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A Study on 3-D Flow Characteristics and
Power Performance for HAWTSs
(Horizontal Axis Wind Turbines)

BeomSeok, KIM

Department of Mechanical Engineering

Graduate School, Korea Maritime University

Abstract

Various theoretical design techniques to reflect loss factors are
reviewed for the optimum design of rotor blade of HAWTs(Horiz-
ontal Axis Wind Turbines). Also, wind resources in Korea Mari-

time University is investigated for the design of offshore wind

farm in the future. Estimation of average wind speed is 4.76 /s

and it's electric power productive capacity is 32.78 W] m?.

A CFD study on the aerodynamic characteristics of NACA 63215
airfoil, with some kind of flaps at trailing edge has been
performed to know the effect of various flaps. In case of 1.5%
height flap of chord length with 90°attachment, lift to drag ratio
of NACA 63215 airfoil shows the highest value.
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The estimated performance and flow characteristics have been
obtained from numerical simulation for two and three blades type
HAWT model which was designed by Delft University of
Technology in Netherlands. The comparison between BEM and
CFD results indicates a good agreement within an error of less
than 10%. The numerical simulation results on the complex 3-D
stall shows a good agreement with inviscid stall model and
calculated wake distribution of two blades type rotor shows the
similar pattern of the smoke visualized result from NREL(National

Renewable Energy Laboratory).
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Nomenclature

LF

Rotor Swept Area

Aspect Ratio

Axial Interference Factor
Angular Interference Factor
Scale Parameter

Chord Length

Maximum Power Coefficient
Power Coefficient

Lift Coefficient

Maximum Drag Coefficient
Drag Coefficient at Stall Angle

Drag Force and Diameter

Local Thrust

Local Torque

Wing Tip Loss Factor
Height

Average Height

Shape Parameter

Load Factor
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L Lift Force

m Mass Flow Rate

N Number of Blade

P Pressure

P, Power from Wind Turbine
P, Power from Wind

P, we Average Power from Wind
P, e Average Power from Wind Turbine
P .. uted Rated Power from Wind Turbine
Pp Rated Power

P . ax Maximum Power from Wind
Q : Torque

R Blade Radius

Re : Reynolds Number

7 Local Blade Radius

T Thrust

V. Cut-In Wind Velocity

Vi Free Stream Wind Velocity
Ve : Rated Wind Velocity

WE : Wind Factor

w : Relative Velocity
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Greek Letters

Tm

Mg

Roughness Length

Angle of Attack

Stall Angle

Efficiency of Gear Box
Efficiency of Generator
Air Density

Tip Speed Ratio

Local Tip Speed Ratio
Angular Velocity

Angular Velocity of Wake

Local Solidity

Flow Angle

Pitch Angle
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Table 2.1 Roughness classes and roughness length

Roughness Roughness
Landscape Type
Class Length, m
Smooth
0.321~0.92 0.001~0.02 (Sea level, Sand,
Snow)
Rather rough
0.92~3 0.02~0.3
(Grass, Suburbs)
Rough
3~45 0.3~2 ) _
(Residential street)
V h
45~6 2~10 eIy o8
(City)
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Table 2.2 Distribution of wind velocity as a variation of

height at Korea Maritime University

Jan.|Feb.|Mar.| Apr.|May | June| July | Aug.|Sep. | Oct. [Nov.|Dec.

15

(m)

30

(m)

40

(m)
45

(m)

331291313027 ]26 32|27 |34]26]28]|30

4842145144140 |38 46| 40 |49 |38 |41 |44

5146149 4743|142 50| 43 |53 |42 |44 |47

0347150484443 51| 44 |54|43]46 |48
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2.3 Weibull &xZ2] H&
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= A (214)¢F #2rt

T

ok
©H PW-ave
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2 (2100 o] &3kl 4 (214)F A Aatd, 4 (215) 7} HH,
(2.15)

Piwe= 5 PACT(1+755)

1 .
Pe-ave: 2 pAfVC CP77m77gV3P(V)dV+
(2.16)
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Table. 2.3 Wind characteristics of Korea Maritime Univ.

1% C 14 WF 2

K " v.c | Wim

(m/s) Cm/s) | (m)s) (max) (watt)
476 19 533 | 1013 | 19 | 1.122 | 0.165 | 3278
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Table 3.2 Maximum power coefficient of rotor blade

Wind turbine type

Max power coeff.

Tip Speed Ratio

(C P o) (TSR)
Multi bladed 0.32 0.75
Horizontal
Axis Propeller
type 0.48 5~11
(HAWT)
Sabonius 0.22 0.8
Vertical
Axis
Darius 0.35 5~11
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Fig. 4.1 Gurney flap
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(a) Close—up of grid near the airfoil

pressure — far —field

(b) C type grid used in computations

Fig. 4.3 Grid formation, NACA 4412
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Table 4.1 NACA 4412 (Re=1.64x 10°)

a=0° a=8°
C, Cq L/D C, Cyq L/D
No Exp.| 0.410 | 0.012 | 34.17 1.16 | 0.022 52.73
flap |Com.| 0.428 | 0.013 | 32.92 | 1.19 | 0.024 | 49.6
.3.0
b NACA 4412 Qean airfoil
‘h a=8 degrees ® experimental

'.\\ Re = 1.64E+06 computation

1.5 .“x‘-ﬁ
A ¥
Hh.-“—‘-.._‘.ﬁ_h
Cp 'H“w-,_,_r_
0.0 4 --.-h_"“'.. -
——— i — e
”—-_ e
P
g
1.5 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
v, %1

Fig. 4.4 Pressure distribution comparison
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Fig. 4.6 Relationship between deflection angles
flaps and C_ at flap heights
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Fig. 4.7 Relationship between deflection angles
flaps and L/D at flap heights
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Fig. 4.8 Velocity distribution around Gurney flaps
(to be continued)
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(d) Flap height
Fig. 4.8 Velocity distribution around Gurney flaps



(a) Flap height=0.5%

(b) Flap height=1%

Fig. 4.9 Pressure distribution around Gurney flaps
(to be continued)

_81_



5l el
e
-7l
—d D

=7. el
~107edl
=1 40es]
-1 73esal
~2iseedl

~2TReal

(c) Flap height=1.5%

(d) Flap height=2%

Fig. 4.9 Pressure distribution around Gurney flaps
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Fig. 5.1 3-D Rotor blade configuration (T40/500)

_85_



5-1-2 A &A X2 Hd

FANAS shdl deld de] 4AEF AL Y Fad
w29 st Aol S5 Ao AxE AHIE 1
A7 gtk B AT AL AE A4S FAeA BEE 9
of skl 49 S5 39 4RAR4E AT £ A

Hexa ZE< ol &3ttt A5 AAst= AN &
H

i,
N
X
et
T
iu)
=
3@
i)

Fig. 5.3¢] A4

_86_



Fig. 5.2 Computational grid
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Fig. 5.3 Computational grid near the rotor
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Table 5.1 Calculating conditions

V.(m/s) RPM TSR
Case 1 5} 30 2.89
Case 2 5} 40 3.85
Case 3 5 50 4.82
Case 4 5 60 5.78
Case 5 5 70 6.74
Case 6 5) 80 771
Case 7 5 90 8.67
Case 8 5 100 9.63
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bound
lift—-generating
vortices

Fig. 5.4 Sketch of wake distribution
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R TR

(b) TSR=3.85

Fig. 5.5 Calculated wake distribution comparison
(TSR 2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(d) TSR=5.78

Fig. 5.5 Calculated wake distribution comparison
(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(f) TSR=7.71

Fig. 5.5 Calculated wake distribution comparison

(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.7)
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Advance
Attached
of stall flow

3d-stall

Inflow from blade root

root

Fig. 5.6 Sketch of 3-D stall at blade surface
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Tip Vortex

Fig. 5.7 Example of calculated 3-D stall near blade

(TSR=3.85)
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(a) TSR=2.89

Fig. 5.8 Calculated wake distribution comparison
(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(b) TSR=3.85

Fig. 5.8 Calculated wake distribution comparison
(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(c) TSR=4.82

Fig. 5.8 Calculated wake distribution comparison
(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(d) TSR=5.78

Fig. 5.8 Calculated wake distribution comparison
(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(e) TSR=6.74

Fig. 5.8 Calculated wake distribution comparison
(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)

(to be continued)
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(f) TSR=7.71

Fig. 5.8 Calculated wake distribution comparison

(TSR=2.89, 3.85, 4.82, 5.78, 6.74 and 7.71)
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(a) TSR=3.85

(b) TSR=6.74

Fig. 5.10 Pressure distribution on planes of constant radius

[from hub to tip, 20%] (fo be continued)
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(a) TSR=3.85

(b) TSR=6.74

Fig. 5.10 Pressure distribution on planes of constant radius

[from hub to tip, 20%] (fo be continued)
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(a) TSR=3.85

(b) TSR=6.74

Fig. 5.10 Pressure distribution on planes of constant radius

[from hub to tip, 20%] (fo be continued)
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(a) TSR=3.85

(b) TSR=6.74

Fig. 5.10 Pressure distribution on planes of constant radius

[from hub to tip, 20%] (fo be continued)
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(a) TSR=3.85

(b) TSR=6.74

Fig. 5.10 Pressure distribution on planes of constant radius

[from hub to tip, 20%]
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Table 6.1 Specifications of the model

Nummber of blade 2
Airfoil section NACA 0012
Chord length 0.08 m
Radius 06 m
Root cutout 0.18 m(30 %)
Blade length 042 m
Replaceable tip 006 m, B :0°
Blade twist
6(r/R) = (6°+ 0r,) — 6.677/R

Fig. 6.1 3-D Rotor blade configuration (T40/500)
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(a) TSR=1

1, 3, 5)

Fig. 6.4 Tip vortex (TSR

(to be continued)
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(a) TSR=3

Fig. 6.4 Tip vortex (TSR=1, 3, 5)
(to be continued)
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Fig. 6.4 Tip vortex
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Fig. 6.5 Surface vortex distributions at a rotor blade
(to be continued)
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Fig. 6.5 Surface vortex distributions at a rotor blade
(fo be continue)
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(b) TSR=5

Fig. 6.5 Surface vortex distributions at a rotor blade
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Fig. 6.6 Wake visualization(tip vortex) 10 m HAWT by NREL[22]
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Fig. 6.7 Wake simulation result of 2 bladed HAWTs
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