated 

in a future measurement campaign. This experiment could be conducted in a wind tunnel 

using HWA or PIV  or in a water channel with the existing rotors using an acoustic doppler 

velocimeter to record the instantaneous flow speed field in the turbine wake. As it is felt tha t 

the currently-used definition of blockage for wind turbines may no t adequately characterise 

blockage effects, a more comprehensive definition could be investigated th a t accounts for 

the tunnel aspect ratio, the rotor th ru st coefficient, and the frontal area of the rotor.
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The current experiments were conducted with small-scale models th a t had a rotational 

speed th a t was allowed to vary with the incident wind speed. It would be very valuable to 

evaluate some of the closely-spaced configurations using larger-scale wind turbines. This 

may allow the concept to be evaluated using fixed-speed and variable-speed wind turbines 

in order to establish the most beneficial application of the research. This work could be 

complemented using actuator line LES com putations of certain configurations.

One aspect of the research th a t could not be investigated w ith the available single- 

normal hot-wire probe was the nature of the three-dimensional flow upstream  of the rotor 

planes and near the blade tips in the gap between narrowly-spaced rotors. Additional 

experiments could be conducted with a multi-wire hot-wire anem om eter or PIV and this 

could be assisted using com putational techniques to characterise the flow angularity and 

the effect of swirl in the wake in the power augm entation process.
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