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ABSTRACf 
The objective of this wind-tunnel test was to verifY the predictions of 

the Eppler �oil Design and Analysis Code for a very thick airfoil 
having a high maximum lift coefficient ( c, ...... ) designed to be largely 
insensitive to leading edge roughness effects. The 24-percent-thick 
S814 airfoil was designed with these characteristics to accommodate 
aerodynamic and structural considerations for the root region of a 
wind-turbine blade. In addition, the airfoil's maximum lift-to-drag ratio 
was designed to occur at a high lift coefficient. To accomplish the 
objective, a two-dimensional wind-tunnel test of the S814 thick root 
airfoil was conducted in January 1994 in the low-turbulence wind tunnel 
of the Delft University of Technology Low Speed Laboratory. Data 
were obtained for transition-free and transition-fixed conditions at 
Reynolds numbers ofO. 7, 1.0, 1.5, 2.0, and 3.0 x 106• For the design ' 
Reynolds numbers. of 1.5 x106, the transition-free c,...... is 1.3 which • 

: satisf the desi� specif However, this value is significantly 
lower than the precficted eu,.. of almost 1.6. With transition-fixed at the 
airfoil leading edge, the c,_,... is 1.2. The difference in 11 .... between the .
transition-free and transition-fixed conditions demonstrates the airfoil's 
minimal sensitivity to roughness effects. The S814 root airfoil was 
designed to complement existing NREL low c,....,. tip-region airfoils for 
rotor blades 10 to 15 meters in length. 

INTRODUCfiON 
Verification of the Eppler �oil Design and Analysis Code 

(Eppler, 1994) has been the goal of several NREL - sponsored, 
comprehensive, two-dimensional tests in the low-turbulence wind 
tunnel of the Delft University ofTechnology Low Speed Laboratory, 
the Netherlands. Initial verification of the code was based on data 
acquired for low maximum lif coefficient ( c,. ..... ) airfoils of the thin.and 
thick airfoil families. The first of these tests was conducted in -1985 
upon completion of the design effort for a thin airfoil family for stall­
regulated rotors. The primary airfoil of this family, the S805, was . 
extensively tested (Somers, 1988) and the results showed that the 
Eppler Airfoil Design and Analysis Code predicted all the section 
characteristics well except the profile drag. The profile drag was 
underpredicted as a result of underestimating the significance of the 
laminar separation bubbles, through which the laminar flow on both the 
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upper and lower surfaces transitions to turbulent flow. The design of 
the subsequent thick airfoil family included an adjustment to the design 
process that accounted for this bias error. In 1986, this adjustment was 
verified in a wind-tunnel test of the S809, the primary airfoil, of this 
fiunily (Somers, 1989). Through these tests, the Eppler Airfoil Design 
and Analysis Code was "calibrated" so future airfoils, of moderate 
thickness, could be designed with greater confidence. For wind-turbine 
blades, moderate thickness airfoils are typically used for the outboard 
portion of the blade. 

For the root region of a wind-turbine blade, structural and 
. dynamic considerations require greater airfoil thickness. However, for 
thicknesses over 26-percent chord, it is difficult to design desirable 
performance characteristics into an airfoil. These characteristics include 
a high C..mu that is largely insensitive to rouglmess effects along with 
low profile drag over a wide range of lift coefficients. es Also, the 
maximum lift-to-drag ratio must occur at a high lift coefficient and the 
pitching moment should not be excessive. In the case of stall-regulated 
blades, it is desirable to transition .from the high <1.ma• of the root airfoil 
to a low C..ma, for the tip-region airfoil. In 1992, these guidelines were 
used for the design of the 24-percent-thick S814 airfoil (Somers, 1992). 
Its shape and specifications are shown in Figure 1. A roughness 
insensitive, maximum lift coefficient of at least 1.3 for a Reynolds 
number of 1.5 x 106 was the goal for the blade root region. Low 
profile-drag coefficients were desired over the range of lift coefficients 
from 0.6 to 1.2 at the design Reynolds number. 11te zero-lift pitching 
moment coefficient was to be no more negative than -0.15. 

To verifY the predictions of the Eppler Airfoil Design and 
Analysis Code for extra thick, root airfoils having a high C..ma• such as
the S814 airfoil, a third, highly accurate, wind-tunnel test was 
conducted. Based on the need for a well-documented, highly accurate, 
low-turbulence wind tunne� the Delft University ofTechnology Low 
Speed Laboratory tunnel was selected for this test. Comprehensive 
testi,ng was conducted in January 1994 for both smooth and rough 
surface conditions (Somers, 1994). The resulting data were used to 
identify discrepancies between predicted and measured airfoil 
characteristics and to compare with the previously acquired S805 and 
S809 data. These efforts have helped to provide further validation and 
improvements to the Eppler �oil Design and Analysis Code. 
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FIGURE 2. MEASURED PRESSURE DISTRIBUTIONS 
FOR S814 AIRFOIL WITH TRANSITION FREE 
(REYNOLDS NUMBER 1.5 x I 06 ) 

FIGURE l .  S814 AIRFOIL SHAPE AND PERFORMANCE 
SPECIFICATIONS 

WIND-TUNNEL TESTING 
The low-turbulence wind tunnel of the Delft University of 

Technology Low Speed Laboratory, is a closed-throat, single-return, 
atmospheric tunnel. 1l1e octagonal test section is 1800 mm (70.9 in.) 
wide by 1250 mm (49.2 in.) high. The turbulence level in the test 
section varies from 0.02 percent at 10 m/s (30 ftls) to 0.04 percent at 
60 m/s (200 ft/s). Measurements of the basic tunnel pressures, the 
pressures on the model, and the wake-rake pressures were made using 
a multitube manometer which was read automatically using fiber-optic 
photoelectric cells. An electronic data-acquisition system was used to 
obtain and record data. 

The composite, wind-tunnel model had a chord of 650 mm 
(25.6 in.) and a span of l 248 mm (49.1 in.). Upper- and lower-swface 
orifices were 0.40 mm (0.016 in.) in diameter and located to one side 
of the midspan in a staggered row. Heating elements for infrared flow 
visualization were bonded into the upper and lower shells. The swface 
of the model consisted of polyester gelcoat which had been sanded and 
polished to ensure an aerodynamically smooth finish. The measured 
model contour was within 0.07 mm (0.003 in.) of the prescn'bed shape. 

The model was tested at Reynolds numbers of 0.7, 1.0, 1.5, 
2.0, and 3.0 x 106with transition free (smooth) and with transition fixed 
by roughness at 2 -percent chord on the upper surface and 10-percent 
chord on the lower surface. The grit roughness was sized using the 
method of Braslow (1958) and sparsely distn'buted along 3-mm (0.1-
in.) wide strips applied to the model with lacquer. The model was also 
tested with more severe roughness developed for field testing of wind­
turbine blades (Tangier, 1990). This granular roughness varied in size 
from 0.38 mm (0.015 in.) to 0.64 mm (0.025 in.) and was sparsely 
distn'buted onto double-coated adhesive tape 51-mm (2.0-in.) wide and 
0.05-mm (0.002-in.) thick. The centerline of the tape was aligned with 
2-percent chord on the upper surface and 1 0-percent chord on the 
lower surface. This method results in no grit being present around the 
leading edge stagnation point where the boundary layer is very stable 
with minimal sensitivity to roughness. For several test runs, the model 
surfaces were coated with oil to determine the location, as well as the . 
nature, of the boundary-layer transition from laminar to turbulent flow. 
Transition was also located using infrared flow visualization by a 
method discussed by Quast ( 1987). 

TEST RESULTS 
. The measured pressure distributions at various angles of attack 

for a Reynolds number of 1.5 x 106 and a Ma number of O. lO with 
transition free are shown in Figure 2. At an imgle of attack of -0.05 o, 

a laminar separation bubble is evident on the upper surface around 45-
percent chord and on the lower surface around 30-percent chord. As 
the angle of attack is increased, the bubble on the upper surface moves 
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slowly forward and decreases in lengtli;-whereas, -the bubble on- the 
lower surface moves slowly aft and increases slightly in length. At an 
angle of attack of 7. 19 •, which corresponds to the upper limit of the 
low-drag range, the bubble on the upper surface has almost 
disappeared. As the angle of attack is increased further, turbulent, 
trailing-edge separation occurs on the upper surface. The amount of 
separation increases slowly with increasing angle of attack. The 
maximum lift coefficient occurs at an angle of attack just beyond 

10.26". As the angle of attack is increased further, the separation point 
moves rapidly forward to about 40-percent chord and then slowly 
migrates further forward (not shown). 

The mechanism for the transition from laminar to turbulent flow . 
on both surfaces is a laminar separation bubble. The variation of 
transition location with lift coefficient, as determined by infrared flow 
visualization; is shown in Figure 3 for lift coefficients for which there 
exists laminar separation bubbles. The transition location measured 
corresponds to the turbulent-reattachment point since the laminar 
separation cannot be detected using this technique.The transition 
location on the upper surface moves slightly forward with increasing 
Reynolds number; whereas, the lower-surface transition location varies 
little with Reynolds numbers. The application ofturbulators (Somers, 
1989) to the S814 for eliminating the laminar separation bubbles on the .
upper and lower surfaces did not lower the drag coefficients, even for 
the lowest Reynolds number of 0. 7 x 106 These results confirm the 
achievement of the design goal to eliminate significant (drag-producing) 
laminar separation bubbles through the incorporation of transition 
ramps in the pressure distributions. 

The section characteristics with transition free and transition 
fixed are shown in Figure 4. For the design Reynolds number of 1. 5 x 
106 with transition free, the maximum lift coefficient is 1.3, which meets 
the design objective. Low drag coefficients are exhibited over the range 
of lift coefficients from about -0. 6 to about 1.2. Thus, the lower limit 
of the low-drag range is well below the design objective and the upper _
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FIGURE i MEASURED TRANSITION LOCATION FOR 
S814 AIRFOIL (REYNOLDS NUMBER l .S x 106) 
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limit meets the design objective. The drag coefficient at the specified 
lower limit of the low-drag range (C.= 0.6) is 0.0097. The zero-lift 
pitching-moment coefficient is -0.137 which is slightly less negative 
than the design constraint. 

With transition fixed, the lift-curve slope and the pitching­
moment coefficients decrease in magnitude. l11ese results are caused 
primarily by the boundary-layer displacement effect which decambers 
the airfoil as a result of the displacement thickness being greater for the 
transition-fixed condition than for the transition-free condition. In 
addition, the lift-curve slope decreases with transition fixed because the 
roughness induces earlier trailing-edge separation. l11e maximum lift 
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FIGURE 4. MEASURED SECTION CHARACTERISTICS OF S814 AIRFOIL TRANSITION 
FREE AND TRANSITION FIXED (REYNOLDS NUMBER1. 5 x 106) 



coefficient for the design Reynolds number of 1.5 x 106 is 1.2, a 
reduction of 8 percent from that for the transition-free condition. The 
drag coefficients increases by over 50 percent as a result of fixing 
transition. In genera� the lift-curve slope, the maximum lift coefficient, 
and the zero-lift pitching-moment coefficient increase in magnitude with 
increasing Reynolds number while the upper limit of the low-drag range 
and the drag coefficients decrease. The zero-lift angle of attack, -3.5 •, 
is essentially unaffecte� by Reynolds number. The stall characteristics 
become less docile with increasing Reynolds number. 

The effect of severe roughness (Tangier, 1990) on the section 
characteristics, relative to the transition-free case, is shown in Figure 5. 
With severe roughness, the lift curve slope and the pitching moment 
coefficient undergo a further decrease in magnitude relative to the 
transition-fixed case of� Figure 4. Additional boundary-layer 
displacement results in more decambering of the airfoil. The maximum 
lift coefficient drops to 1.01, a reduction of 23 percent from that of the 
transition-free case. As expected, the severe roughness leads to over a 
60 percent increase in the drag coefficient. The effect of fixed transition 
and severe roughness on the maximum lift coefficient is summarized in 
Figure 6. In general, the effect of fixing transition decreases with 
increasing Reynolds number; whereas, the effect of the severe 
roughness is essentially constant . It should be remembered that the 
effects of roughness are related to the ratio of the roughness height to 
the airfoil chord. Therefore, the effects of this roughness may be 
exaggerated because the chord of the wind-tunnel model is smaller than 
the chord of the wind-turbine blade at the corresponding blade radial 
station. 

The comparison of theoretical and experimental section 
characteristics with transition free is shown in Figure 7. In genera� 

the magnitudes of the zero-lift angle of attack, the upper limit of the 
low-drag range, and the pitching-moment coefficients are 
overpredicted. The lift-curve slope is slightly underpredicted and the 
maximum lift coefficient is significantly overpredicted. The drag 
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FIGURE 5. MEASURED SECTION CHARACTERISTICS OF S814 AIRFOIL TRANSITION 
FREE AND SEVERE ROUGHNESS (REYNOLDS NUMBER 1.5 x 106) 
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FIGURE 6. EFFECT OF ROUGHNESS ON MAXIMUM 
LIFT COEFFICIENT AS A FUNCTION OF 
REYNOLDS NUMBER 

coefficients are predicted relatively accurately in the low-drag range. 
The overprediction of the upper limit of the low-drag range and the 
pitching-moment coefficients is typical of the method and accounted for 
in the design of the airfoil. The significant overprediction of the 
maximum lift coefficient is not typical. The accurate prediction of the 
drag coefficients further confirms the achievement of the goal to 
eliminate significant laminar separation bubbles. 

Comparisons of the experimental section characteristics of the 
S814 airfoil with the NACA 4424 and 23024 airfoils (Abbott, 1945) 
are shown in Figures 8 and 9, respectively, with transition free for a 
Reynolds number of 3.0 x 106• The S814 airfoil achieves a higher 
maximum lift coefficient and exhibits lower drag coefficients than do the 
NACA airfoils. The S814 airfoil also produces more negative pitching-
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moment coefficients than do the NACA airfoils. lltese comparisons 
confirm the achievement of the design objectives. In addition, the 
NACA 4424 and 23024 airfoils are known to suffer large reductions in 
G.n..c due to roughness effects; whereas, the S814 airfoil was designed 
to minimize these effects. 

CONCLUSIONS 
The performance characteristics of a 24-percent-thick airfoil, the 

S8I4; for the root region of a horizontal-axis wind-turbine blade have 
been verified experimentally in the low-turbulence wind tunnel of the 
Delft University of Teclmology Low Speed Laboratory, llte 
Netherlands. The two primary objectives of a high maximum lift 
coefficient, largely insensitive to leading-edge rougl and low 
profile-drag coefficients have been achieved. llte constraints on the 
zero-lift pitching-moment coefficient and the airfoil thickness have been 
satisf Comparisons of the theoretical and experimental results show 
good agreement with the exception of the maximum lift coefficient 

. which is overpredicted. Comparisons with other airfoils illustrate the 
higher rnaxiinum lift coefficient and the lower profile-drag coefficients 
of the S814, thus confirming the achievement of the primary objectives. 
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