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The Race for Renewable Energy Domination

Countries/regions with the most governmental renewable energy R&D spending in 2016

$1.9bn
$1.4bn
$1.0bn
$0.8bn
China Europe u.s. Asia/Oceania”
B (] =
* Excluding China and India
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8 Horizontal Axis Wind Turbine
9 Rotor

10 Sensor

" Servo motor
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2 Vertical Axis Wind Turbine
'3 Prototype

"4 Darrieus wind turbine

5 Savonius wind turbine
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6 Anemometer
7 Blades

8 Brake

9 Controller

20 Gear box
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21 Generator

22 High-speed shaft
23 Low-speed shaft
24 Hub

25 Tower

26 \Wind vane

27 Yaw drive

28 Yaw motor
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29 winglet

30 Suction side

31 Pressure side

32 Turbulent boundary layer
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33 Angle of attack
34 Riblet

35 Tubercle

36 Twist
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37 Vortex generator

Yy



GmLi:’;.{Lo)"l Ooygots [YO] o Ko g KI5 amay al38l oo )0 AFI0 1) oo 9 Ol wlg oo VGS
400, CAS-W1-450 CAS-W2-350,CAS-W2-. S5l Lysb ) dus  Saalizog 5T o Shae (55, VGs s
250,51, VGBS (4 calire Jolgd (pioman o VGS el slo 1S ¢ £li5 )] L:eQT 23010108 sy g0
asly o 1y Ty o po Ailgs o VGS chordwise 5l aws o Vool i Jolsd 10 a8 o, az opl 4 lagy]
SS9y Sz oS slaales

azei nl 4 BT iola ) 3 gy 23550 93b Cysi o 3, Shee (55, |, SIS 3G [Y7] (o ISen 5 b
o3 5 s 52 olen il o 5 520513 5 9,00 8 95 5 (Sp05 55 wrly HIS oS Wi,
s,5hee o] LiKe pelans g9, M glo i 5l onlizsl L NACAD020 ssb ) [TV] o) Ka2 5 s aly (yueyss
Ol blie 5o g o3laty plo 4 g b ls,S Wil oo baoji ool st Sgate 1) higd il (nl (Sealiaog 51
oy 5 Nsd oo ke ;e a looji 15 Cews Gl Olyz &5 W8S am ol S e Cunslis Jlo
23030 oeos 0 Skee 59,15 5 sba B [YA] Sen 5 (Il co Cews @ VL T 5 2eS Ly
DU-95- Jy53 | 450 i 55,8 s 15 (625 chlisio (slolSo 5 i1 1 5 ol Lol il 3
g 5 10 595 0055 4S5 a6l 55 65 S 00 5 el o] i 57 (g5lans W-180
w9 wle) wns go (LAl (59,5 placrl jo 1) (S Ly (59508 o5 (Snling sl slolil 51 (S iyl s 4,
3,le il g5y oS 4;:.&.;31)& ouisS py oledl SGaile froess el lo MJ.'?.Q_LQ zobw (ke8! g ks
I9a] sl G138l 55 (Sl Ly (55,05 sl (Scoe ] catbly 5 ooy 250 sl o5
Jedls 25 59, 15 6y90558Y 5l o ok (Salinog 5T ol (altulejl joboas [F-] (), Som 5 o

)'1).’:.0565& Qi slecgs @lﬂjﬂﬁ)d.\saﬁ&md\@&d] A0, gy oL Jigr 5l eolawl b

38 Trapped vortex cell
39 Surface Dimples
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40 Turbulence kinetic energy
41 Wake
42 flap
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Pitch Angle = 4 [deg] Pitch Angle =5 [deg] Pitch Angle = 6 [deg]

% Dimple No- Torque Dimple No- Torque Dimple  No- Torque
[m/s] Blade Dimple Increment Blade Dimple Increment Blade Dimple Increment
[kN.m] Blade [%] [kN.m] Blade [%] [kN.m] Blade [%]
[kN. m] [kN. m] [kN. m]

12 142.63 140.59 1.45 14259 133.13 7.11 132.82 128.66 3.2

13 182.55 185.01 -1.3 188.28 172.81 8.96 177.58 170.04 4.43
14 253.35 253.53 -0.07  255.13 247.20 3.20 248.04 240.49 3.14
15 300.98 297.98 1.007  299.58 287.78 4.09 294.58 286.46 2.83
16 340.95 340.99 -0.01 34198 333.00 2.69 333.89 334.73 -0.24

- Average Increment 0.21 Average 5.21 Average 2.68
Increment Increment
Pitch Angle = 7 [deg] Pitch Angle =9 [deg] Pitch Angle = 11 [deg]

% Dimple  No- Torque Dimple  No- Torque  Dimple No- Torque
[m/s] Blade Dimple Increment Blade Dimple Increment Blade  Dimple Increment
[kN.m] Blade [%] [kN.m] Blade [%] [kN.m]  Blade [%]
[KN. m] [KN. m] [KN. m]

12 115.20 111.53 3.29 91.64  78.94 16.08 45.18 53.85 -16.09
13 155.09 158.13 -1.92  133.31 118.80 12.2 84.64 93.78 -9.74
14 220.16 223.31 -1.41 19796 181.32 9.18 149.98 149.88  0.07
15 266.24 271.56 -1.96 239.66 224.20 6.89 187.87 187.70  0.09
16 300.11 312.89 -4.08 27797 272.76 1.9 232.78 233.78 -04

A%



- Average Increment -1.21  Average 9.25 Average -5.2
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Abstract

One of the most important renewable energy resources in the world is wind energy. In recent years,
many studies focus on the power production from the wind, especially using wind turbines.
Therefore, numerous activities (which are categorized into two general techniques i.e. passive and
active flow control methods) have been organized to improve the performance of the wind
turbines. Many of these activities are based on the strategy of increasing the lift to drag ratio and
delaying the stall phenomenon in rotor blades without consuming external energy (which is called
a passive flow control method). In this thesis, the effect of the dimpled surface blade on the
performance of the V47-660 kW horizontal axis wind turbine is numerically investigated. For this
purpose, the suction side of the wind turbine blades is passively modified using some spherical
dimples. The governing continuity and momentum equations are solved using an incompressible
Reynolds-averaged Navier-Stokes solver and the k — w Shear-Stress Transport turbulent model.
The effect of dimple radius, location, and quantity on the aerodynamic performance of the wind
turbine including torque and power generation, flow separation, and thrust load is studied to find
an appropriate case. Then the effect of blade pitch angle and wind speed is also examined on the
best-dimpled blades. The results show that dimples could be effective in increasing the torque and
power generation if they are designed appropriately (including radius, location and quantity).
Obtained results reveal that for the best situation, dimples could improve the generating torque by
around 16.08%.

Keywords: wind turbine, dimple, passive flow control method, pitch angle, wind speed,

aerodynamic performance
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