
 

 

 
 
 

 

Wichita State University Libraries 

SOAR: Shocker Open Access Repository 
 

 
 
 
 
 
 

Wind Energy Reports, no.6 Center for Energy Studies 
 

 
 
 

Comparison of Performance of Darrieus Wind Turbines Having 12% 
and 21% Thick Sections 
 
Melvin H. Snyder and Naoki Furukawa 
Wichita State University 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Recommended citation 
Melvin H. Snyder, Naoki Furukawa. Comparison of Performance of Darrieus Wind Turbines Having 12% 
and 21% Thick Sections. Wichita, Kan: Wichita State University, 1979. -- 32 p. 
 
Digitized by University Libraries and posted in Shocker Open Access Repository 

 
Citable Link: http://soar.wichita.edu/dspace/handle/10057/6040 

 

Terms of use: in the Public Domain 

 

 



WER-6 

WIND ENERGY REPORT NO.6 

COMPARISON OF PERFORMAf~CE 

OF DARRIEUS WIND TURBINES 
HAVING 12% AND 21% THICK SECTIONS 

by 

MELVIN H. SNYDER 
and 

NAOKI FURUKAWA 

WIND ENERGY LABORATORY 

WICHITA STATE UNIVERSITY 

WICHITA, KANSAS 

MAY, 1979 

II 



WER-6 Wind Energy Report No. 6 

COMPARISON OF PERFORMANCE OF 
DARRIEUS WIND TURBINES WITH BLADES HAVING 

12S AND 21% THICK SECTIONS 

by 
Melvin H. Snyder 

and 
Naoki Furukawa 

Wind Energy Laboratory 
Wichita State University 
Wichita, Kansas 67208 

May, 1979 

This work supported by Wind Energy Laboratory and 
Aeronautical Engineering Department, Wichita State University 



SUMMARY 

A series of wind tunnel tests of a one-meter Darrieus wind turbine 
has been conducted to determine some effects of blade section on tur
bine performance. The tests confirm Fukuda's prediction that increas
ing section c'max will increase maximum power coefficient. 
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SYMBOLS 

A Area of streamtube of wind intercepted by turbine 

As A/4 (see figure 4) 

c Bl ade chord 

cd Section drag coefficient 

c. Section lift coefficient 

Turbine power coefficient, 

d Moment ann 

o Drag force 

F Force 

2nnQ 
"pAV.} 

Fe Blade chordwise force component 

FR Resultant force (on a blade element) 

l lift force 

n Rotational speed of turbine 

Q Torque 

r Radial dimension 

R Maximum radius of turbine 

Re Reynolds Number. 

S Strain 

Tf Torque (calibration) factor for dynamometer 

V Resultant velocity, relative to blade 

Vb Blade velocity 

Vw Wind velocity 
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X Tip speed ratio, 2'1rRn 
Vw 

x Chordwise blade coordinate 

y Blade coordinate nonnal to chord 

z Turbine vertical dimension 

Z See figure 4 

a local blade angle of attack 

• Phase angle (see figure 4) 

p Air density 

" Air viscosity 
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INTRODUCTION 

Most of the research and development effort on Darrieus wind turbines 
conducted in this country has been performed at the Sandia Laboratories 
in Albuquerque. A series of reports on this research has been issued; 
reference 1 is typical. Most of the Sandia Vertical Axis Wind Turbines 
(VAWT) have been built using blades having NACA 0012 airfoil sections. 
In an effort to improve VAWT performance, other blade sections have 
been considered. Sandia labs tested four symmetrical sections in the 
Wichita State University wind tunnel (NACA 009. 0012. 0015. and NASA 
0012H). These airfoils were tested through 180 degrees angle of attack 
and at Reynolds numbers of 3.7xl05• 5.1xlOs• and 6.7xl05• In 1977. 
T. Fukuda conducted a computer design study to determine if increasing 
blade thickness would improve the power coefficient of Darrieus rotors 
(reference 2). His investigation indicated that using an airfoil having 
higher maximum lift coefficient will increase maximum Cpo 

Experimental verification of this finding was attempted using a 
one-meter diameter Darrieus turbine in the WSU wind tunnel. The results 
of the initial tests, reported in reference 3 and summarized in the pre
sent report, were incomplete because of difficulties in forming the 
blades. Two sets of blades for the three-bladed rotor (see figure 1) 
were manufactured--one set with NACA 0012 section (figure 2) blades and the 
other with a WSU 0021 airfoil. which was designed by the Airfoil Research 
Group at WSU (figure 3). The WSU 0021 has a thicker leading edge which 
results in increased leading-edge suction at high angles of attack. The 
blades were made from spruce and were initially straight. They were 
steamed and bent into the necessary troposkien shape. Bendin9 did not 
significantly affect the blade section of the thin (NACA 0012) blades. 
but the thicker blades (WSU 0021) were not symmetrical after bending. 
The compression on the inside of the bend and the tension in the outside 
fibers distorted the blade so that the section was cambered (in the oppo
site direction to that sometimes advocated). 

To complete these tests. new blades were designed to be made of 
composite materials--epoxy and fiberglass. The blades were cast in the 
(approximate) troposkien shape so that no bending was required. Geometry 
of the blade and of the mold used are shown in figures 4 and 5. 

This report summarizes the primary results from tests conducted on 
the Oarrieus turbine in the Walter H. Beech 7 x 10 ft low speed wind 
tunnel at Wichita State University. The object of the test was to deter
mine by experimentation whether performance of a Darrieus wind turbine 
could be improved by using different airfoil sections. 
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AERODYNAMIC ANALYSIS OF DARRIEUS WIND TURBINE 

Figure 6 shows a section of the Darrieus rotor blade produced by 
a horizontal plane passed through the point of maximum turbine diameter. 
The wind apparent to the turbine blade is a vector combination of the 
the local wind velocity. Vw• and the blade velocity Vb. The resulting 

+ 
relative wind velocity. VI acting at an angle of attack, (see figure 7), 
creates an aerodynamic force on the airfoil section. Figure 6 shows the 
net aerodynamic force resolved into conventional lift and drag components. 
Net aerodynamic torque of a complete turbine may be determined by inte
gration of the aercdynamic forces along the length of each blade at 
various blade positions during a revolution. 

To produce positive torque. it is necessary that the resultant 
force, FR. have a chordwise component in the direction of rotation. It 
may be shown that chordwise force (positive in direction of blade motion) 
is: 

L Fc = Dcosa(litana-l) 

So long as the product, (L/D)tana. ;s greater than unity, the chordwise 
force and the resulting torque will be positive. High LID is desirable. 
At small angles of attack. and at large angles (approaching stall). the 
LID is so small that the torque will be negative. Above the stall angle. 
torque will be negative. 

Chordwise force may also be expressed: 

Fc = Lsina-Dcosa 

Cd 
Fc = L sin a(1 - Ct cot a) 

In general, an airfoil having high LID, low drag and high lift coefficient 
is desirable. Effects of cdmin and of c1max on turbine performance are 
shown in figure 8. 

In an attempt to improve Darrieus wind turbine performance, Fukuda 
(reference 2) analyzed the effects of section c1max and section thickness 
on Cpo To perform his analyses, Fukuda used a multiple streamtube model, 
the DART program developed by Sandia Laboratories . Validity of this 
analysis is indicated by figure 9. 
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Fukuda's conclusions included: 

1. It is possible to improve power coefficient by using different 
airfoil sections. 

2. Thicker airfoils such as NACA 0015 with high stall angles tend 
to have higher power coefficients. 

3. It is the higher stall angle of attack, rather than increased 
thickness (drag due to increased thickness penalizes Cp), that 
produces improved Cpo 

4. The greater Cp occurs at lower tip speed ratio, X (corresponding 
to higher a). 

5. Greater thickness appears to be a general characteristic of 
airfoils with high stall angles of attack. 

Figure 10 shows the results of the DART program applied to the 
NACA 0012, 0015, and NASA 0012H. NASA 0012H is a mcdification, by 
Raymond Hicks, of the 0012 with added thickness over the forward 30%. 

WIND TUNNEL TESTS 

Model 

The one-meter-diameter wind turbine model is shown installed in the 
test section in figure 1. The configuration consists of the rotating 
components (tower and blades) held by bearings in the upper collar and 
in the lower support structure. The upper collar was restrained by guy 
wires which were affixed to the walls of the test section, and the rotating 
shaft was connected to a dynamometer which measured the torque, as shown 
in figure 11. 

Two sets of blades were tested on the turbine model: (1) NACA 0012 
blades, made of spruce and tested in 1977 (reference 3) and (2) WSU 0021 
blades, made of plastic and tested in 1978 (reference 5). As explained 
in the Introduction, above. the original set of WSU 0021 blades were dis
torted when they were bent into the troposkien shape, so that the section 
was no longer symmetrical and the turbine failed to produce positive torque. 

This difficulty was eliminated for the second series of tests by 
casting blades of plastic in the troposkien shape, approximated by a 
circular arc and two straight segments as shown in figure 4. 

The blade was cast on a single-sided mold (figure 5). The blade 
second surface (outboard side) was produced by striking it with a sheet 
metal template. An attempt at reinforcement was made by including glass 
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strands in the blade. Tensile tests of a structural model indicated 
that the glass fibers did not significantly increase the strength so 
tunnel tests were limited to less than 20 mph. 

Dynamometer 

An eddy-current dynamometer was used to load and measure torque 
output of the turbine (figure 11). The eddy-current brake consists of 
two electromagnets, an aluminum disk, and flexure beam. The disk is 
attached to the turbine and rotates with it through a gap between the 
electromagnets. When voltage is applied across the coils, a magnetic 
field is created across the gap. As the disk rotates, it cuts the lines 
of the flux generating current in the disk. This action requires a force 
which produces a torque opposing rotation of the disk. Increasing volt
age across the coil increases this torque. The flexure prevents rota
tion of the brake, which, in turn, causes the flexure to bend. Half
bridge strain gages are installed on both sides of the flexure beam 
for measurement of strain, permitting calculation of the torque pro
duced by the turbine. 

The dynamometer was calibrated by applying a known torque (by means 
of force, F, as in figure 11). The dynamometer gage factor (Tf) is 
defined: 

where F = load (lb) 
d = length (ft) 
S = strain ("in/in) 

Tf = 8 3465 10-4 ft.lb. 
. x straln 

Then~ the torque, measured by the dynamometer~ is: 

Q = (Tf)S(ft. lb .) 

During the test, angular velocity was measured using a photo tachometer, 
which indicated the number of blade passages per minute. 

Power coefficient is defined: 

= 

Power absorbed by dynamometer 
Power in intercepted airstream 

2.nQ 
~pAV3 
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Tunnel Tests 

The Walter H. Beech Memorial Wind Tunnel is a horizontal single
return, closed-circuit facility. It contains a rectangular 7x 10 ft 
test section with triangular fillets in each corner. Test section speed 
capability is 0 to 264 ftlsec (0 to 180 mph). 

Before tunnel wind was increased to test speed, the turbine was 
rotated by pulling a starting rope on the top-mounted pulley, since the 
turbine was not self-starting. 

When the turbine was operating at constant rpm, data (strain and 
rpm) were taken. As voltage was applied to the coil of the eddy-current 
dynamometer, this applied a retarding torque to the turbine. causing it 
to decelerate. 

Tip speed ratio was decreased by increasing voltage in the eddy
current dynamometer. A data point was taken at each step after the 
turbine speed had stabilized. This process continued until peak torque 
speed was reached. At lower rotational speeds the turbine blade II s talled,U 
decelerated rapidly. and stopped; since the torque characteristics of 
the eddy-current dynamometer and of the turbine did not permit stable 
operation at these lower speeds. The data taken at these lower rotational 
speeds cannot be considered as reliable as that taken at higher speeds. 

The data acquisition system is shown schematically in figure 12. 

Reynolds number of the blade section is 

Since V varies along each blade. Reynolds number is calculated as: 

Blade IItip-speed ratio" is defined: 

Vbmax X = --;'i=~ = 
Vw 

2'11'nR 
Vw 
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Model configurations were: 

Test Ai rfoil Configuration Tunnel Speed 

1 NACA 0012 Smooth 15 mph 
2 NACA 0012 Smooth 15 mph 

WSU 0021 Smooth 
3 WSU 0021 Smooth 8 mph 
4 WSU 0021 Smooth 15 mph 

Transition strip 
Turbulator wire 

Transition strip 
& Turbulator wire 

5 WSU 0021 Smooth 15 mph 
Leading edge slat 

(1.5% chord) 
Leading edge slat 

(3.0% chord) 
Leading edge slat 

(5.0% chord) 

Test number 1 was performed in 1977; the remalnlng tests were in 
the 1978 series. Tests 4 and 5 involved attempts to improve performance. 
To attack the effects of low Reynolds number, transition strips and 
turbulator wires were used on the blades as shown in figure 13. The 
turbulator wires were attached to the straight segments of the blades 
only, but the transition strips were added to complete blade lengths. 

In test series 5, leading-edge slats were added to the straight 
segments of the blades. 

TEST RESULTS 

Figures 14 - 19 sUl111larize results of the five test series. 

Figure 14 compares results of the 1977 test series with the 1978 
tests. At first it seemed impossible to reproduce the 1977 results, 
until investigation was made of the effect of friction of the upper 
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support bearing. As shown in figure 15. effect of bearing friction was 
isolated as a major factor affecting measured turbine performance. 
For the remainder of the tests care was taken to maintain friction of 
the top bearing as low as possible (through repeated cleaning, lubrica
tion, and attention to loading). 

Figure 16 indicates a direct comparison of the 0021 blades with 
0012 blades. The thicker blades attained higher maximum Cp (0.235 vs. 
0.203). The peak of the curve was attained at a lower tip speed ratio 
and maximum X is also lower. These results confirm Fukuda's prediction 
that maximum power coefficient is increased by increasing c1max. 

Effect of Reynolds number is shown in figure 17. At least in the 
narrow range of Reynolds numbers of this test. turbine performance 
improves with increasing Reynolds number. 

Figure 18 shows the results of four configurations to improve the 
perfonnance of the turbine. It will be seen that these "improvements ll 

did not improve, but instead. caused a deterioration in turbine perfor
mance. It appears that even at the low Reynolds numbers of the tests, 
the boundary layer without the turbulators or roughness had sufficient 
turbulence so that addition of these devices did not increase c~x 
significantly, but did increase CdO enough to adversely affect perfor
mance. Also, the turbulators were applied to only the straight sections 
of the blades which account for only about 10% of the total driving power. 

Figure 19 shows similar results from use of the leading-edge slats. 

RECOJot.lENDA Tl ONS 

It is recommended that additional tests be conducted with two 
modifications. 

1. A new dynamometer should be built which will eliminate the 
upper bearing and which will measure all bearing friction. 

2. Blades should be built of sufficient strength so that tests 
may be run at high tunnel speed resulting in higher Reynolds 
numbers. 
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Fig. 1. I-Me t e r Darrieus Wind Turbine Model. 
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NACA 0012 Basic Thickness Form 

X(percent c) Y (percent c) 

0 0 

0.5 

1. 25 1. 894 

2.5 2.G15 

5.0 3.555 

7.5 4.2 

10 4.683 

15 5.345 

20 5.737 

25 5.941 

30 6.002 

40 5.803 

50 5.294 

60 4.563 

70 3.664 

80 2.623 

90 1. 448 

95 0.807 

100 0.126 

Leading Edge Radius: 1.58 percent c 

Fig. 2. NACA 0012 Airfoil. 



11 

WSU 0021 Basic Thickness Form 

x(percent c) y (percent c) x (percent c) y(percent c) 

.2 1. 315 55 8.835 

. 5 2.1QO 60 8.010 

1. 25 3.240 65 7.045 

2.50 4.460 70 5.965 

3.75 5.335 75 4.825 

5.0 5.914 80 3.660 

7.5 7.075 85 2·540 

10 7.870 90 1. 530 

15 9.000 92.5 1.130 

20 9.745 95.0 0.800 

25 10.210 97.5 0.570 

30 10.445 100.0 0.450 

35 10.465 

40 10.315 

45 9.990 

50 9.500 

Fig. 3. wsu 0021 Airfoil. 
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As = 159.88 in 2 

Zm = 19.45 in 

Rm = 19.68 in 

R' = 13.38 in 

Zj = 11. 24 in 

rj = 7.66 in 

e = 57.11° 

straight line 

/ 

e 

.R .1 

Fig. 4. Geometry of Wind Tunnel Test Blades. 



Contoured to airfoil shape 

Aluminum 

(a) Mold for Darrieus Blade 

/ 

WSU 0021 
Airfoil 

(b) Airfoil Template 

Fig. 5. Schematic of Blade. 
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180 0 

Phase ang l e = 1 90 ° 

/ 

Yp 
{) v 

Vw 

Fig. 6. Relative velocity and aerodynamic forces 
for typical blade section. 

o 

Vw ! wind speed 

Vp: rotational speed 

V: relative wind speed 

wind direction 
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Vw 

vb 
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~ = Phase angle 

2 0 360 
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Fig. 7. Darrieus Roto~ Analysis--Blades Element Angles of Attack. 



0.50 

0.40 

0.30 

0.20 

0.10 

0 
0 1 

Fig. 

0.03 
1.0 

2 3 4 5 6 

X 

Cdmin 
C irnax 

0.01 
0.6 

7 8 

= 0.01 

= 1. 0 
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8. Effect of cd· and c~ on Turbine m1n max 
Performance (Reference 4). 
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· .5 

Fig. 9. Comparison of DART and Single Streamtube Models 
with Sandia test data. (Reference 2) 
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o / Z 3 4X 5" 

Fig. 10. Effect of Blade Sections on 
Calculated Power Coefficients. 
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' 0 

F 

Sl eeve 
, , , , 

• 

Blade 

Disc 

Coil 

Strain Ga e 
Fle xure 

(normal to 
p lane a t 
diagr am) 

Pegs 

= 
~~~""~~~~~~~~-

Fig. 11 . Schematic of dynamomet er us ed to mea sure 
torque output ~f test model . 
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Wind 
1 

~ - I 

~ 
( ~ 

DYNAMOMETER 

VARIABLE ELECTRO 
VOLTAGE MAGNETS 

FLEXURE BEAM 

¥ 
VISHAY/ELLIS r PHOTO TACHOMETER I 20A STRAIN 

I NDI CATOR 

1 + 
t 

RPM & STRAIN 

t 
HP 9603 A 

MINICOMPUTER 

t 
DIGITAL PLOTTER 

Cp vs X 

Fig. 12. Schematic of Wind Turbine/I n strume ntation/Lo a d System. 



Airfoil WSU 0021 

a) Transition Strip 

r &S" cbord. 

----=J 
.10" wide #80 grit 

b) Turbulator Wire 

10 % chord 

11 
• 

'\ .006" wire 

c) Transition & Turbulator Wire 

10 % chord 

II 
.10" wide t80 grit 

• 

~. W1re 

d) Leadinq Edge Slots 

x% chord 

"I r (c __ =====-==~x ] 
r:5"'i chord gap 
3.0% chord gap 
5.0% chord gap 

Fig. 1 3 . Configuration of Blade Sections. 
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SYMBOL 
~ 00 [Z-1978 DATA C Pmax 

1!> 00[2-[977 DRTR c 
Pmax 

0.50 
Vw 15 mph 

Re 75,300 

0 .... 0 

0.30 

c.,aI ... .4~L .. 
h .. 

" 
h 

Ii 

~" " .. 0.20 

" " .. 
" " " ... 

" " 0.10 " '" 
" "" 

'T" 
I'l 

1 2 

X 
4 5 fi 

Fig. 14. Power Coefficient at Constant Velocity. 
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0.50 

0 .• 0 

U,jw 

0.20 

a . 1 0 
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" Iii 
0 
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SYMBOL 

'" 

0021 SMOOTH 
OOZI SMOOTH 

Vw 15 mph 

Re 75,300 

d" CO 
0 

::: 0 

"CItlB" 
CO 

0 

'" " 0 

'" " 0 

" ~ 
" ~ 

0 

OJ 
OJ 

OJ 

High bearing friction 

Low bearing friction 

~ '" '\ 
3 X • 5 7 

Fig. 15. Effect of a Bearing Friction on Apparent Power 
Coefficient. 



0.60 

0.30 

0.20 

0.10 
('l 

('l 
('l 

'" ('l 

'" 
1 2 

SYMBOL 
B 002[ SMOOTH 
(9 00[2 SMOOTH 

Vw 15 mph 

Re 75,300 

IJl' ('l 
('l 

('l 
('l 

'" '" 
i'! 'B,,,, ('l 

'" ('l '" 

'" ('l 

'" ('l 

('l 

('l 

('l 
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\ 
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" 
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Fig. 16. Power Coefficient for \,15U 0021 and NACA 0012 Blades. 
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Fig. 17. Power Coefficients at Two Reynolds Numbers. 
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SYMBOL 
002l SMOOTH 
TRA NSrffON STRIP 
TU RB UL AiOIt ~IRE 
TURB . ~[R E ~ TRA NS. STRIP 

Vw 15 mph 

Re 75,300 

Low bearing friction 

4- 5 5 

Fig. 18. Cp . Bl ades with Various Transition Devices. 
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SYMBDL 
B OOZl SMOOTH 
(9 L 0 [T. EDG-E SLOT [ l .3n 
A LD[T. EDG-E Sl.OT [3.0n 

0.50 + LOG . EDGE SLOT r5.0f.) 

Vw 15 mph 

Re 75 , 300 

Lo w be aring fric tion 

O. LO 

o ,0 

0,20 

O. 10 

I x 5 fi J 

Fig . 19 . Power Coefficient Data wi t h Le adi ng Edge Slo ts . 
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