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Nomenclature

G o Lift coefficient
Cp : Drag coefficient

C,/C, : Lift-Drag ratio

o : Density

A : Area

U : Velocity of fluid

Cr : Axial thrust coefficient
Q : Angular velocity

N : Quantity of blade

o . Blade rotation area

kW . Power

T . Torque

AOA  : Angle of Attack

SWT : Small Wind Twurbine

HAWT : Horizon Axis Wind Turbine

CFD : Computational Fluid Dynamics

SST . Shear Stress Transport
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Table 1. Domestic market size and outlook for small wind turbine
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2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | CAGR
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Market 24 29 35 41 49 60 72 20.1%
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Table 2. Industrial structure of small wind turbine

Industrial Component

FRP(Fiberglass Reinforced Plastic), Permanent magnet,
Material, Machining, Power electronic devices,

Downstream
Electrical equipment, Steel Structure, IoT(Internet of

Things), Software

Blade, Generator, Inverter with linkage device, PCS,
Small wind turbine
Tower

Independent power, Grid connection, Commercial
Upstream power generation, Convergence development,

ESS(Energy Storage System), Microgrid
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Table 3. Name and function of wind turbine

Name Function
Tower Structure that supports wind turbines
Blade Convert wind energy into rotational Kkinetic energy
Case containing an electrical conversion device installed
Nacelle
on the top of the tower
Hub System Connect the main shaft and blade

Rotor Shaft,
Main shaft

Transfers the rotational kinetic energy of the blade to a

gearbox or generator

Gearbox

Converts the low-speed rotation of the main shaft into

high-speed rotation

Yawing System

Nacelle rotation to align blades with wind direction

Composed of gears and brakes

Pitch control

A device that controls output by adjusting the

system inclination angle of the blade according to wind speed
Converts mechanical energy received from the gearbox
Generator
into electrical energy
Brake Device for braking disc pads

Control System

Set up and operate wind power generators to enable

unmanned operation

Monitoring

System

Remote control and system status determination on the

ground
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Airfoil design & Analysis
XFLRS5, XFOIL

\ 4

Polar extra-polation

\ 4

Blade design
aerodynamic
and structural

\ 4

Blade structural
simulation

BEM Simulation

\ 4

Post processing

A

Wind field simulation

FAST(Unsteady aerodynamics and structural
dynamics integrated), aeroelastic simulation

Fig. 18. Q Blade analysis process by modules
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Fig. 20. Classification of 3D Scanners
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Fig. 21. Blade inner section
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(1) Dry reinforcement (2) Preform

&

(3) Closing mould (4) Injection

Resin injection

".-.....l. T l

Fig. 22. Production of a composite blade part by the RTM process
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Vacuum outlet

Mold tool =
Resin Vacuum pump
(¢c) Evacuating tool
Mold tool o]
[} [a=]
Resin Vacuum pump

(d) Resin injection and cure

(e) Demolding and final processing

Fig. 23. Lay-up of reinforcement material into the mold
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Establishment of comparison standard model

Reverse engineering of Small Wind Turbine blade 3D Scanner
v
Create 3D blade modeling CATIA
Aerodynamic analysis ANSYS—-CFX
Power curve comparison with installed SWT ANSYS—CFX
Establishment of aerodynamic analysis standard model for SWT

.

Establishment of a model to improve output performance

Lift—Drag Ratio analysis based on airfoil Q Blade

v

Comparison of power curves with standard model

v

Airfoil selection

v

Blade data generation through Q Blade | Q Blade |

v

Create 3D blade modeling | CATIA |

v

3D aerodynamic analysis based on airfoil | ANSYS—SFX |

b

Field verification

Manufacturing new blade Install SWT

' v

Equipped with new blade

v

Collection of wind turbine operation data

v

Comparative analysis of wind conditions and output performance

v

Comparison of aerodynamic analysis results with actual output

v

Establishment of an aerodynamic analysis model for small wind turbine

Fig. 24. SW'T blade aerodynamic analysis and verification process
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Table 4%} 2t}

Table 4. Specification and performance of 3kW small wind turbine

Contents Performance
Rated power 3kW
Start wind speed 2.5m/s
Cut-in wind speed 3.0m/s
Turbine
Cut-out wind speed 25m/s
Survival wind speed 45m/s
Overall weight 138kg
Rotor diameter 5.0m
Rotor Rotor speed 280rpm
Blade material Glass fiber
Free standing tower 9m
Tower
Guyed tower 12m
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2. 3kWg ~YSEHYUHMI| E50/= 3D 2HY

1) 947 71N $9 Belel= 3D wdY 2 Y 33

Table 5. Specification of 3D scanner

Contents Performance
Cameras 2.0, 5.0MP Twin Camera
Light Sourse Blue LED 30,000 hours
3D Scanning principle Phase shifting optical triangulation
3D Scanning area 90,175,350,500mm Diagonal select
Size (W x H x D) 315 x 270 x 80 [mm]
3D point accuracy up to 0.01 [mml]
Weight 2.3Kg
Interface USB 3.0 B type
Power AC 100 ~ 240V / 47/63 [Hz]
Output data format STL
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27H+= Fig. 259 o] Hol= flol FHsA w3l = 4% =¥
F-2sto] 2kl (R Ve ES AAstL, olE Fa gbE 3 @
At dolH (Point clouds)E HlelHE & 535ttt i@ 5 HolHES 4H
g (Filltering) A4S AA Y7 tF2 dlolg 2] A g (Registration) F3S A3
S AEZ2 a3 CATIAE &83to] Fig. 269 #2o] STL =2 Ao =

W welolse) 3D Bud Wae selstart

i

Fig. 25. Picture of 3D scanning process
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Fig. 26. 3D modeling of blade

% XXX X[ X %
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(c) (d)

Fig. 27. Airfoil coordinate extraction process
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3D Scanning

3D Scan

v

Point—cloud collection

v

Data filtering

v

Surface creation Modeling modification

v

Optimized modeling

v

3D CAD modeling output

¥

3D Modeling

Cross section acquisition

v

Review and modification

v

2D CAD (Blade), Airfoil coordinates data output

Fig. 28. Process of reverse engineering
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2) "ielgHol~g 283 o9 A4 9 Eeloj= 3D 2Ed

48 4TS V1FoR nrh GAE Beol= AR 98 Fig. 299 2
of 2¥FAWA/ F2 AEHE Y Y FHTL 4P ATE Jwem

AAsAT 98 FAe] ¥ Airfoiltoolsoll A Al &3ki= dlolHE &85k

Airfoiltoolsoll A A F-3l= 98 A HAxE x, yFUHES AFst2sE 3D AA
2O 2 (Loading)S 93l z5 FEE d= Vo= HAAGste] 3344

5 AAstd o, S823 P& A= W Table 63 22 P2 o= A

F AT [28]
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Q

C% $02030modified = < —

$G6043 = e SHI055 = e C>
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Fig. 29. Six small wind turbine airfoil base lines
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§G604Imodified =
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Table

6. Airfoil coordinates of S823

Point | X_cord | Y_cord | Z_cord | Point | X_cord | Y_cord | Z_cord

1 1 0 0 33 0.00014 | 0.00136 0
2 0.99609 | 0.00064 0 34 0.00002 | -0.00054 0
3 0.98505 | 0.00316 0 35 0.00029 | -0.00194 0
4 0.96813 | 0.00760 0 36 0.00044 | -0.00241 0
5 0.94605 | 0.01332 0 37 0.00128 | -0.00439 0
6 0.91883 | 0.02008 0 38 0.00533 | -0.01012 0
7 0.88704 | 0.02805 0 39 0.01538 | —0.01868 0
8 0.85144 | 0.03704 0 40 0.03022 | -0.02717 0
9 0.81278 | 0.04673 0 41 0.04956 | -0.03520 0
10 0.77174 | 0.05668 0 42 0.07337 | —0.04256 0
11 0.72895 | 0.06632 0 43 0.10137 | -0.04906 0
12 0.68477 | 0.07482 0 44 0.13344 | -0.05458 0
13 0.63895 | 0.08199 0 45 0.16922 | -0.05903 0
14 0.59197 | 0.08792 0 46 0.20848 | —0.06236 0
15 0.54432 | 0.09248 0 47 0.2508 | -0.06455 0
16 0.49647 0.0953 0 48 0.29583 | —0.06559 0
17 0.44832 | 0.09634 0 49 0.34309 | —0.06550 0
18 0.40032 | 0.09595 0 50 0.39214 | -0.06434 0
19 0.35301 | 0.09426 0 ol 0.44242 | -0.06214 0
20 0.30693 | 0.09136 0 52 0.49344 | -0.05897 0
21 0.26259 | 0.08732 0 53 0.54459 | -0.05483 0
22 0.22047 | 0.08221 0 o4 0.59541 | -0.04960 0
23 0.18102 | 0.07610 0 95 0.6458 | -0.04346 0
24 0.14464 | 0.06908 0 56 0.69515 | -0.03687 0
25 0.11171 | 0.06126 0 57 0.74286 | —0.03007 0
26 0.08253 | 0.05275 0 58 0.78828 | -0.02303 0
27 0.05742 | 0.04371 0 39 0.83143 | -0.01608 0
28 0.03659 | 0.03430 0 60 0.87163 | —0.01000 0
29 0.02031 | 0.02471 0 61 0.90795 | -0.00522 0
30 0.0086 0.01514 0 62 0.93944 | -0.00195 0
31 0.00176 | 0.00607 0 63 0.96515 | -0.00014 0
32 0.00065 | 0.00340 0 64 0.98425 | 0.00045 0

55



ObA F8E JAA FAAHE 3D 2AEES B3 Fao] AdE A
STL #4d A7) 7bsstd oy, ald #A el gls %4 -F Fig. 303 #Z°] Q Blade
2 Ed HAHY Cp S ztE= Chord length, Twist angle 33 Alo]A~W=E A&
st om, o]F 7wtog 3D E¥ol=E RdS AT E AFolA ALEH
Edole Zol= 26m=E #F7] e, FERE ALfs Tl ¥ A 1%

< A&k h29], [30], [31], [32]

of

HAWT

3D View Controls
Fitto Screen | Show Fotor [ Surfaces | [ Foilowt ] [ TE/LEOuwt | Fill Foils
GL settings Perspective Coordinates Foil Positions Foil Names
Blade Data
Mew Blade
3 blades and 010 m hub radius [_] Blade Root Coordinates
Pos (m) Chord (m) Twist Foil Polar
1 01 0.13 o Circular Foil CD=12 360 Pol
2 (035 0.13 o Circular Feil CD =12 360 Pol
3 037 0.16 o Circular Foil cD =12 360 Pol
4 04 019 22.7627 MREL's 5823 Airfoil S823 360 M
5 [0S 0.23 174633 MNREL's 5823 Airfoil 5823 360 M
6 (0.55 0.26 15.4078 MREL's 5823 Airfoil S823 360 M
7 06 0.285 13.6444 MNREL's 5823 airfoil S823 360 M
2 065 0.285 121178 MREL's 5823 Airfoil S823 360 M
9 07 0.26 10.785 MNREL's 5823 Airfoil S823 360 M
10 0.8 0.227 8.57401 MREL's 5823 Airfoil S823 360 M
11 1 0.19 5.3925 MNREL's 5823 Airfoil S823 360 M
12 1.2 0.162163 3.22246 MREL's 5823 Airfoil S823 360 M
314 0.141166 1.65183 MNREL's 5823 Airfoil S823 360 M
14 1.6 0.124788 0464046 MREL's 5823 Airfoil S823 360 M
15 1.8 011171 -0.464936 MREL's 5823 Airfoil S823 360 M
16 2 0.101054 -1.21103 NREL's 5823 airfoil 5823 360 M
17 (2.2 0.0922163 -1.8232 MREL's 5823 Airfoil S823 360 M
18 24 0.085 -£.33443 NREL's 5823 aAirfoil 5823 360 M
19 2.5 0.081 -2.55967 MREL's 5823 Airfoil S823 360 M
Mew Edit Delete

Fig. 30. Q Blade data creation process

56
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Fig. 31. Blade 3D modeling creation process
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Fig. 32. Airfoil body creation for 2D flow analysis
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FHEL W Tmel W, APEES @ el dolsh 14mel AAZE @uel
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wy|

A4

Fig. 33. Airfoil boundary(a), Volume boundary(b), Turbulence solid(c) creation
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T AW Eg e s Fig. 349k o] Hldd AW Al AXFH(Unstructured
tetramesh) & AAsIA T FHNA S 2t 524 A Ao A Physics preference
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Fig. 34. Create mesh based on created geometry
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Transport® AAsth Inlete] Al e AAEY £29 10m/s2 AAs)

dov 8 Ag 20E 10°2 AAse] TS Fysta

2 d2 Shere Stress

Fig. 35. Setup internal and external pressure conditions to analysis
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Fig. 36. Process of ANSYS-CFX analysis
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Fig. 37(a)e} #eo] 3 999 AFL 52m= =70

02m of &S Fredn
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Fig. 37. Create rotor area(a), fluid area(b)
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AT AwWED sl Fig. 38, Fig. 399 #o] H|¥d AMHA AxA:
(Unstructured tetramesh)& A3t th Sbd A3 sdstA THH4S 9l
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Fig. 38. Create mesh of blade rotation area : geometry(left), mesh(right)

Fig. 39. Create mesh of fluid area : geometry(left), mesh(right)
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Fig. 40. CFX setting : Domain interface of fluid
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Fig. 41. Drawing of S823 airfoil blade

Fig. 42. Manufacturing new blades
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Fig, 44. Monitoring system schematic

67



&8 3kWa &~FFHEH7] Fig. 503 2ol #HF dAlsalon 2022 8474

off
ol
2,
¥o,
o
o2
=2
fz
o
s
B~
ofk
ol
v
e
2y
N

RE 20239 109714 A&Hoz ¢
toYAE PR BOR §ARS L AN
Qovl, FAWAY] shwel Al ARt FIAS AAGd F& 9 FF o
JEE £AT F AEF gtk Hael A A8 F4 R $52 A

ERIRES DS EL R

Fig. 45. Field demonstration of new blade

68



=9 59 AedlelH s BYHY AA"E gl PCRE HoHE
Aste] doleuwlol=g FEstdon, dld ARE Fig. 449k o] AlZAbel A
AFss ) FRFS ZEeATh delEwlol=E Table 77 o] AANE

(Excel sheet) &4 FElZ A %33t}

FSM Demo System  Lease Demo System mEnglishv  (7)  Lotusuzo
=

Search device nameyserial numbe ), | {5 Device dashboard

FBox current alarm  FBox alarm history  FBox history data Add Dashboard Edit Device Dashboard -

© 301020112065

[~ |

093434

Last eight hours v w|l« ’T »

Grid Voltage W Grid Frequency W
Total Power Genera

Fig. 46. Monitoring system using web platform
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Table 7. Small wind turbine operation data

Time Vo?tgige gi)lerg(ji Power DirV\élcr‘E?on Cu?rcent
2022-12-13 00:00:06 101.6 3.8 183 61.2 1.67
2022-12-13 00:00:16 102.4 5.6 301 64.9 3.06
2022-12-13 00:00:26 102.18 4.3 319 41.1 3.09
2022-12-13 00:00:36 102.27 6.2 269 73.1 2.7
2022-12-13 00:00:46 101.97 4.5 240 54.4 2.33
2022-12-13 00:00:56 102.34 6.5 316 65.7 3.11
2022-12-13 00:01:06 101.42 4.2 117 64.4 1.19
2022-12-13 00:01:16 102.18 5.7 318 80.5 3
2022-12-13 00:01:26 102.18 4.6 318 69.5 3
2022-12-13 00:01:36 102.18 5.3 318 49.7 3
2022-12-13 00:01:46 101.97 3.3 197 52.6 1.97
2022-12-13 00:01:56 101.97 3.3 197 35.1 1.97
2022-12-13 00:02:06 101.97 3.9 197 73.1 1.97
2022-12-13 00:02:16 101.97 6.1 197 35.8 1.97
2022-12-13 00:02:26 101.82 1.2 244 72.6 2.19
2022-12-13 00:02:36 101.96 6.9 232 53.5 2.21
2022-12-13 00:02:46 102.15 6.2 232 42.7 2.32
2022-12-13 00:02:56 102.24 5.1 313 48.9 3.04
2022-12-13 00:03:06 101.98 5.8 263 67.6 2.47
2022-12-13 00:03:16 101.98 5.8 263 31.7 247
2022-12-13 00:03:26 102.19 6.3 266 49.7 2.65
2022-12-13 00:03:36 102.11 5.9 272 41 2.6
2022-12-13 00:03:47 101.74 5.1 159 61.5 1.58
2022-12-13 00:03:57 101.74 5.6 159 65.7 1.58
2022-12-13 00:04:07 101.74 5.3 159 76.2 1.58
2022-12-13 00:04:17 101.74 5.3 159 61.5 1.58
2022-12-13 00:04:27 102.14 3.7 253 11.6 2.53
2022-12-13 00:04:37 102.14 7.4 253 43 2.53
2022-12-13 00:04:47 102.31 4.9 324 14.2 3.19
2022-12-13 00:04:57 102.09 5.1 267 54.4 2.57
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Fig. 49. Wind speed data for May 4, 2023 : 10 sec(left), Imin(right)
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Table 8. Comparison of output power(W) by wind speed section

Wind speed(m/s) 3kW SWT power(W) | CFX analysis power(W)
3 60 57
4 165 161
5 345 332
6 620 596
7 1,020 1,001
3 1,560 1,529
9 2,260 2,241
10 3,050 2,927
11 3,150 3,063
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2. ofgE 24t BEoYM dat EY

AAA ABE T3 FET AE kWu THEAY] Sdol=9 gYs 7

e

98 (Default airfoi) &2 AAst1, A2FFTHUAAT|dA Eo] AL&FHE= ¥

o

S822, S823, FX63, SG6042, BW-3< A 3to] w57 (Angle of Attack) 1° ~ 12°
A 1° 2pA o R AAZE E49¢] 10m/s 271 dt ANSYS-CFXE &83lo] 2

A g s Fstla @ & (Lift-Drag ratio)E Hl A st

712 4@l s Reds 10 7 12° 7AA 1° A em AAEY T5

10m/s =7 stoll 229 T2 S Faste] g FIuE vutAs A
2 Table 1001 YJEFNATE 1°64] 1481242 6°74A] A &2 o2 F7}slo] 7o0] A
2026647 HIFS UERNQOoH o]F &M oz 7rAaFHA 12964 256790
S YER AT

Table 9. Default airfoil 2D aerodynamic analysis

Velocitym/s) | AUE5O) | coefiicient | coefficlent | ratio(ClC
10 1 0.2018 0.0136 14.8124
10 2 0.2802 0.0145 19.3836
10 3 0.3562 0.0154 23.2024
10 4 0.4320 0.0168 25.7287
10 5 0.5091 0.0181 28.1106
10 6 0.5829 0.0201 29.0318
10 7 0.6559 0.0224 29.2664
10 8 0.7222 0.0247 29.2328
10 9 0.7915 0.0272 29.0505
10 10 0.8596 0.0303 28.3970
10 11 0.9194 0.0335 27.4786
10 12 0.9828 0.0383 25.6790
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Fig. 55. Velocity streamline of default airfoil at AOA=7°
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2) 5822 oj® A A} BA

S822 o] e wreztS 1° T 12° 7bA 1° HAoR AAEY E&Q
10m/s %71 3t 2319 =
£ Table 1001 WEbASlch S822 9@ 9 FHl= L& 19014 20916322 5°
A A &H o7 F7Fee] 6°0lA 32117602 H s vEeEldoen, olF A

Ao FastuA 12°60A4 2292755 vehlsith dAubA Q) el A

JH
o

qe Fastel @ FPuE MuRAT A

= 71 A Ak e, Ha R g2 71E 9F M) 2.8512 =T
Table 10. S822 airfoil 2D aerodynamic analysis

Velocity (m/s) ﬁ?ﬁilcek(%g coe’%fiif:tient coe?%iiigent rg;tiifc;t(_gl; aC%)
10 1 0.2772 0.0133 20.9163
10 2 0.3611 0.0142 25.4628
10 3 0.4466 0.0156 28.5866
10 4 0.5267 0.0170 31.0329
10 5) 0.6099 0.0190 32.0527
10 6 0.6848 0.0213 32.1176
10 7 0.7647 0.0239 31.9906
10 8 0.8389 0.0268 31.3514
10 9 0.8954 0.0302 29.6035
10 10 0.9397 0.0342 27.4452
10 11 0.9836 0.0391 25.1836
10 12 1.0305 0.0449 22.9275
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Fig. 56. Pressure contour of S822 airfoil at AOA=6°
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Fig. 57. Velocity streamline of S822 airfoil at AOA=6°
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3) 823 o) & B A A} 54

S823 ool didl w7k 1° T 12° 74A 1° 7HFe R AHAAEE F5
10m/s =3 stel 229 T s Fdsto] P v E ]
& Table 110 WEFRATE S823 3@ o] &= S8229F frALg
WAew, 1°014 2059080 5°7kA] A &Aoo w Frheto] 604 3237490 %
Hagts HEblil e o= S822 | uiH] 02573 ¥ Fholth. o] F A HH o
T HAstH A 12°01 4 2645665 HEFWSLTE.

Table 11. S823 airfoil 2D aerodynamic analysis

Velocity (m/s) ﬁ‘?ﬁilceii(%f) coe%%iif:tient cogfriigigent rzl;tiifg ( CDI; %%)
10 1 0.3168 0.0154 20.5908
10 2 0.4097 0.0161 25.5103
10 3 0.4985 0.0174 28.6167
10 4 0.5847 0.0191 30.6816
10 5 0.6713 0.0210 31.9228
10 6 0.7537 0.0233 32.3749
10 7 0.8329 0.0261 31.9503
10 8 0.9133 0.0290 31.4901
10 9 0.9784 0.0323 30.2868
10 10 1.0611 0.0362 29.2944
10 11 1.1192 0.0403 27.7444
10 12 1.1827 0.0447 26.4566
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Fig. 58. Pressure contour of S822 airfoil at AOA=6°
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Fig. 59. Velocity streamline of S822 airfoil at AOA=6°
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Table 12. FX63 airfoil 2D aerodynamic analysis

Velocity (m/s) ﬁ&%lcek(oc’f) coe%fiif:tient cogfriacigent rzliltiif(;t(é)l; %%1)
10 1 0.7653 0.0208 36.7632
10 2 0.8508 0.0231 36.8116
10 3 0.9363 0.0258 36.3557
10 4 1.0223 0.0287 35.5805
10 5) 1.1038 0.0319 34.6097
10 6 1.1814 0.0352 33.5458
10 7 1.2569 0.0391 32.1045
10 8 1.3340 0.0431 30.9269
10 9 1.3820 0.0468 29.5334
10 10 1.4431 0.0519 27.7899
10 11 1.4925 0.0571 26.1255
10 12 1.5217 0.0634 24.0149
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Fig. 61. Velocity streamline of FX63 airfoil at AOA=1°
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BW-3 9go] s &S 1° 7 12° 71X 1° 14 o2 AAEFY F59
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Table 13. BW-3 airfoil 2D aerodynamic analysis

Velocity (m/s) ﬁ&iﬁ{(%f) coe%fiigent coe[f)fri?:%ent relijtiifg((g; %%)

10 1 0.4839 0.0146 33.2036

10 2 0.5607 0.0159 35.3246

10 3 0.6369 0.0174 36.5303

10 4 0.7103 0.0191 371125

10 5 0.7862 0.0213 36.8820

10 6 0.8569 0.0236 36.3128

10 7 0.9280 0.0262 35.4046

10 8 0.9942 0.0291 34.1075

10 9 1.0600 0.0322 32.9104

10 10 1.1106 0.0362 30.6443

10 11 1.1589 0.0400 28.9567

10 12 1.2059 0.0439 27.4558
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Fig. 62. Pressure contour of BW-3 airfoil at AOA=4°
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Fig. 63. Velocity streamline of BW-3 airfoil at AOA=4°
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Table 14. SG6042 airfoil 2D aerodynamic analysis

Velocity (m/s) ﬁtr‘lcglcek(%f) coe%fiifcgent coggiigent r;‘éf(;t(é)l; é%)
10 1 0.4751 0.0139 34.2851
10 2 0.5624 0.0153 36.6738
10 3 0.6484 0.0171 37.8801
10 4 0.7311 0.0191 38.3180
10 5 0.8120 0.0214 38.0249
10 6 0.8928 0.0240 37.2669
10 7 0.9701 0.0269 36.1259
10 8 1.0450 0.0302 34.6290
10 9 1.1143 0.0337 33.0931
10 10 1.1790 0.0379 31.0738
10 11 1.2378 0.0426 29.0869
10 12 1.2482 0.0476 26.2382
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Table 15. Lift-Drag ratio according to airfoil and angle of attack

Angfgle Lift-Drag ratio(Cl/Cd)
0
Attack
(®) Default S822 S823 FX63 SG6042 BW3

1

14.8124 20.9163 20.5908 36.7632 34.2851 33.2036

2 19.3836 205.4628 25.5103 36.8116 36.6738 35.3246
3 23.2024 28.5866 28.6167 36.3557 37.8301 36.5303
4 20.7287 31.0329 30.6816 35.5805 38.3180 371125
5) 28.1106 32.0527 31.9228 34.6097 38.0249 36.8820
6 29.0318 32.1176 32.3749 33.5458 37.2669 36.3128
7 29.2664 31.9906 31.9503 32.1045 36.1259 35.4046
8 29.2328 31.3514 31.4901 30.9269 34.6290 34.1075
9 29.0505 29.6035 30.2868 29.5334 33.0931 32.9104
10 28.3970 27.4452 29.2944 27.7899 31.0738 30.6443
11 27.4786 25.1836 217.7444 26.1255 29.0869 28.9567
12 25.6790 22,9275 26.4566 24.0149 26.2382 27.4558
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1) S822 airfoil Case #1 == 4 &S|

_E
it

S822 airfoil case #1 E#o]=2] & ZAol& 25m ol F 77F2 02m Ho|=
1370 Prew AASAT. A9 dolt Hul 043%m oW WEY e
18.4633°e Al Al &Fate] - 1.65597°74A] Al Ao = 20.0230° HlEE& S A
Attt dde FENES Astal S822 ©d oo MHAF e TE W
4%k2 Table 1691 YEFHATE S822 airfoil Case #1 £l o]=+= Q BladeZ 3

=

29458 A F A AWHE 2329 Mad &

Table 16. Blade data of S822 airfoil Case #1

No. Position(m) Chord length(m) | Twist angle(®) Airfoil

1 0.0 0.2000 0.0000 Circular

2 0.2 0.1998 0.0000 Circular

3 0.4 0.4395 18.4633 NREL’s S822
4 0.6 0.3292 11.7850 NREL’s S822
5 0.8 0.2615 7.8181 NREL’s S822
6 1.0 0.2163 5.2132 NREL’s S822
7 1.2 0.1842 3.3787 NREL’s S822
8 14 0.1603 2.0193 NREL’s S822
9 1.6 0.1418 0.9728 NREL’s S822
10 1.8 0.1271 0.1427 NREL’s S822
11 2.0 0.1152 -0.5315 NREL’s S822
12 2.2 0.1053 -1.0898 NREL’s S822
13 2.4 0.0970 -1.9597 NREL’s S822
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Table 17. Power analysis of S822 airfoil Case #1

. Power(kW)
Wind speed(m/s) — —
Default airfoil S822 airfoil Case #1
3.0 0.05 0.001
3.5 0.10 0.004
4.0 0.15 0.020
5.0 0.32 0.290
6.0 0.58 0.730
7.0 1.00 1.180
8.0 1.51 1.730
9.0 2.22 2.390
10.0 2.90 3.350

4
S822 airfoil Case #1
= e = Default airfoil
3 -
=
Y
N—
(- -
H 2
=
@)
A
1 -
0 = . . .

2 4 6 3 10
Wind speed(m/s)

Fig. 69. Power curve of S822 airfoil Case #1
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2) S822 airfoil Case #2 =84 % A3

S822 airfoil case #2 E#ol=9] F Zol& 25m olH F k2 0.1 7 0.3m
dolZ F 13/} 7tz AAsATE A9 2ol HW 035m oW HEH Zh2
22.7627°0 A Al=Fsko]l - 25597°7kA] A A RO R 253224° HlEY = S A
Attt e FERE AYsta S822 ©d oo HAGoen, BE W

4%k2 Table 189 YEFH AT S822 airfoil Case #2 E#o]=+= Q BladeZ 3
2

YNBSS BA3 T 44 kWi 2dFHaAs e wnd &

Table 18. Blade data of S822 airfoil Case #2

No. Position(m) Chord length(m) | Twist angle(®) Foil

1 0.00 0.2000 0.0000 Circular

2 0.15 0.1999 0.0000 Circular

3 0.30 0.3500 22.7627 NREL’s S822
4 0.50 0.3000 13.6444 NREL’s S822
5 0.80 0.2500 6.8182 NREL’s S822
6 1.00 0.2200 4.2133 NREL’s S822
7 1.20 0.1900 2.37187 NREL’s S822
8 1.40 0.1700 1.0193 NREL’s S822
9 1.60 0.1500 -0.0272 NREL’s S822
10 1.80 0.1350 -0.8573 NREL’s S822
11 2.00 0.1230 -1.5315 NREL’s S822
12 2.30 0.1000 -2.3344 NREL’s S822
13 2.40 0.0900 -2.5597 NREL’s S822
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Table 19. Power analysis of S822 airfoil Case #2

. Power(kW)
Wind speed(m/s) — —
Default airfoil S822 airfoil Case #2
3.0 0.05 0.001
3.5 0.10 0.006
4.0 0.15 0.020
5.0 0.32 0.330
6.0 0.58 0.780
7.0 1.00 1.250
8.0 1.51 1.850
9.0 2.22 2.630
10.0 2.90 3.610

4
S822 airfoil Case #2
- = = Default airfoil

3 - /
=
Y
N—
L -
5 2
=
@)
A

1 -

0 = .

2 4 6 3 10
Wind speed(m/s)

Fig. 70. Power curve of S822 airfoil Case #2
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3) S822 airfoil Case #3 =845 23 4

rlo
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S822 airfoil case #3 Edlo]=9 F Zol= 25m oW F FIH2 0.
dol2 F 127 Fre® MAASAT A9 Zeols Ao 0.3926m olv HIEH 7}
< 17.4633°ll A4 Al Absto] - 25600°7kA4] AlAMG RO R 20.0233° HlEE = F4S
AAEAY. 9P FERES A9sta S822 @Y Jyow HAsigon, mE

WH3ZES Table 200 YEFUQATE S822 airfoil Case #3 E#lo]=+ Q BladeE &

Table 20. Blade data of S822 airfoil Case #3

No. Position(m) Chord length(m) | Twist angle(®) Foil

1 0.0 0.2000 0.0000 Circular

2 0.1 0.1997 0.0000 Circular

3 0.2 0.1994 0.0000 NREL’s S822
4 0.4 0.3926 17.4633 NREL’s S822
5) 0.6 0.3200 10.7850 NREL’s S822
6 0.9 0.2430 5.3925 NREL’s S822
7 1.2 0.1930 2.3787 NREL’s S822
8 1.5 0.1590 0.4640 NREL’s S822
9 1.8 0.1360 -0.8573 NREL’s S822
10 2.1 0.1180 -1.8232 NREL’s S822
11 2.3 0.1084 -2.3344 NREL’s S822
12 2.4 0.1041 -2.9600 NREL’s S822
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Table 21. Power analysis of S822 airfoil Case #3

_ Power(kW)
Wind speed(m/s) — —
Default airfoil S822 airfoil Case #3
3.0 0.05 0.001
35 0.10 0.003
4.0 0.15 0.020
5.0 0.32 0.300
6.0 0.58 0.690
7.0 1.00 1.120
8.0 1.51 1.620
9.0 2.22 2.270
10.0 2.90 3.150

4
S822 airfoil Case #3
= e = Default airfoil
3 -
=
)
L -
5 2
=
(@)
A
1 -
0 = . . .

2 4 6 3 10
Wind speed(m/s)

Fig. 71. Power curve of S822 airfoil Case #3
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4) S822 airfoil Case #4 =845 23 4

S822 airfoil case #4 E#ol=9] F Zol& 25m olH F k2 0.1 7 0.3m
Aol2 F 127 Fxte= AR A9l Aol Hul 03926mo.E Case #37
Zom mlEd ZhE 304400000 A Al #Fske] - 25600°7FA] Al A EFC 2 33.0000°
HEE e F4s dAstdn. AddS FEFE AYsta S822 v o= A
Aot o, BE WSk Table 2291 YERSITE S822 airfoil C
=+ Q BladeEs Sl 845 43 §F A& kWa 2G5 dd7]¢ vl
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Table 22. Blade data of S822 airfoil Case #4

No. Position(m) Chord length(m) | Twist angle(®) Foil

1 0.0 0.2000 0.0000 Circular

2 0.1 0.1998 0.0000 Circular

3 0.2 0.2800 30.4400 NREL’s S822
4 0.4 0.3926 17.4633 NREL’s S822
5) 0.6 0.3200 10.7850 NREL's S822
6 09 0.2426 5.3925 NREL’s S822
7 1.2 0.1930 2.3787 NREL’s S822
8 1.5 0.1595 0.4640 NREL’s S822
9 1.8 0.1356 -0.8573 NREL’s S822
10 2.1 0.1179 -1.8232 NREL’s S822
11 2.3 0.1084 -2.3344 NREL’s S822
12 2.4 0.1041 -2.9600 NREL’s S822
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Table 23. Power analysis of S822 airfoil Case #4

. Power(kW)
Wind speed(m/s) — —
Default airfoil S822 airfoil Case #4
3.0 0.05 0.001
3.5 0.10 0.004
4.0 0.15 0.020
5.0 0.32 0.310
6.0 0.58 0.720
7.0 1.00 1.170
8.0 1.51 1.710
9.0 2.22 2.380
10.0 2.90 3.310

4
S822 airfoil Case #4
= e = Default airfoil
3 -
=
)
(- -
= 2
=
(@)
A
1 -
0 = . . .

2 4 6 3 10
Wind speed(m/s)

Fig. 72. Power curve of S822 airfoil Case #4
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5) S823 airfoil Case #1 =384 %5 23 4

S823 airfoil case #1 E#ol=9] F Aol 25m olH F - 0.1 7 0.
Aoz F 127] Fxre 2 AAsglv A9l Zol= Hd 0.3010melw ®HEdH 7
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M =2k2 Table 249 YeERSITE S823 airfoil Case #1 E#o]=% Q BladeE
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Table 24. Blade data of S823 airfoil Case #1

No. Position(m) Chord length(m) | Twist angle(®) Foil

1 0.0 0.2000 0.0000 Circular

2 0.1 0.1999 0.0000 Circular

3 0.2 0.2500 28.4373 NREL’s S823
4 0.4 0.3010 15.4633 NREL’s S823
5) 0.6 0.2450 8.7850 NREL’s S823
6 09 0.1860 3.3925 NREL’s S823
7 1.2 0.1480 0.3787 NREL’s S823
8 1.5 0.1223 -1.5360 NREL’s S823
9 1.8 0.1040 -2.8573 NREL’s S823
10 2.1 0.0904 -3.8232 NREL’s S823
11 2.3 0.0831 -4.3344 NREL’s S823
12 2.4 0.0790 -4.5597 NREL’s S823
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Table 25. Power analysis of S823 airfoil Case #1

. Power(kW)
Wind speed(m/s) — —
Default airfoil S823 airfoil Case #1
3.0 0.05 0.000
3.5 0.10 0.002
4.0 0.15 0.020
5.0 0.32 0.230
6.0 0.58 0.780
7.0 1.00 1.240
8.0 1.51 1.840
9.0 2.22 2.610
10.0 2.90 3.590

4
S823 airfoil Case #1
= e = Default airfoil

3 -
)
(- -
o 2
=
@)
A

1 -

- -
O = I I

2 4 6 s 10
Wind speed(m/s)

Fig. 73. Power curve of S823 airfoil Case #1
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6) S823 airfoil Case #2 =45 23} &4

S823 airfoil case #2 E#ol=9] F Zol& 25m o|H F k2 0.1 7 0.3m
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Table 26. Blade data of S823 airfoil Case #2

No. Position(m) Chord length(m) | Twist angle(®) Foil

1 0.1 0.2000 0.0000 Circular

2 0.2 0.1999 0.0000 Circular

3 0.3 0.2500 29.4373 NREL’s S823
4 0.5 0.2960 16.4633 NREL’s S823
5 0.7 0.2409 9.7850 NREL’s S823
6 1.0 0.1827 4.3925 NREL’s S823
7 1.3 0.1453 1.3787 NREL’s S823
8 1.6 0.1201 -0.5360 NREL’s S823
9 1.9 0.1021 -1.8573 NREL’s S823
10 2.2 0.0887 -2.8232 NREL’s S823
11 24 0.0816 -3.3344 NREL’s S823
12 2.5 0.0784 -3.5600 NREL’s S823
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Table 27. Power analysis of S823 airfoil Case #2

. Power(kW)
Wind speed(m/s) — —
Default airfoil S823 airfoil Case #2
3.0 0.05 0.006
3.5 0.10 0.019
4.0 0.15 0.07
5.0 0.32 0.350
6.0 0.58 0.780
7.0 1.00 1.250
8.0 1.51 1.860
9.0 2.22 2.630
10.0 2.90 3.620

4
S823 airfoil Case #2
= e = Default airfoil

3 - /
Y
N—r
.- -
5 2
=
@)
Ay

1 -

O = T

2 4 6 3 10
Wind speed(m/s)

Fig. 74. Power curve of S823 airfoil Case #2
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7) S823 airfoil Case #3 =8 X & 23 EA

S823 airfoil case #3 Edlol=9] F Zol= 256m oW F 3 01 T 0.
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W3S Table 289 WeFUQIth S823 Case #3 Ed#lo]=+ Q BladeE &3 =

Table 28 Blade data of S823 airfoil Case #3

No. Position(m) Chord length(m) | Twist angle(°®) Foil

1 0.10 0.1300 0.0000 Circular

2 0.30 0.1300 0.0000 Circular

3 0.34 0.1300 0.0000 Circular

4 0.37 0.1600 0.0000 Circular

5 0.40 0.1900 0.0000 Circular

6 0.53 0.2600 17.9633 NREL’s S823
7 0.58 0.2770 16.0500 NREL’s S823
8 0.60 0.2830 14.1444 NREL’s S823
9 0.65 0.2830 12.7147 NREL’s S823
10 0.70 0.2552 11.2850 NREL’s S823
11 1.00 0.1935 5.8925 NREL’s S823
12 1.30 0.1539 2.8787 NREL’s S823
13 1.60 0.1272 0.9640 NREL’s S823
14 1.90 0.1082 -0.3573 NREL’s S823
15 2.20 0.0940 -1.3232 NREL’s S823
16 2.40 0.0864 -1.8344 NREL’s S823
17 2.50 0.0831 -2.0597 NREL’s S823
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Table 29. Power analysis of S823 airfoil Case #3

_ Power(kW)
Wind speed(m/s) — —
Default airfoil S823 airfoil Case #3
3.0 0.05 0.000
35 0.10 0.000
4.0 0.15 0.010
5.0 0.32 0.260
6.0 0.58 0.820
7.0 1.00 1.300
8.0 1.51 1.940
9.0 2.22 2.760
10.0 2.90 3.790

4
S823 airfoil Case #3
- = = Default airfoil

3 - /
Y
N—r
.- -
5 2
=
@)
Ay

1 -

0 = .

2 4 6 3 10
Wind speed(m/s)

Fig. 75. Power curve of S823 airfoil Case #3
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Table 30. Blade data of S823 airfoil Case #4

No. Position(m) Chord length(m) | Twist angle(®) Foil

1 0.10 0.1300 0.0000 Circular

2 0.35 0.1300 0.0000 Circular

3 0.37 0.1600 0.0000 Circular

4 0.40 0.1900 22.1627 NREL’s S823
5) 0.50 0.2300 17.4633 NREL’s S823
6 0.55 0.2600 15.4078 NREL’s S823
7 0.60 0.2850 13.6444 NREL’s S823
8 0.65 0.2850 12.1178 NREL’s S823
9 0.70 0.2600 10.7850 NREL’s S823
10 0.80 0.2270 8.5740 NREL’s S823
11 1.00 0.1900 5.3925 NREL’s S823
12 1.20 0.1622 3.2225 NREL’s S823
13 1.40 0.1412 1.6518 NREL’s S823
14 1.60 0.1248 0.4640 NREL’s S823
15 1.80 0.1117 -0.4649 NREL’s S823
16 2.00 0.1011 -1.2110 NREL’s S823
17 2.20 0.0922 -1.8232 NREL’s S823
18 2.40 0.0850 -2.3344 NREL’s S823
19 2.50 0.0810 -2.5597 NREL’s S823
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Table 31. Power analysis of S823 airfoil Case #4

. Power(kW)
Wind speed(m/s) — —
Default airfoil S823 airfoil Case #4
3.0 0.05 0.000
3.5 0.10 0.000
4.0 0.15 0.020
5.0 0.32 0.310
6.0 0.58 0.800
7.0 1.00 1.270
8.0 1.51 1.890
9.0 2.22 2.680
10.0 2.90 3.690

4
S823 airfoil Case #4
= e = Default airfoil
3 -
)
(- -
= 2
=
@)
A
1 -
0 = . .

2 4 6 8 10
Wind speed(m/s)

Fig. 76. Power curve of S823 airfoil Case #4
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Table 32. Torque value calculation according to blade design

Blade design

Torque(N-m)

Default airfoil 101.2780
S822 airfoil Case #1 56.8853
S822 airfoil Case #2 77.3063
S822 airfoil Case #3 54.2309
S822 airfoil Case #4 59.1622
S823 airfoil Case #1 115.8080
S823 airfoil Case #2 97.2104
S823 airfoil Case #3 153.7360
S823 airfoil Case #4 109.3730

Default airfoil

S822 airfoil Case #1

S822 airfoil Case #2

Airfoil design

S823 airfoil Case #2
S823 airfoil Case #3

S823 airfoil Case #4

Fig. 77. Torque value according to blade design shape

S822 airfoil Case #3

S822 airfoil Case #4

S823 airfoil Case #1

50

Torque (N'm)

100

150
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Table 33

. Output power according to wind speed

Time Wind speed(m/s) Power(kW)
2023-05-04 02:15:42 74 3.325
2023-05-04 07:38:51 7.8 3.387
2023-05-04 07:39:01 4.2 3.387
2023-05-04 08:04:17 9.5 3.383
2023-05-04 08:04:27 6.5 3.383
2023-05-04 08:04:37 7.6 3.383
2023-05-04 08:28:43 7.1 3.306
2023-05-04 08:45:36 5.2 3.342
2023-05-04 08:45:46 7.4 3.342
2023-05-04 10:27:29 116 3.438
2023-05-04 10:27:39 6.7 3.438
2023-05-04 10:27:49 7.7 3.438
2023-05-04 10:30:19 9.7 3.381
2023-05-04 11:37:14 5.8 3.314
2023-05-04 11:37:24 4.3 3.314
2023-05-04 11:37:34 3.5 3.314
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Fig. 78. Scatter plot of S823 airfoil SWT
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Table 34. Comparison of power by wind speed according to airfoil

. ) . S&823 airfoil Case#4
Wind speed(m/s) Aerodynamic analysis SWT operational data
3 0.164 0.143
4 0.284 0.262
5 0.457 0.439
6 0.728 0.664
7 1.180 1.066
8 1.786 1.670
9 2.570 2.496
10 3.281 3.101
11 3.463 3.215
4.0
e Aecrodynamic analysis
== oo SB23 airfoil Case #4 SWT
= e Default airfoil SWT
3.0
=
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2) Stream line of velocity at AOA=1°

Velocity
15208401

1.159e+01
7.9750+00

4.3630+00

7501601
(m 1]

Ir

k.

Stream line of velocity at AOA=1°

Velocity
16090401

12180401
82200400

42820400

sasret ~ =
[msr) -

=

Stream line of velocity at AOA=3°

Velocity
17538401

1.3208+01
8.8508+00
45240400

1888601
st}

¥

s

Stream line of velocity at AOA=5°

T12°

Velocity
15608401

1.177e+01
7.9380+00

4.1060+00

2747601
[msr1)

=

Stream line of velocity at AOA=2°

Velocity
16650401

1.2548+01
84400400

4.3376+00

2329601
msh)

=

Stream line of velocity at AOA=4°

Velocity
1.8486+01

13840401
9.2356+00
46270+00

1608802
(msrt

Stream line of velocity at AOA=6°

125



Stream line of velocity at AOA=11°

126

Stream line of velocity at AOA=12°



3. 5823 o3 W&zt

o}

=
=

of

H)v]

~

1) Pressure contour at AOA=1° ~ 12°

Force

Vector 1
2.1666.03

1625003

Force
Veet

tor 1
1810603

5422004 (/ ‘ j\/‘g’. 4555004
8.912e-07 \\f— — "'/W 1.034e-06
™ N
15,
Pressure contour at AOA=1°

jector 1
1881603

1411603

jector 1
2.089.03

K M
12,
Pressure contour at AOA=3°

Vector 1
2401e.08

Vector 1
2841e.03

6.007e-04 (// , - 7.107e-04
\ P N
5.4280-07 - S 7376007
N] N]
1=

Pressure contour at AOA=5°

127

Pressure contour at AOA=2°

Pressure contour at AOA=4°

. S ..

Pressure contour at AOA=6°



Force
Vector 1
3.4380.03

2578003
1719603
8.600e-04

8.936e-07
™

Force
tor 1
4.7940.03

3.5950-03
2397003
1.1990-03

1.359-06
™

Force
Vector 1
6.390e.03

4.7930-03
3.1966-03
1600003

256906
™

Pressure contour at AOA=7°

Pressure contour at AOA=9°

Pressure contour at AOA=11°

Force

Vector 1
4.1366.03
3102003
2.0686-03

1.0350-03 \ g L

A
7509007 $ O T T O
™ W —

Pressure contour at AOA=8°

Force
tor 1
5.6360.03

4.2280-03
28190.03
1.4100-03

1.767e-08

Pressure contour at AOA=10°

Force
Vector 1
7.2200.03

5.4150.03
3611603

1.807e-03

3.4736.06
™

Pressure contour at AOA=12°

128



2) Stream line of velocity at AOA=1 ~ 12°
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2) Stream line of velocity at AOA=1° ~ 12°
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2) Stream line of velocity at AOA=1° ~ 12°
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2) Stream line of velocity at AOA=1° ~ 12°

Stream line of velocity at AOA=5° Stream line of velocity at AOA=6°
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Stream line of velocity at AOA=9° Stream line of velocity at AOA=10°
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Abstract

In this study, we conducted research on the entire cycle, from
acquiring airfoil shape data through reverse engineering of a small wind
power generator, to designing and manufacturing new blades through
aerodynamic analysis, and collecting and verifying performance data
through field demonstration. (1) As a result of calculating the output
error rate for each wind speed section between a commercial 3kW small
wind power generator and an aerodynamic analysis model through
reverse engineering, the average error rate was 5.1%, which is the
average error rate of the 3D aerodynamic analysis model established for
aerodynamic analysis of a 3kW small wind power generator. Validity was
secured. (2) After performing a two-dimensional aerodynamic analysis
from 1° to 12° angle of attack using ANSYS-CFX for a total of 5 types of
airfoil S822, S823, FX63, BW-3, and SG6042, the output curve tendency
and shape of the airfoil were determined to be the best. Similar S822 and
S823 airfoils were selected, and as a result of analyzing the output
performance of the Q Blade, a total of eight cases with slightly increased
performance were selected as blade design plans for 3D aerodynamic

analysis.



(3) As a result of calculating torque values for eight cases through 3D
aerodynamic analysis using ANSYS-CFX, for S823 airfoil Case #4, the
torque value was calculated to be 109.3730N'm and the output value was
calculated to be 3.281kW, which is the rated output. In this section,
output was improved by 7.4% compared to existing commercial wind
power generators. (4) The final selected S823 airfoil Case #4 was actually
manufactured and mounted on a commercial small wind power generator
to obtain operational data. As a result of comparing and analyzing the
aerodynamic analysis results and operational data results, the validity of
the 3D aerodynamic analysis model was verified with an average error
rate of 7.28%. In particular, in the rated output section of 10 m/s, the
error rate was 5.5%, which confirmed that it was a very accurate 3D

aerodynamic analysis model.
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