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Foreword

Validation of the Eppler Airfoil Design and Analysis Code has been a major goal of several NREL-
sponsored, two-dimensional investigations in the low-turbulence wind tunnel of the Delft University of
Technology Low Speed Laboratory, The Netherlands. Initial validation of the code with respect to wind-
turbine airfoils was based on data acquired for a low maximum-lift-coefficient airfoil of a thin-airfoil
family. This test 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 13.5-percent-thick S805, was tested and the
results showed that the Eppler Code predicted all the section characteristics well except the profile-drag
coefficient. The drag coefficient was underpredicted as a result of underestimating the significance of the
laminar separation bubbles, through which the laminar flow transitioned to turbulent flow. As a result of
this test, an adjustment to the design methodology that accounted for this bias error was used to modify the
S805 airfoil to alleviate the strength of the laminar separation bubbles. The resulting airfoil, the S805A,
replaces the S805 airfoil.

The use of the Delft University of Technology low-turbulence wind tunnel was essential to quantify the
effect of the laminar separation bubbles on the section characteristics. In most wind tunnels, intense small-
scale turbulence generated by the fan suppresses the laminar separation bubbles. This results in optimistic
performance measurements relative to those obtained in the free atmosphere. Intense, small-scale
turbulence that interacts with the boundary layer on the airfoil is not present in the free atmosphere.
Atmospheric turbulence scales are orders of magnitude larger than the murbulence that exists in a wind
tunnel. The Delft University of Technology low-turbulence wind tunnel is recognized worldwide as having
the lowest (small-scale) turbulence level (less than 0.05 percent) of any commercially available wind tunnel
and is thus better able to simulate free-atmosphere conditions.

e

James L. Tangler
Wind Technology Division
National Renewable Energy Laboratory
1617 Cole Blvd.
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Design and Experimental Results for the S805 Airfoil

Dan M. Somers §

October 1988'

Abstract

An airfoil for horizontal-axis wind-turbine applications, the S805, has been designed and analyzed
theoretically and verified experimentally in the low-turbulence wind tunnel of the Delft University of
Technology Low Speed Laboratory, The Netherlands. The two primary objectives of restrained maximum
lift, insensitive to roughness, and low profile drag have been achieved. The airfoil also exhibits a docile
stall. Comparisons of the theoretical and experimental results show good agreement. Comparisons with
other airfoils illustrate the restrained maximum lift coefficient as well as the lower profile-drag coefficients,
thus confirming the achievement of the primary objectives.

Introduction

The majority of the airfoils in use on horizontal-axis wind turbines today were originally developed for
airplanes. The design requirements for these airfoils, primarily National Advisory Committee for
Aeronautics (NACA) and National Aeronautics and Space Administration (NASA) airfoils (refs.1-6), are
significantly different from those for wind-turbine. airfoils. Accordingly, two sets of airfoils were designed,
using the method of references 7 and 8, specifically for horizontal-axis wind-turbine applications. (See ref.
9.) The most prominent difference between the two sets is the relatively low (“restrained”) maximum lift
coefficients specified for the primary and tip airfoils (0.75 and 0.95 blade radial stations, respectively) of
the second set.

In conjunction with this effort, the primary airfoil of the second set was selected for experimental
verification. In 1985, an investigation was conducted in the low-turbulence wind tunnel of the Delft
University of Technology Low Speed Laboratory (ref. 10), The Netherlands, to obtain the basic, low-
speed, two-dimensional aerodynamic characteristics of this airfoil. The results have been compared with
the predictions from the method of references 7 and 8 and also with data from another low-turbulence wind
tunnel for other airfoils.

The specific tasks performed under this study are described in Solar Energy Research Institute (SERI)
Subcontract Number HK-4-04148-01.

T President, Airfoils, Incorporated, State College, Pennsylvania
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Symbols and Abbreviations

Values are given in both SI and U.S. Customary Units. Measurements and calculations were made in SI

Units.

G pressure coefficient

c airfoil chord, mm

C4 section profile-drag coéfﬁcient

C section lift coefficient

cm' section pitching-moment coefficient about quarter-chord point

d streamwise distance from model trailing edge to tips of wake-rake total-pressure tubes, mm

DFVLR Deutsche Forschungs- und Versuchsanstalt fiir Luft- und Raumfahrt
max maximum (subscript)

NACA  National Advisory Committee for Aeronautics

R Reynolds number based on free-stream conditions and airfoil chord
T transition (subscript)
v free-stream velocity, m/s

wakerake wake rake (subscript)

X airfoil abscissa, mm

y span station, mm

z airfoil ordinate, mm

o angle of attack relative to chord line, deg




Airfoil Design
Objectives and Constraints

Two primary objectives are evident from the design specifications for this airfoil (table 1). The first
objective was to achieve a maximum lift coefficient that is relatively low (restrained). A requirement
related to this objective was that the maximum lift coefficient not decrease with transition fixed pear the
leading edge on both surfaces. The second objective was to obtain low profile-drag coefficients over the
range of lift coefficients from 0.5 to 0.9 for a Reynolds number of 1.0 X 10°.

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 thickness should fall within the
specified range. :

Philosophy

Given the above objectives and constraints, certain characteristics of the design are evident. The following
sketch illustrates the desired polar that meets the goals for this design.
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Sketch 1

The desired airfoil shape can be related to the pressure distributions that occur at the various points in the
sketch. Point A is the lower limit of the laminar bucket; point B, the upper limit. The values of the drag
coefficients at both points are nearly equal and are determined by the extents of laminar flow on the upper
and lower surfaces. The drag increases very rapidly outside the laminar bucket because the transition point
moves quickly toward the leading edge. This feature results in a rather sharp leading edge that produces
a suction peak at the higher lift coefficients. This peak limits the maximum lift coefficient and assures that
transition will occur very near the leading edge. Thus, the maximum lift coefficient occurs with turbulent
flow along the entire upper surface, and, therefore, the addition of roughness at the leading edge should




have little influence on the boundary-layer development along the upper surface and, accordingly, the
maximum lift coefficient.

This outline of the desired section characteristics is not sufficient to design the airfoil, however, primarily
because of the inexactly specified airfoil thickness. Accordingly, the thickness was selected to be equal
to that of the S801 airfoil (ref. 9), 13.5-percent chord. Because the selected airfoil thickness allows a wider
laminar bucket to be achieved than that specified, point A, which occurs at a lift coefficient of 0.5, should
not correspond to the lower limit of the bucket but, instead, to a point near the middle of the bucket.

From the preceding discussion, the pressure distributions at points A and B can be deduced. The pressure
distribution at point A should look something like this:

/
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Sketch 2

To achieve low drag, a favorable pressure gradient is desirable along the upper surface to about 0.5c. Aft
of this point, a short region of slightly adverse pressure gradient (“transition ramp”) is desirable to promote
the efficient transition from laminar to turbulent flow. Thus, the initial slope of the pressure recovery is
relatively shallow. This short region is followed by a steeper concave pressure recovery that produces

lower drag and has less tendency to separate than the corresponding linear or convex pressure recovery
(ref. 11).

A slightly favorable pressure gradient is desirable along the lower surface to about 0.65¢ to achieve low

drag. The initial slope of the pressure recovery is very shallow in order to inhibit the formation of
significant laminar separation bubbles.

The amounts of pressure recovery on the two surfaces are determined by the pitching-moment constraint
and the airfoil thickness.




At point B, the pressure distribution should look like this:
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Sketch 3

No suction spike exists at the leading edge. Instead, a rounded peak occurs just aft of the leading edge.
This feature is the result of incorporating increasingly favorable pressure gradients toward the leading edge.
It is quite important because it allows a wider laminar bucket to be achieved.

Execution

Given the pressure distributions for lift coefficients of 0.5 and 0.9, the design of the airfoil is reduced to
the inverse problem of transforming the pressure distributions into an airfoil shape. The Eppler Airfoil
Design and Analysis Program (refs. 7 and 8) was used because of confidence gained during the design,
analysis, and experimental verification of several other airfoils.

The airfoil is designated the S805. The inviscid pressure distributions computed by the method of

references 7 and 8 for lift coefficients of 0.5 and 0.9 are shown in figures 1(a) and 1(b), respectively. The
airfoil shape is shown in figure 2 and the coordinates are contained in table 2.

Experimental Procedure

Wind Tunnel

The low-turbulence wind tunnel (ref. 10) of the Delft University of Technology Low Speed Laboratory,
The Netherlands, is a closed-throat, single-return, atmospheric tunnel (fig. 3). The turbulence level in the
test section varies from 0.02 percent at 10 m/s (33 {i/s) to 0.04 percent at 60 m/s (200 ft/s).




The octagonal test section is 180.0 cm (70.87 in.) wide by 125.0 cm (49.21 in.) high. Electrically actuated
turntables provide positioning and attachment for the two-dimensional model. The turntables are flush with
the top and bottom tunnel walls and rotate with the model. The axis of rotation coincided with the quarter
chord of the model which was mounted vertically between the turntables. (See fig. 4.) The gaps between
the model and the turntables were sealed.

Model

The aluminum, wind-tunnel model was constructed by the Deutsche Forschungs- und Versuchsanstalt fiir
Luft- und Raumfahrt e.V. (DFVLR), Braunschweig, Federal Republic of Germany. The model had a
chord of 500.00 mm (19.685 in.) and a span of 1248 mm (49.13 in.). Chordwise orifices were located in
the upper and lower surfaces to one side of the midspan at the staggered positions listed in table 3.
Spanwise orifices were located in the upper surface only in order to monitor the two-dimensionality of the
flow at high angles of attack. All the orifices were 0.40 mm (0.016 in.) in diameter with their axes
perpendicular to the surface. The measured model contour was generally within 0.2 mm (0.008 in.) of the
prescribed shape.

Wake Rake

A total-pressure, a static-pressure, and an integrating wake rake were mounted on a strut between the
tunnel sidewalls (figs. 4 and 5). The strut could be positioned spanwise and streamwise in the test section.
Movement of the strut provided positioning of the wake rakes normal to the sidewalls. The tips of the
total-pressure tubes were located 0.632c downstream of the trailing edge of the model for all test runs
except those at a Reynolds number of 0.5 X 10° when they were located 0.430c downstream of the trailing
edge. The details of the wake rakes are shown in figures 6 and 7. The integrating wake rake was not used
in this investigation.

Instrumentation

Measurements of the basic tunnel pressures, the static pressures on the model surfaces, and the wake-rake
pressures were made by a multitube manometer which was read automatically using photoelectric cells.
Data were obtained and recorded by an electronic data-acquisition system.

Methods

The static-pressure measurements on the model surface were reduced to standard pressure coefficients and
numerically integrated to obtain section normal-force coefficients and section pitching-moment coefficients
about the quarter-chord point. Section profile-drag coefficients were computed from the wake-rake total
and static pressures by the method of reference 12. Standard, low-speed, wind-tunnel boundary corrections
(ref. 13) have been applied to the data. The following procedure was used. The uncorrected force,
moment, and pressure coefficients were referred to the apparent dynamic pressure as measured tunnel
empty at the model position. The lift, profile-drag, pitching-moment, and airfoil pressure coefficients and
the angle of attack were then corrected by the method of reference 13. The corrected values were plotted.
Finally, as a check, the corrected airfoil pressure distribution was numerically integrated to obtain the
corrected normal-force (and pitching-moment) coefficient which, together with the corrected profile-drag
coefficient and angle of attack, yields the corrected lift coefficient (and chord-force coefficient).




At high angles of attack, the wake becomes wider than the wake rake. When this occurs, the drag is
obtained from a parabolic extrapolation of the measured wake pressures. At even higher angles of attack,
the total-pressure coefficients measured in the wake become negative, making calculation of the drag
impossible. In these cases, an uncorrected profile-drag coefficient of 0.3 (estimated from ref. 14) is
assumed.

An angle-of-attack misalignment of -0.046° has been neglected.

Tests

The model was tested at Reynolds numbers based on airfoil chord from 0.5 X 10° to 2.0 x 10°. The
model was tested smooth (transition free) and with transition fixed by roughness at 0.02c on the upper
surface and 0.05¢ on the lower surface. The grit roughness was sized by the method of reference 15 and
sparsely distributed along 3-mm (0.1-in.) wide strips applied to the model with lacquer. (See table 4.)

Starting from 0°, the angle of attack was increased until the entire upper surface was separated and then
decreased to determine hysteresis. The same procedure was followed for the negative angles of attack.
For a Reynolds number of 2.0 X 105, the static pressures on the upper surface could not be measured by
the manometer at high angles of attack because the differences between those pressures and the free-stream
static pressure were too great.

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 (ref. 16). Transition was also
located using a probe containing a microphone, which was positioned near the leading edge at midspan and
then moved slowly downstream along the model surface. The beginning of the turbulent boundary layer
was detected as an increase in noise level over that for the laminar boundary layer which was essentially
silent. (See ref. 17.) Tufts were used to check the two-dimensionality of the flow, as well as the turbulent-
separation pattern, at high angles of attack.

Two turbulators, zigzag tape (ref. 18), were placed on the model, one between 0.48c and 0.50c on the
upper surface and the other between 0.65¢ and 0.67c on the lower surface, to determine their effect on
laminar separation bubbles and section characteristics. The details of the 0.25-mm (0.010-in.) thick tape
are shown in the following sketch.

I =) 18mm 3mm

{{mm

Sketch 4




Discussion of Results
Experimental Results
Pressure Distributions

The pressure distributions at various angles of attack for a Reynolds number of 1.0 X 10° are shown in
figure 8. The irregularities in the pressure distributions near the leading edge on both the upper and lower
surfaces are due to irregularities in the surface curvature of the model at those locations.

At an angle of attack of 1.03° (fig. 8(a)), a laminar separation bubble is evident on the upper surface
around midchord and on the lower surface around 0.8c. As the angle of attack is increased, the bubble
on the upper surface decreases in length whereas the one on the lower surface increases. At an angle of
attack of 5.11° (fig. 8(b)), the bubble on the upper surface is barely discernible. The lift coefficient at this
angle of attack corresponds approximately to the upper limit of the laminar bucket. As the angle of attack
is increased further, turbulent, trailing-edge separation occurs on the upper surface. The amount of
separation increases with increasing angle of attack. At an angle of attack of 13.19° (fig. 8(d)), the laminar
separation bubble on the lower surface disappears and laminar flow extends to the trailing edge. At an
angle of attack of 14.19° (fig. 8(e)), the maximum lift coefficient occurs. At an angle of attack of 20.06°
(fig. 8(d)), the leading-edge pressure peak collapses and the entire upper surface is separated.

As the angle of attack is decreased from 20.06°, the entire upper surface remains separated until the
leading-edge pressure peak reforms at an angle of attack of 17.13° (fig. 8(¢)). The pressure distribution
at this angle of attack is almost identical to the one that occurs with increasing angle of attack (fig. 8(d)).
Thus, only a small amount of hysteresis occurs with respect to separation on the upper surface.

As the angle of attack is decreased from 0°, the laminar separation bubble on the lower surface decreases
in length until it disappears at an angle of attack of —-1.77° (fig. 8(f)). The lift coefficient at this angle of
attack corresponds approximately to the lower limit of the laminar bucket. As the angle of attack is
decreased further, the pressure coefficients in the concave region of the lower surface decrease because
the transition point on the lower surface moves rapidly forward resulting in a thicker turbulent boundary
layer downstream (fig. 8(g)). As the angle of attack is decreased even further, the laminar separation
bubble on the upper surface increases in length. At an angle of attack of ~7.12° (fig. 8(h)), a long laminar
separation bubble forms on the lower surface. As the angle of aftack is decreased still further, the long
bubble on the lower surface increases in length. At an angle of attack of -9.11° (fig. 8(i)), the minimum
lift coefficient occurs. At an angle of attack of —13.04° (fig. 8(j)), the long bubble extends over the entire
lower surface.

As the angle of attack is increased from -13.04°, the long bubble on the lower surface decreases in length
until it disappears at an angle of attack greater than -7.12° (fig. 8(k)). The pressure distributions are
identical to those that occur with decreasing angle of attack. Thus, no hysteresis occurs with respect to
separation on the lower surface.

Transition Location

Oil-flow photographs of the upper and lower surfaces at various angles of attack for Reynolds numbers of
1.0 X 10%and 2.0 X 10° are shown in figures 9 through 12. Because the model was mounted vertically,
the oil flowed under the influence of gravity as well as the airstream. Thus, the oil is seen flowing
spanwise in several photographs, particularly at chord locations where the boundary layer is thick, near




separation, or separated. Note also that frequently oil-flow patterns at a number of angles of attack were
photographed in succession without redistributing the oil to save time. Thus, patterns from the preceding
angles of attack can be seen in the succeeding photographs. These patterns range from essentially
undisturbed to significantly altered, depending on the flow at the angle of attack in the subsequent
photograph.

For a Reynolds number of 1.0 X 10°, the mechanism of the boundary-layer transition from laminar to
turbulent flow on the upper surface, at an angle of attack of 0.0°, was a laminar separation bubble
(fig. 9(a)). As the angle of attack is increased, the bubble decreases in length (fig. 9(b)). At an angle of
attack of 5.1° (fig. 9(c)), the bubble is barely distinguishable. As the angle of attack is increased further,
no bubble is evident and the transition location moves forward (figs. 9(d) and 9(e)). At an angle of attack
of 12.2° (fig. 9(f)), a very short laminar separation bubble appears at the leading edge. The line of oil near
two-thirds chord is a remnant of the previous angle of attack (not shown).

For a Reynolds number of 2.0 X 10¢, the mechanism of transition on the upper surface, at an angle of
attack of 0.0°, was again a laminar separation bubble (fig. 10(a)). The bubble for this Reynolds number
is, however, shorter in length than the corresponding bubble for a Reynolds number of 1.0 x 10° (fig.
9(a)). As the angle of attack is increased, the bubble decreases in length and has disappeared at an angle
of attack of 4.1° (fig. 10(b)). As the angle of attack is increased further, the transition location moves
forward (figs. 10(c) and 10(d)). At any given angle of attack, transition occurs further forward for the
higher Reynolds number. l

For a Reynolds number of 1.0 X 10°, the mechanism of transition on the lower surface, at an angle of
attack of 0.0°, was a laminar separation bubble (fig. 11(a)). The bubble on the lower surface is generally
longer than the one on the upper surface. As the angle of attack is increased, the bubble increases in length
(fig. 11(b)). As the angle of attack is decreased from 0°, the bubble decreases in length (fig. 11(c)). At
an angle of attack of -3.0° (fig. 11(d)), no bubble is evident and transition occurs near the leading edge.

For a Reynolds number of 2.0 X 105, the mechanism of transition on the lower surface, at an angle of
attack of 0.0°, was again a laminar separation bubble (fig. 12). The bubble for this Reynolds number is,
however, shorter in length than the corresponding bubble for a Reynolds number of 1.0 X 10° (fig. 11(a)).

The variation of transition location with angle of attack, as determined by microphone measurements, is
shown in figure 13. It should be remembered that only attached turbulent flow can be detected using this
technique. Thus, for an angle of attack at which a laminar separation bubble is present, the transition
location measured corresponds to the turbulent-reattachment point. The symbols represent conditions
where the onset of turbulence was sudden. These conditions occur at the turbulent-reattachment point or
where natural transition occurs rapidly. The bars represent conditions where natural transition occurs over
some length. The bars extend from the beginning of transition (defined here as the point where turbulent
bursts are first detected) to the end of transition (defined here as the point where individual bursts can no
longer be distinguished). It should be noted that wind-tunnel boundary corrections have not been applied
to the angle of attack shown in figure 13 only.

Section Characteristics

Spanwise drag measurements.- The variation of profile-drag coefficient with span station at four angles of
attack is shown for a Reynolds number of 1.0 X 10° in figure 14. The four angles of attack, ~1.5°, 0.0°,
2.1°, and 5.1°, correspond approximately to the lower limit, the lower middle, the upper middle, and the
upper limit of the laminar bucket, respectively, for this Reynolds number. The greatest drag variation




occurs in the vicinity of the station that corresponds to the chordwise pressure orifices in the model. A
total-pressure wake-rake position of 31.2 cm, which coincides with the tunnel centerline, was selected for
all succeeding drag measurements because it resulted in a drag coefficient representative of the mean value
at each of the four angles of attack.

Reynolds number effects.- The section characteristics are shown in figure 15. The effects of Reynolds
number on the section characteristics are summarized in figure 16.

For the design Reynolds number (R = 1.0 X 10% (fig. 15(c)), the maximum lift coefficient was
approximately 1.18, which is essentially equal to the design objective of 1.2. The trailing-edge stall was
very docile. A small amount of hysteresis occurred at angles of attack greater than that for maximum lift;
none occurred at angles of attack less than that for minimum lift. Low drag coefficients were obtained over
the range of lift coefficients from about 0.06 to 0.84. Thus, the lower limit of the laminar bucket is well
below that specified (0.5) and the upper limit is slightly below that specified (0.9). The curved shape of
the polar (higher drag between the limits than at them) indicates that the laminar separation bubbles, shown
in figures 8, 9, and 11, adversely affected the drag. The zero-lift pitching-moment coefficient was
approximately -0.048, which satisfies the design constraint (> -0.05).

Effect of roughness.- The effect of roughness on the section characteristics for various Reynolds numbers
is shown in figure 17. The angle of attack for zero lift coefficient as well as the pitching-moment
coefficients generally increased with transition fixed, whereas the lift-curve slope decreased. All these
results are partly a consequence of the boundary-layer-displacement effect that decambers the airfoil
slightly, the displacement thickness being greater for the transition-fixed condition than for the transition-
free condition. Increasing Reynolds number decreases the displacement thickness and, therefore, the
displacement effect. In addition, the lift-curve slopes and magnitude of the pitching-moment coefficients
are probably too low with transition fixed. For most conditions, the Reynolds number, based on local
conditions and boundary-layer momentum thickness, at the roughness location is too low to support
turbulent flow. Accordingly, in order to force transition, the roughness must increase the momentum
thickness, which increases the extent of the turbulent, trailing-edge separation on the upper surface and,
therefore, reduces the magnitudes of the lift and pitching-moment coefficients.

The angle of attack for zero lift coefficient did not increase with transition fixed for the Reynolds numbers
of 0.5 x 10°and 1.0 X 10° (figs. 17(a) and 17(c)). For these Reynolds numbers, the roughness was too
small to force transition on the upper surface at low lift coefficients. Thus, the laminar separation bubble
on the upper surface was not eliminated, whereas the one on the lower surface was, resulting in an increase
in lift coefficient compared to the transition-free condition.

Of more importance, however, is the effect of roughness on the maximum lift coefficient and on the drag
coefficients. The addition of roughness had no major effect on the maximum lift coefficient for any of the
Reynolds numbers. The minor reductions in maximum lift coefficient with transition fixed are probably
due to the abnormal roughness effect noted previously. Thus, one of the most important design
requirements has been achieved. The drag coefficients were, of course, adversely affected by the
roughness. It should be noted, however, that the drag coefficients with transition fixed are probably too
high because the height of the roughness was greater than the boundary-layer thickness for most conditions
and, therefore, the drag coefficients contain an additional (pressure-drag) contribution due to the roughness
itself.

Effect of turbulators.- The effect of turbulators on the section characteristics for a Reynolds number of
1.0 x 108 is shown in figure 18. The turbulators, which eliminated the laminar separation bubbles on the
upper and lower surfaces, had no major effect on any of the characteristics except the drag coefficients.
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The elimination of the upper-surface bubble altered the pressure distribution in such a way that the lift was
decreased and the pitching moment, increased. These effects were counterbalanced by the elimination of
the lower-surface bubble, which increased the lift and decreased the pitching moment. Thus, the
elimination of the bubbles changed the lift and pitching-moment coefficients little but modified the
boundary-layer developments substantially. The influence on the lower-surface drag was larger than on
the upper-surface drag. Thus, a significant drag reduction over the entire width of the laminar bucket was
produced by the lower-surface turbulator, whereas a smaller drag reduction was produced by the upper-
surface turbulator. '

Comparison of Theoretical and Experimental Results
Pressure Distributions

The comparison of theoretical and experimental pressure distributions is shown in figure 19. The pressure
distributions predicted by the method of references 7 and 8 are inviscid and incompressible. The
experimental pressure distributions were obtained for a Reynolds number of 1.0 X 10° and, thus, contain
the same data presented in figures 8(a), 8(b), and 8(e). At an angle of attack of 1.03° (fig. 19(a)), the -
theoretical predictions and the experimental data are in close agreement except in those regions where
laminar separation bubbles are present. These bubbles are not modeled in the method of references 7 and
8. Outside these regions, the pressure gradients agree well, although the values of the pressure coefficients
do not match exactly. At an angle of attack of 5.11° (fig. 19(b)), the decambering viscous effects have
become more apparent and the disparities include small differences in the pressure gradients as well as
larger differences in the values of the pressure coefficients. At an angle of attack of 14.19° (fig. 19(c)),
which corresponds to the experimental maximum lift coefficient, the agreement is poor primarily because
of the upper-surface, trailing-edge separation which is not modeled in the pressure distributions predicted
by the method of references 7 and 8.

Section Characteristics

The comparison of theoretical and experimental section characteristics with transition free is shown in
figure 20. The drag coefficients are underpredicted by the method of references 7 and 8 for the lower
Reynolds numbers. It should be noted, however, that significant laminar separation bubbles are predicted
by the method for the Reynolds numbers of 0.5 X 10° and 0.7 X 10° (figs. 20(a) and 20(b)). The
abnormal growth of the boundary layer that occurs within the laminar separation bubble is not accurately
predicted by the method and, therefore, the drag coefficient is underpredicted. The affected drag
coefficients are identified in figure 20 by triangles. As the Reynolds number is increased, the laminar
separation bubbles decrease in length and the agreement between the theoretical and experimental drag
coefficients improves. The width of the laminar bucket is overpredicted, at least partially because of the
irregularities in the surface curvature of the model near the leading edge on both the upper and lower
surfaces as evidenced in the pressure distributions. (See fig. 8.) The magnitudes of the angle of attack for
zero lift coefficient and the zero-lift pitching-moment coefficient are overpredicted for the Reynolds
numbers of 0.5 X 10° and 0.7 X 10° (figs. 20(a) and 20(b)). For these Reynolds numbers, the laminar
separation bubble on the upper surface greatly distorts the pressure distribution and, therefore, the lift and
pitching-moment coefficients. Again, as the Reynolds number is increased and the laminar separation
bubble decreases in length, the agreement between theory and experiment becomes very good
(figs. 20(c)-20(e)). The agreement between the theoretical and experimental lift-curve slopes is excellent.
The maximum lift coefficients are slightly overpredicted. The magnitude of the pitching-moment




coefficients is generally overpredicted because the boundary-layer-displacement-iteration option of the
theoretical method was not used.

The comparison of theoretical and experimental section characteristics with transition fixed is shown in
figure 21. The agreement between the theoretical and experimental drag coefficients at low lift coefficients
for the Reynolds numbers of 0.5 x 10° and 1.0 X 10° (figs. 21(a) and 21(c)) is poor because the roughness
was too small to force transition on the upper surface. The excellent agreement at low lift coefficients for
the Reynolds numbers of 0.7 X 105, 1.5 X 105, and 2.0 X 10° (figs. 21(b), 21(d), and 21(e)) is fortuitous
because the experimental drag coefficients are probably too high, as previously discussed. The magnitudes
of the angle of attack for zero lift coefficient and the zero-lift pitching-moment coefficient are overpredicted
for the Reynolds numbers of 0.7 x 105, 1.5 x 10%, and 2.0 X 10° (figs. 21(b), 21(d), and 21(e)) because
the boundary-layer-displacement-iteration option of the theoretical method was not used. These values are
not overpredicted for the Reynolds numbers of 0.5 X 10° and 1.0 X 10° (figs. 21(a) and 21(c)) because
transition was not forced on the upper surface at low lift coefficients for these Reynolds numbers and,
therefore, the major decambering displacement effect did not occur. Also, the upper-surface laminar
separation bubble was not eliminated and, accordingly, the magnitudes of the experimental lift and
pitching-moment coefficients are too high. The drag coefficients appear to be underpredicted at higher lift
coefficients for all the Reynolds numbers because the experimental lift coefficients are probably too low
due to the abnormal roughness effect noted previously. It should also be remembered that the experimental
drag coefficients probably contain an additional (pressure-drag) contribution due to the roughness itself.
The experimental lift-curve slopes, maximum lift coefficients, and magnitude of the pitching-moment
coefficients are probably similarly too low. The magnitude of the pitching-moment coefficients is also
overpredicted because the displacement-iteration option was not used.

Comparisons with Other Airfoils

The comparison of the section characteristics of the S805 airfoil and the NACA 4412 and 4415 airfoils
(ref. 19) with transition free for the design Reynolds number (R=1.0 X 10% is shown in figure 22. The
S805 airfoil generally exhibits a lower maximum lift coefficient (restrained), wider laminar bucket, lower
drag coefficients, and less negative pitching-moment coefficients than do the NACA 44-series airfoils. The
comparison of the section characteristics of the S805 airfoil and the NACA 23012 and 23015 airfoils (ref.
19) with transition free for the design Reynolds number is shown in figure 23. The S805 airfoil generally
exhibits a lower maximum lift coefficient (restrained), softer stall, wider laminar bucket, lower drag
coefficients, and more negative pitching-moment coefficients than do the NACA 230-series airfoils.

The comparison of the maximum lift coefficients of all five airfoils for various Reynolds numbers is shown
in figure 24. The drag coefficients of these airfoils at a lift coefficient of 0.7 are compared in figure 25.
The drag coefficients of the NACA 44-series airfoils are lower than that of the S805 airfoil for -
R = 0.7 X 105 For R = 1.0 X 10%, the drag coefficients are equal and, as the Reynolds number
increases, the drag coefficient of the S805 airfoil becomes increasingly lower than those of the NACA 44-
series airfoils. This result is obtained because of the previously-mentioned, adverse effect of the laminar
separation bubbles on the drag coefficients of the S805 airfoil, which decreases with increasing Reynolds
number. All these comparisons confirm the achievement of the design objectives.

Concluding Remarks

An airfoil for horizontal-axis wind-turbine applications, the S805, has been designed and analyzed
theoretically and verified experimentally in the low-turbulence wind tunnel of the Delft University of
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Technology Low Speed Laboratory, The Netherlands. The two primary objectives of restrained maximum
lift, insensitive to roughness, and low profile drag have been achieved. In addition, the airfoil exhibits a
docile stall. Comparisons of the theoretical and experimental results show good agreement. Comparisons
with other airfoils clearly illustrate the restrained maximum lift coefficient as well as the lower profile-drag
coefficients, thus confirming the achievement of the primary objectives. :
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Table 1. Airfoil Design Specifications

Minimum lift coefficient —
Maximum lift coefficient 1.2-1.4
“Design” lift coefficient 0.7
Lower limit of laminar bucket 0.5
Upper limit of laminar bucket 0.9
Zero-lift pitching-moment coefficient > -0.05
Reynolds number 1.0 x 10°
Thickness 0.12-0.15¢




Table 2. S805 Airfoil Coordinates

Upper Surface Lower Surface
x/c z/c x/c z/c.
0.00270 0.00733 0.00000 -0.00017
.00990 .01572 .00297 -.00614
.02171 .02442 .01222 -.01126
.03807 .03324 .02709 -.01610
.05881 .04194 .04741 -.02056
.08375 .05034 .07289 -.02472
11264 .05830 10317 -.02859
.14520 .06567 .13783 -.03215
.18106 .07233 17642 -.03537
.21985 .07814 .21848 -.03821
26114 .08298 .26348 -.04061
.30449 08671 .31089 ~.04251
.34943 .08921 36019 -.04387
.39546 .09034 .41082 -.04464
.44206 .08993 46221 -.04478
.48868 .08752 .51378 -.04427
.53555 .08243 .56495 -.04305
.58348 07514 .61515 -.04109
.63223 .06698 .66379 -.03823
.68075 .05869 i 1050’ -.03427
72813 .05057 75510 -.02913
77354 .04283 79762 -.02282
.81621 .03557 .83830 -.01599
.85544 .02882 .87666 -.00978
.89061 .02253 .91159 -.00492
.92134 .01649 .94199 -.00164
.94764 .01078 .96683 .00005
.96934 .00590 .98516 .00046
.98588 .00240 .99629 .00020
.99638 .00053 1.00000 .00000
1.00000 .00000

¢ = 500.00 mm (19.685 in.)
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Table 3. Model Orifice Locations

Upper Surface Lower Surface
x/c ’ =x mm y, mm x/c X, mm y, mm
0.000 0.0 200.0 0.002 1.0 170.0
.002 1.0 195.0 .004 2.0 165.0
.004 2.0 190.0 .008 4.0 160.0
.008 4.0 185.0 .012 6.0 155.0
012 6.0 180.0 016 78.0 200.0
.016 8.0 175.0 .020 10.0 195.0
.020 10.0 170.0 024 12.0 190.0
.024 12.0 165.0 .028 14.0 185.0
.028 14.0 160.0 .032 16.0 180.0
.032 16.0 155.0 .040 26.0 175.0
040 20.0 200.0 048 24.0 170.0
.048 24.0 195.0 .064 32.0 165.0
.064 32.0 190.0 .100 50.0 160.0
.100 50.0 185.0 .150 75.0 155.0
.150 75.0 180.0 .200 100.0 200.0
.200 100.0 175.0 .250 125.0 195.0
.250 125.0 170.0 .300 150.0 190.0
.300 150.0 165.0 .350 175.0 185.0
.350 175.0 160.0 .400 200.0 180.0
.400 200.0 155.0 .450 225.0 175.0
.450 225.0 . 200.0 .500 250.0 200.0
.460 230.0 195.0 .550 275.0 175.0
470 235.0 190.0 .600 300.0 200.0
.480 240.0 185.0 .650 325.0 195.0
490 245.0 180.0 .700 350.0 190.0
.500 250.0 175.0 710 355.0 185.0
.510 255.0 170.0 720 360.0 180.0
.520 260.0 165.0 .730 365.0 175.0
.530 265.0 160.0 .740 370.0 170.0
.540 270.0 155.0 750 375.0 165.0
.550 275.0 200.0 .760 380.0 160.0




Table 3. Model Orifice Locations (Concluded)

Upper Surface Lower Surface

x/c X, mm y, mm x/c X, mm y, mm
.560 280.0 195.0 .770 385.0 155.0
.570 285.0 190.0 .780 390.0 200.0
.580 290.0 185.0 790 395.0 195.0
.590 295.0 180.0 .800 400.0 190.0
.600 300.0 175.0 .810 405.0 185.0
.650 325.0 170.0 .820 410.0 180.0
.700 350.0 165.0 .830 415.0 175.0
750 375.0 190.0 .840 420.0 170.0
.800 400.0 165.0 .850 425.0 165.0
.850 425.0 190.0 .860 430.0 160.0
.880 440.0 175.0 .870 435.0 155.0
.900 450.0 165.0 .880 440.0 200.0
.920 460.0 160.0 .890 445.0 195.0
.940 470.0 155.0 .900 450.0 190.0
.960 480.0 200.0 .920 " 460.0 185.0
.980 490.0 195.0 .940 470.0 180.0
1.000 500.0 190.0 .960 480.0 175.0
.980 490.0 170.0

¢ = 500.00 mm (19.685 in.)




Table 4. Roughness Size and Location

Upper Surface Lower Surface
. Grit - Nominal Size, Grit Nominal
Reynolds Number mm/in. x/c Number Size, mm/in. x/c
0.5 x 10% 36 0.589/0.0232 0.02 36 0.589/0.0232 0.05
0.7 x 108 36 : .589/.0232 .02 36 .589/.0232 .05
1.0 x 10° 80/90 . .194/.0077 .02 | 46/54 .385/.0152 .05
1.5 x 10° 60 .297/.0117 .02 46/54 .385/.0152 .05
2.0 x 10 60 .297/.0117 02 46/54 .385/.0152 .05
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Figure 1.- Inviscid pressure distributions.
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Figure 3.- Delft University of Technology 1.80- x 1.25-m low-speed wind tunnel.

L




wake rake

axis of rotation at 0.25¢ wake-rake strut
500 | .

| )

(@)

o

| =
”L‘ v
AT f S — I'4
} '}”‘ ' —

T — -—-—~—-——-——-—-——-~—-——--——-]-__.——-.—._.___.._.__..__.__ (@]
wny
o~

3 d__ |
O
N J‘ ' ‘ ¥
) ; |
I d=316mm for R=0.7X10 300
to R=2.0x10°
d=215mm for R=0.5X106 < 1800

region of pressure orifices

Figure 4.- Model and wake rakes mounted in test section. All dimensions are
in mm.




Figure 5.- Photograph of wake rakes mounted on strut.
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(a) ¢ = 1.03, 2.05, 3.07, 4.09, and 4.60 degrees.

Figure 8.- Pressure distributions for R = 1,000,000. Arrows indicate direction

of angle-of-attack change (for determination of hysteresis).
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Figure 16.- Effects of Reynolds number on section characteristics.
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Figure 17.~ Effect of roughness on section characteristics.
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