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ABSTRACT 

TYPe Diameter 

A 16-percent-thick, natural-laminar-flow airfoil, the S829, for the tip region of 20- to 
40-meter-diameter, stall-regulated, horizontal-axis wind turbines has been designed and ana- 
lyzed theoretically. The two primary objectives of restrained maximum lift, insensitive to 
roughness, and low profile drag have been achieved. The constraints on the pitching moment 
and the airfoil thickness have been satisfied. The airfoil should exhibit a docile stall. 

Thickness 
Category 

INTRODUCTION 

Airfoil 

Primary Tip Root 

S822 S823 

The majority of the airfoils in use on horizontal-axis wind turbines today were origi- 
nally developed for aircraft. The design requirements for these airfoils, primarily National 
Advisory Committee for Aeronautics (NACA) and National Aeronautics and Space Adminis- 
tration (NASA) airfoils (refs. 1-6), are significantly different from those for wind-turbine air- 
foils (ref. 7). Accordingly, several families of airfoils have been designed specifically for 
horizontal-axis wind-turbine applications, as shown in the following table. 

Reference 

13 

S805 
S805A 

I Thick Variable speed 
Variable pitch 2-10 m 

8 S806 S807 
S806A S808 

Thin Variable speed 
Variable pitch 

10-20 m Stall regulated Thin 

I Stall regulated I Thick S819 

S809 
20-30 m 

5820 S821 12 

S810 S811 9 

I I 
I I 

Variable speed 
Variable pitch I -  20-40m I 

30-50 m 1 Stall regulated I Thick 

40-50 m I Stall regulated I Thick 

S804 S802 
"01 I S803 I I 

5812 1 S813 I E:i: 1 9and10 

I l 4  S825 1 S826 1 
S816 I S817 I S818 I 11 

S827 I S828 I I 15 

An overview of most of these airfoil families is given in reference 16. 

The airfoil designed under the present study is intended for the tip region of 20- to 
40-meter-diameter, stall-regulated, horizontal-axis wind turbines. The specifications for the 



airfoil were outlined by and later refined during discussions with James L. Tangler of the 
National Renewable Energy Laboratory (NREL). 

Because of the limitations of the theoretical methods (refs. 17 and 18) employed in this 
study, the results presented are in no way guaranteed to be accurate-either in an absolute or 
in a relative sense. This statement applies to the entire study. 

cP 

C 

Cd 

C l  

Cm 

L. 

R 

S. 

Ssep 

Sturb 

T. 

U. 

SYMBOLS 

pressure coefficient 

airfoil chord, m 

section 

section 

section 

profile-drag coefficient 

lift coefficient 

pitching -moment 

lower surface 

coefficient about quarter-chord point 

Reynolds number based on fi-ee-stream conditions and airfoil chord 

boundary-layer separation location, 1 - sSep/c 

arc iengiin aiung which boundary layer is separaieci, rn 

arc length along which boundary layer is turbulent including sSep, rn 

boundary-layer transition location, 1 - sturb/c 

upper surface 

airfoil abscissa, m 

airfoil ordinate, m 

angle of attack relative to x-axis, deg 
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AIRFOIL DESIGN 

OBJECTIVES AND CONSTRAINTS 

The design specifications for the airfoil are contained in table I. Two primary objec- 
tives are evident. The first objective is to restrain the maximum lift coefficient to the very low 
value of 0.70 for a Reynolds number of 2.0 x lo6, which corresponds to the 0.95 blade radial 
station. A requirement related to this objective is that the maximum lift coefficient not 
decrease with transition fixed near the leading edge on both surfaces. In addition, the airfoil 
should exhibit docile stall characteristics. The second objective is to obtain low profile-drag 
coefficients over the range of lift coefficients from 0 to 0.50 for the same Reynolds number. 

Two major constraints were placed on the design of this airfoil. First, the zero-lift 
pitching-moment coefficient must be no more negative than -0.05. Second, the airfoil thick- 
ness must equal 16-percent chord. 

The basis for the objectives and constraints, most notably the restrained maximum lift 
coefficient, is given in reference 19. Note also that the specifications for this airfoil are, in 
essence,'identical to those for the S813 airfoil (ref. 9) except that all the lift coefficients are 
reduced by 0.40. 

PHILOSOPHY 

Given the above objectives and constraints, certain characteristics of the design are 
apparent. The following sketch illustrates a drag polar that meets the goals for this design. 

0.7 r B, 

Sketch 1 

The desired airfoil shape can be traced to the pressure distributions that occur at the various 
points in sketch 1. Point A is the lower limit of the low-drag, lift-coefficient range. The lift 
coefficient at point A is 0.15 lower than the objective specified in table I. The difference is 
intended as a margin against such contingencies as manufacturing tolerances, operational 
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deviations, three-dimensional effects, and inaccuracies in the theoretical method. A similar 
margin is also desirable at the upper limit of the low-drag range, point B, although this margin 
is constrained by the proximity of the upper limit to the maximum lift coefficient. The drag at 
point B is not as low as at point A, unlike the polars of many other laminar-flow airfoils where 
the drag within the laminar bucket is nearly constant. This characteristic is related to the elim- 
ination of significant (drag-producing) laminar separation bubbles on the upper surface. (See 
ref. 20.) The small increase in profile-drag coefficient with increasing lift coefficient is rela- 
tively inconsequential because the ratio of the profile drag to the total drag of the wind-turbine 
blade decreases with increasing lift coefficient. The drag increases very rapidly outside the 
low-drag range because the boundary-layer transition point moves quickly toward the leading 
edge with increasing (or decreasing) lift coefficient. This feature results in a leading edge that 
produces a suction peak at higher lift coefficients, which ensures that transition on the upper 
surface will occur very near the leading edge. Thus, the maximum lift coefficient, point C, 
occurs with turbulent flow along the entire upper surface and, therefore, should be relatively 
insensitive to roughness at the leading edge. 

Because the airfoil thickness allows a wider low-drag range than specified, the lower 
limit of the low-drag range should be below point A. 

From the preceding discussion, the pressure distributions along the polar can be 
deduced. Th,e pressure distribution at point A should look something like sketch 2. 

I u. 

Sketch 2 

To achieve low drag, a favorable pressure gradient is desirable along the upper surface to 
about 60-percent chord. Aft of this point, a short region having a shallow, adverse pressure 
gradient (“transition ramp”) promotes the efficient transition from laminar to turbulent flow 
(ref. 21). The transition ramp is followed by a nearly linear pressure recovery. The specific 
pressure recovery employed represents a compromise between maximum lift, drag, and stall 
characteristics. 

4 



A generally neutral pressure gradient is desirable along the lower surface to about 
65-percent chord to achieve low drag. This region is followed by a curved transition ramp 
(ref. 20) that is longer than the one on the upper surface. The ramp is followed by a nearly lin- 
ear pressure recovery. 

The amounts of pressure recovery on the upper and lower surfaces are determined by 
the airfoil-thickness and pitching-moment constraints. 

At point 8, the pressure distribution should look like sketch 3. 

1 I I I 1 I I I I I I 
0 0.5 x/c 1 

Sketch 3 

No suction spike exists at the leading edge. Transition is essentially imminent over the entire 
forward portion of the upper surface. This feature allows a wider low-drag range to be 
achieved and higher lift coefficients to be reached without significant separation. It also 
causes the transition point to move very quickly toward the leading edge with increasing lift 
coefficient, which leads to the roughness insensitivity of the maximum lift coefficient. 

EXECUTION 

Given the pressure distributions previously discussed, the design of the airfoil is 
reduced to the inverse problem of transforming the pressure distributions into an airfoil shape. 
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The Eppler Airfoil Design and Analysis Code (refs. 17 and 18) was used because of its unique 
capability for multipoint design and because of confidence gained during the design, analysis, 
and experimental verification of several other airfoils. (See refs. 22-25 .) 

The airfoil is designated the S829. The airfoil shape is shown in figure 1 and the coor- 
dinates are contained in table 11. The airfoil thickness is 16-percent chord. 

THEORETICAL PROCEDURE 

The section characteristics are predicted for Reynolds numbers of 1 .O x lo6, 1.5 x lo6, 
2.0 x lo6, 2.5 x lo', and 3.0 x lo6. The computations were performed with transition free 
using transition mode 3.0, with transition fixed at 2-percent chord on the upper surface and 
5-percent chord on the lower surface using transition mode 1.3, and "rough" using transition 
mode 9.0, which simulates distributed roughness due to, for example, leading-edge contami- 
nation by insects or rain. (See ref. 18.) Because the fi-ee-stream Mach number for all relevant 
operating conditions remains below 0.3, all results are incompressible. 

PRESSURE DISTRIBUTIONS 

The inviscid pressure distributions at various angles of attack are shown in figure 2 and 
tabulated in the appendix. 

TRANSITION AND SEPARATION LOCATIONS 

The variation of boundary-layer transition location with lift coefficient is shown in fig- 
ure 3 and tabulated in the appendix. In the method of references 17 and 18, the transition 
location is defined as the end of the laminar boundary layer whether due to natural transition 
or laminar separation. Transition is normally confirmed in experiments, however, by the 
detection of an attached turbulent boundary layer. Thus, for conditions that result in relatively 
long laminar separation bubbles (low lift coefficients for the upper surface, high lift coeffi- 
cients for the lower surface, and low Reynolds numbers), the apparent agreement between the 
theoretical and experimental transition locations is poor. In actuality, the difference between 
the predicted and measured transition locations represents the length of the laminar separation 
bubble (from laminar separation to turbulent reattachment). Accordingly, for conditions that 
result in shorter laminar separation bubbles (high lift coefficients for the upper surface, low lift 
coefficients for the lower surface, and high Reynolds numbers), the apparent agreement 
between theory and experiment improves. (See refs. 22 and 26.) 

The variation of turbulent boundary-layer separation location with lift coefficient is 
shown in figure 3 and tabulated in the appendix. Trailing-edge separation is predicted on the 
upper surface at almost all lift coefficients. This separation increases in length with transition 
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fixed and rough. Separation is predicted on the lower surface at lower lift coefficients. Such 
separation usually has little effect on the section characteristics. (See ref. 22.) 

SECTION CHARACTERISTICS 

Reynolds Number Effects 

The section characteristics are shown in figure 3 and tabulated in the appendix. It 
should be noted that the maximum lift coefficient computed by the method of references 17 
and 18, as well as other theoretical methods, is not always realistic. Accordingly, an ernpiricd 
criterion has been applied to the computed results. This criterion assumes that the maximum 
lift coefficient has been reached if the drag coefficient of the upper surface is greater than 
0.01 50 or if the length of turbulent separation on the upper surface is greater than 0.10. Thus, 
the maximum lift coefficient for the design Reynolds number of 2.0 x lo6 is estimated to be 
0.70, which meets the design objective. Based on the variation of the upper-surface separation 
location with lift coefficient, the stall characteristics are expected to be docile, which meets 
the design goal. Low profile-drag coefficients are predicted over the range of lift coefficients 
from below 0 to about 0.6, which exceeds the range specified (0 to 0.50). The drag coefficient 

percent below the design objective. The zero-lift pitching-moment coefficient is predicted to 
be -0.003, which satisfies the constraint. 

- A L L -  ____-  :C-J I -__.-I I:--:L - r ~ ~ t -  1 ---. A -------- / -  - n \ :  ---- J : - A - - I  C -  t- n n n ~ ~  --.t:-t . 
ill lllt; S p C L l l l G U  IUWGL llllllL Ul LllC I W W - U l L l g  1LllIgF (Ll- U) 15 plFUlLlCU 1U UF U.UULt3, W I l l L l I  is 36 

An additional analysis (not shown) indicates that significant (drag-producing) laminar 
separation bubbles should not occur on either surface for any relevant operating condition. 

Effect of Roughness 

The effect of roughness on the section characteristics is shown in figure 3. The maxi- 
mum lift coefficient for the design Reynolds number of 2.0 x lo6 is unaffected by fixing tran- 
sition because transition on the upper surface is predicted to occur forward of 2-percent chord 
at the maximum lift coefficient. For the rough condition, the maximum lift coefficient for the 
design Reynolds number is estimated to be 0.68, a reduction of less than 3 percent from that 
for the transition-fiee condition. Thus, the design requirement has been satisfied. The effect 
of roughness on the maximum lift coefficient increases with decreasing Reynolds number. 
The drag coefficients are, of course, adversely affected by the roughness. 

CONCLUDING REMARKS 

A 16-percent-thick, natural-laminar-flow airfoil, the S829, for the tip region of 20- to 
40-meter-diameter, stall-regulated, horizontal-axis wind turbines has been designed and ana- 
lyzed theoretically. The two primary objectives of restrained maximum lift coefficient, insen- 
sitive to leading-edge roughness, and low profile-drag coefficients have been achieved. The 
constraints on the zero-lift pitching-moment coefficient and the airfoil thickness have been 
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satisfied. The airfoil should exhibit docile stall characteristics. 
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TABLE I.- AIRFOIL DESIGN SPECIFICATIONS 

Parameter 

Blade radial station 

Reynolds number 

Maximum lift coefficient 

Low-drag, lift-coefficient range 

Lower limit 

Upper limit 

Minimum profile-drag coefficient 

Zero-lift pitching-moment coefficient 

Thickness 

Obi ective/Constraint 

0.95 

2.0 x lo6 

0.70 

0 

0.50 

50.0070 

2 -0.05 

0.16~ 

11 



TABLE 11.- S829 AIRFOIL COORDINATES 

Upper Surface Lower Surface 

X/C 

0.000 13 
.00067 
-00489 
.01452 
.02906 
.04837 
,07229 
.lo057 
.13289 
.16888 
.20815 
,25023 
.29466 

.38849 

.43683 

.48538 
S3360 
33093 
,62698 
-67 187 
-71580 
.75874 
.80038 
3401 1 
.87719 
.91085 
.94045 
.965 18 
.98404 
.99593 

1 .ooooo 

2 Ann3 
. J t V 7 L  

Y/C 
0.00 108 

.00276 

.00902 

.01709 
,02536 
,03359 
.04160 
.04930 
.05659 
.06335 
.06949 
.07491 
.0795 1 

,08591 
,08750 
,08789 
.08695 
.08447 
.08006 
.07345 
,06493 
.05514 
.04479 
.03463 
.025 18 
.O 1682 
.00986 
.00473 
,00161 
.00028 
.ooooo 

nQ2q 1 
. W U J L I  

X/C 

0.00002 
.00044 
.00134 
,00212 
.01005 
.023 15 
.04 127 
.06425 
,09185 
.12378 
.15967 
,19913 
.24 170 

.33419 

.38303 
,43287 
.483 11 
.53320 
,58256 
A3061 
.ti7694 
.72141 
.76401 
30446 
34317 
37913 
.91199 
,94106 
.96546 
.98414 
.99595 

1 .ooooo 

3 Q A Q Q  
.LUUU/ 

YlC 

-0.00045 
-.OO 194 
-.00354 
-.0046 1 
-.01163 
-.(I1890 
-.02606 
-.03296 
-.0395 1 
-.04562 
-.05 125 
-.05633 
-.06080 
- nc;n c; 1 --.ww-rv I 

-.06770 
-.07002 
-.07151 
-.072 1 1 
-.07 173 
-.0703 1 
-.06769 
-.06362 
-.05794 
-.05077 
-.04249 
-.03364 
-.02486 
-.O 1676 
-.00992 
-.00480 
-.OO 166 
-.00029 

.ooooo 
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