EE
HEE EE
WEE HE
u
]
-
HiFENINENEEAEE %b HEEEEEE
e EEEE
iE EiNEEIEEE
e
EEFEEEEEEAEE
T i 1
]

January 2005 -+ NREL/SR-500-36346

Design and Experimental
Results for the S825 Airfoil

Period of Performance: 1998 — 1999

D.M. Somers
Airfoils, Inc.
State College, Pennsylvania

»M'\'

National Renewable Energy Laboratory
1617 Cole Boulevard, Golden, Colorado 80401-3393
303-275-3000 « www.nrel.gov

Operated for the U.S. Department of Energy
Office of Energy Efficiency and Renewable Energy
by Midwest Research Institute e Battelle

Contract No. DE-AC36-99-GO10337



January 2005 -+ NREL/SR-500-36346

Design and Experimental
Results for the S825 Airfoil

Period of Performance: 1998 — 1999

D.M. Somers
Airfoils, Inc.
State College, Pennsylvania

NREL Technical Monitor: Jim Tangler

Prepared under Subcontract No. AAF-4-14289-01

»M'\'

National Renewable Energy Laboratory
1617 Cole Boulevard, Golden, Colorado 80401-3393
303-275-3000 « www.nrel.gov

Operated for the U.S. Department of Energy
Office of Energy Efficiency and Renewable Energy
by Midwest Research Institute e Battelle

Contract No. DE-AC36-99-GO10337



This publication was reproduced from the best available copy
submitted by the subcontractor and received no editorial review at NREL

NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States government or any agency thereof.

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: mailto:reports@adonis.osti.gov

Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springdfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

[ 47
'..‘ Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste


http://www.osti.gov/bridge
mailto:reports@adonis.osti.gov
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/ordering.htm

Table of Contents

AADSTTACT ...ttt ettt ettt et et e bt e ae e et e e e at e e bt e enteebeeeateenbeeneens 1
INEOAUCTION ...ttt ettt et sttt e nbee s as 1
SYIMDOIS. ...ttt sttt 2
ATTTOTL DIESIZI .ttt ettt et e et e et e e s b e ebaesabeesseessseenseeesseenseanseens 4
Objectives and CONSLIAINES ......c..eovueeriiriirieieniere ettt 4
PRILOSOPIY ...ttt ettt et e e eeaeenns 5
EXECULION ...ttt ettt et sttt e ettt ebeeeaeeea 7
Experimental PrOCEAUIE.......c..ocviiiiiiiiciieie ettt eseaeennae s 8
WINA TUNNEL ...ttt ettt st ebee e 8
IMOAEL ...ttt ettt et 8
WaKe-SUIVEY PTODE .......oouiiiiiiiiiiiieiieccec s 8
INSTIUMENEALION ...ttt ettt et st e e eneeeaeas 9
IMEEEIOMS. ..t ettt ettt ettt ettt eaae e 9
LSS ettt ettt ettt ettt et 9
Discussion Of RESUILS.........oiiiiiiiiie et 10
Experimental RESUILS .........ccoiiiiiiiiiiiiiciicccceee e 10
Comparison of Theoretical and Experimental Results ...........ccccoeceenieiinicnicnennn 12
Concluding REMATKS..........coocuieiiiiiiieiiecie ettt ettt eb e et sbeeeneesnseenes 13
ACKNOWIEAZMENTS.....coutiiiiiiiiieeii ettt ettt e eabe e e 13
RETEIEIICES ...ttt ettt e 14
List of Tables
Table I.  Airfoil Design SpecifiCations..........cocueeiereiriiriinieniinieneeeeece e 17
Table II.  S825 Airfoil Coordinates ...........cceveeierieriieiiinierieeie e 18
Table III. Model Orifice LOCAtIONS ........eeruereiiiriiieiieeieeiie ettt e 19-20
Table IV. Roughness Location and SiZe€ ..........ccceeveeriiieiieiieeiienie et 21

List of Figures

Figure 1: S825 airfoil Shape ......cccoociiiiiiiiiiiiieeeee e 22
Figure 2: NASA Langley Low-Turbulence Pressure Tunnel...........c.ccocoveveiieiniieennnnns 23
Figure 3: Sketch of model and wake-survey probe mounted in test section................... 24
Figure 4: Wake-SUIVEY PIODE ...c.uiieeiiiieiiiie ettt ettt et e e e e ssaee e eaeeenaeeenes 25
Figure 5: Pressure distributions for R = 2 x 10° with transition free..................... 26 -59
Figure 6: Section characteristics with transition free, fixed, and rough.................. 60 — 64
Figure 7: Effects of Reynolds number on section characteristics ..............cccee..... 65 - 67
Figure 8: Variation of maximum lift coefficient with Reynolds number........................ 68

il



Figure 9: Variation of change in maximum lift coefficient due to leading

edge-roughness with Reynolds number............ccccceeviiiiiiiieniieeeeceeee, 69
Figure 10: Variation of profile-drag coefficient at c;= 0.4 with Reynolds number.......... 70
Figure 11: Comparison of theoretical and experimental pressure distributions........ 71-173
Figure 12: Comparison of theoretical and experimental section characteristics

WIth transition free .........ooiiiiiiiiiiiiiiiiccee e 74 -178
Figure 13: Comparison of theoretical and experimental section characteristics

With transition fIXed ........cccceoiriiiiiiiniine e 79 - 83

v



ABSTRACT

A 17-percent-thick, natural-laminar-flow airfoil, the S825, for the 75-percent blade
radial station of 20- to 40-meter, variable-speed and variable-pitch (toward feather),
horizontal-axis wind turbines has been designed and analyzed theoretically and verified
experimentally in the NASA Langley Low-Turbulence Pressure Tunnel. The two primary
objectives of high maximum lift, relatively insensitive to roughness, and low profile drag have
been achieved. The airfoil exhibits a rapid, trailing-edge stall, which does not meet the design
goal of a docile stall. The constraints on the pitching moment and the airfoil thickness have
been satisfied. Comparisons of the theoreiical and experimental results generally show good
agreement.

INTRODUCTION

The majority of the airfoils in use on horizontal-axis wind turbines today were origi-
nally developed for aircraft. The design requirements for these aitfoils, 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.

Thickness Airfoil
Diameter Type Cat Reference
alegory Primary Tip Root
Variable speed .
2-10m Variable pitch Thick o 5822 5823 13
Variable speed . S802
Variable pitch | 10U S801 S803 S804 8
10-20 m . S805 S806 S807
Stall regulated Thin SROSA SRO6A S308 8
Stall regulated Thick S819 S820 S821 12
Stall regulated Thick S80% S810 S811 9
20-30m S814
Stall regulated Thick S812 5813 $815 9 and 10
Variable speed 5814
2040 m Variable pitch — S825 5826 $815 10 and 14
3050 m | Stall regulated Thick S816 S817 S818 11
40-50 m | Stall regulated Thick S827 5828 S818 11 and 15




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

The airfoil designed under the present study is intended for the primary (75-percent)
blade radial station of 20- to 40-meter, variable-speed and variable-pitch (toward feather),
horizontal-axis wind turbines. To complement the design effort (ref. 14), an investigation was
conducted in the NASA Langley Low-Turbulence Pressure Tunnel (LTPT) (refs. 17 and 18)
to obtain the basic, low-speed, two-dimensional aerodynamic characteristics of the airfoil.
The results have been compared with predictions from the method of references 19 and 20.

The specific tasks performed under this study are described in National Renewable
Energy Laboratory (NREL) Subcontract Numbers AAF-4-14289-01 and AAM-8-17232-01.
The design specifications for the airfoil are outlined in the first subcontract’s Statement of
Work. These specifications were later refined during discussions with James L. Tangler of
NREL.

SYMBOLS

Values are given in both SI and U.S. Customary Units. Measurements and calcula-
tions were made in U.S. Customary Units.

P~ P
G pressure coefficient, [
c airfoil chord, mm (in.)
Ce section chord-force coefficient, j; C, d(zj
) . . 4 h
¢4 section profile-drag coefficient, _[ ¢y d c
Wake
cg point drag coefficient (ref. 21)
C; section lift coefficient, €, o8O —C, sino
Cm section pitching-moment coefficient about quarter-chord point,
X X z z

g, (Z-02s)o(2) +f o, (2)o(2)

Cn section normal-force coefficient, — § Cp d(g)



ACd

Acl,max

Subscripts:

fixed

free

{

last

11

vertical height in wake profile, mm (in.)

lower surface
static pressure, Pa (lbf/ftz)

dynamic pressure, Pa (lbf/ftz)
Reynolds number based on free-stream conditions and airfoil chord

boundary-layer separation location, xg/c

boundary-layer transition location, xg/c

airfoil thickness, mm (in.)

upper surface

airfoil abscissa, mm (in.)

model span station, y =0 at midspan, mm (in.)

airfoil ordinate, mm (in.)

angle of attack relative to x-axis, deg

change in uncorrected section profile-drag coefficient, 0.0350/deg

change in maximum section lift coefficient due to leading-edge roughness,
(€}, max) free (Cl, max) fixed or rough

- , percent
(Cl, max)

free

transition fixed
transition free

local point on airfoil
last wake measurement

lower limit of low-drag range



max maximum

min _ minimum

rough rough

S separation

T transition

u uncorrected for wind-tunnel boundary effects

ul upper limit of low-drag range

0 zero lift

oo free-stream conditions

Abbreviations:

LTPT NASA Langley Low-Turbulence Pressure Tunnel
NACA National Advisory Committce for Aeronautics
NASA National Aeronautics and Space Administration

AIRFOIL. DESIGN

OBJECTIVES AND CONSTRAINTS

The design specifications for the airfoil are contained in table I. Two primary objec-
tives are evident from the specifications. The first objective is to achieve a maximum lift
coefficient of at least 1.40 for the corresponding Reynolds number of 2 x 108, A requirement
related to this objective is that the maximum lift coefficient not decrease significantly 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 0.40 to 1.20.

Two major constraints were placed on the design of this airfoil. First, the zero-lift
pitching-moment coefficient must be no more negative than -0.15. Second, the airfoil thick-
ness must equal 17-percent chord.



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.

14 B C
1.2
C
A F
A
0
Cd
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
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 profile-
drag coefficient at point B is not as low as at point A, unlike the polars of many laminar-flow
airfoils where the drag coefficient within the laminar bucket is nearly constant. This charac-
teristic is related to the elimination of significant (drag-producing) laminar separation bubbles
on the upper surface. (See ref. 22.) The small increase in profile-drag coefficient with
increasing lift coefficient is relatively inconsequential because the ratio of the profile drag to
the total drag of the wind-turbine blade decreases with increasing lift coefficient. The profile-
drag coefficient increases very rapidly outside the low-drag range because boundary-layer
transition moves quickly toward the leading edge with increasing (or decreasing) lift coeffi-
cient. This feature resulfs in a leading edge that produces a suction peak at higher lift coeffi-
cients, 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 large airfoil thickness allows a wider low-drag range to be achieved 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. The pressure distribution at point A should look something like sketch 2.

Sketch 2

To achieve low drag, a favorable pressure gradient is desirable along the upper surface to
about 30-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. 23). The transition ramp is followed by a concave pressure recovery. The specific pres-
sure recovery employed represents a compromise between maximum lift, drag, pitching
moment, and stall characteristics. The steep, adverse pressure gradient aft of about 90-percent
chord is a “separation ramp,” proposed by F. X. Wortmann,! which confines turbulent separa-
tion to a small region near the trailing edge. By constraining the movement of the separation
point at high angles of attack, high lift coefficients can be achieved with little drag penalty.
This feature has the added benefit of promoting docile stall characteristics. (See ref. 24.)

A generally favorable pressure gradient is desirable along the lower surface to about
30-percent chord to achieve low drag. The specific pressure gradients employed along the
forward portion of the lower surface increase the loading in the leading-edge region while
maintaining low drag at the lower lift coefficients. The forward loading serves to balance,
with respect to the pitching-moment constraint, the aft loading, both of which contribute to the
achievement of a high maximum lift coefficient and low profile-drag coefficients. This region
is followed by a curved transition ramp (ref. 22) that is longer than the one on the upper sur-
face. The ramp is followed by a concave pressure recovery, which exhibits lower drag and
has less tendency to separate than the corresponding linear or convex pressure recovery
(ref. 23). The pressure recovery must begin relatively far forward to alleviate separation at
lower lift coefficients, especially with transition fixed near the leading edge.

IDirector, Institute for Aerodynamics and Gas Dynamics, University of Stuttgart, Germany.



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

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

o 05  x
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Sketch 3

No suction spike exists at the leading edge. Instead, a rounded peak occurs just aft of the lead-
ing edge. Transition is essentially imminent over the entire forward portion of the upper sur-
face. This feature allows a wider low-drag range to be achicved and higher lift coefficients to
be reached without significant separation. It also causes transition to move very quickly
toward the leading edge with increasing lift coefficient, which leads to the roughness insensi-
tivity 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.
The Eppler Airfoil Design and Analysis Code (refs. 19 and 20) was used because of its unique
capability for multipoint design and because of confidence gained during the design, analysis,
and experimental verification of many other airfoils. (See refs. 25-28, for example.)



The airfoil is designated the S825. The airfoil shape is shown in figure 1 and the coor-
dinates are contained in table II. The airfoil thickness is 17-percent chord, which satisfies the
design constraint.

EXPERIMENTAL PROCEDURE

WIND TUNNEL

The NASA Langley Low-Turbulence Pressure Tunnel (LTPT) (refs. 17 and 18) is a
closed-throat, single-return tunnel (fig. 2) that can be operated at stagnation pressures from
100 to 1000 kPa (1 to 10 atm). The unit Reynolds number can be varied from 1 X 10° to
49 x 105 per meter (0.3 X 10% to 15 x 10° per foot); the Mach number can be varied from 0.05
to 0.47. The turbulence level in the test section is generally below (.05 percent for unit Rey-
nolds numbers up to 13 x 10° per meter (4 X 10° per foot) at Mach numbers up to 0.15
(ref. 29).

The test section is 91.44 ¢m (36.00 in.) wide by 228.6 cm (90.00 in.) high. Hydrauli-
cally actuated circular plates provide positioning and attachment for the two-dimensional
model (fig. 3). The plates, about 86 cm (34 in.) in diameter, are flush with the tunnel sidewalls
and rotate with the model. The axis of rotation coincided approximately with the midchord of
the model, which was mounted horizontally between the plates. The gaps between the model
and the plates were sealed.

MODEL

The aluminum, wind-tunnel model was fabricated by Advanced Technologies, Incor-
porated, Newport News, Virginia, using a numerically controlled milling machine. The
model had a chord of 457.15 mm {17.998 in.) and a span of 91.14 c¢m (35.88 in.). Upper- and
lower-surface orifices were located to one side of midspan at the staggered positions listed in
table III. All the orifices were 0.51 mm (0.020 in.) in diameter with their axes perpendicular
to the surface. The surface of the model had been polished to ensure an aerodynamically
smooth finish. The measured model contour was within 0.1 mm (0.004 in.) of the prescribed
shape.

WAKE-SURVEY PROBE

A total- and static-pressure, wake-survey probe (fig. 4) was mounted {rom the tunnel
strut (fig. 3). The probe was positioned spanwise at the tunnel centerline. A traverse mecha-
nism incrementally positioned the probe vertically. The tip of the probe was located 1.84
chord downstream of the trailing edge of the model.



INSTRUMENTATION

Measurements of the pressures on the model and in the wake were made by an elec-
tronically scanned, pressure-transducer system. Basic tunnel pressures were measured with
precision quartz manometers. Data were obtained and recorded by an electronic data-
acquisition system.

METHODS

The pressures measured on the model were reduced to standard pressure coefficients
and numerically integrated to obtain section normal- and chord-force coefficients and section
pitching-moment coefficients about the quarter-chord point. Section profile-drag coefficients
were computed from the wake total and static pressures by the method of reference 21.

Standard, low-speed, wind-tunnel boundary corrections (ref. 30) have been applied to
the data. The wake-survey-probe total-pressure-tube displacement correction (ref. 21) has
been taken into account.

At angles of attack beyond stall, the unsteadiness of the flow and the large height of
the wake made wake surveys impractical. Accordingly, at these angles of attack, the uncor-
rected profile-drag coefficient was set to (Cq 155¢)y T ACq (O — (Oljage)y), Where Acy was deter-
mined from data presented in reference 31. Typically, the value of (cg1,y), Was about 0.1.

TESTS

The model was tested at Reynolds numbers based on airfoil chord of 1 x 106, 2% 106,
3Ix 106, 4 x 106, and 6 x 10° and a Mach number of 0.1 with transition free {smooth) and with
transition fixed by roughness at 2-percent chord on the upper surface and S-percent chord on
the lower surface. The grit roughness was sized using the method of reference 32 and
sparsely distributed along 3-mm (0.1-in.) wide strips applied to the model with lacquer. (See
table IV.)) The model was also tested with a grit roughness equivalent to NACA standard
roughness (ref. 4), which was applied to the model with lacquer and sparsely distributed from
the leading edge to an arc length of 8-percent chord on the upper and lower surfaces. The grit
size, nominally 0.211 mm (0.0083 in.), was scaled from the NACA standard-roughness grit
size by the ratio of the model chords used: 457.2 mm (18.00 in.) in the present investigation
and 609.6 mm (24.00 in.) in the NACA tests.

Starting from 0°, the angle of attack was increased and then decreased to determine
hysteresis. The angle of attack was then decreased from 0° until the lift coefficient became
negative.



DISCUSSION OF RESULTS

EXPERIMENTAL RESULTS
Pressure Distributions

The pressure distributions at various angles of attack for the design Reynolds number
of 2 x 10® with transition free are shown in figure 5. At an angle of attack of 0.00° (fig. 5(a)),
a short laminar separation bubble is barely discernible on the upper surface around 50-percent
chord. A more obvious, short laminar separation bubble is evident on the lower surface
around 35-percent chord. As the angle of attack is increased, the bubble on the upper surface
moves forward, whereas the bubble on the lower surface moves slightly aft. At an angle of
attack of 5.04° (fig. 5(f)), which corresponds to the upper limit of the low-drag, lift-coefficient
range, the bubble on the upper surface has almost disappeared. As the angle of attack is
increased further, transition moves rapidly forward and turbulent, trailing-edge separation
occurs on the upper surface. The amount of separation increases with increasing angle of
attack. The maximum lift coefficient occurs at an angle of attack of 13.10° (fig. 5(n)). As the
angle of attack is increased further, the separation point moves rapidly forward to about mid-
chord and then slowly migrates further forward. At an angle of attack of 20.03° (fig. 5(u)), the
flow around the leading edge is still attached.

As the angle of attack is decreased from 20.03°, the pressure distributions (figs. 5(v)—
5(bb)) are essentially identical to the ones that occur with increasing angle of attack
(figs. 5(n)-5(t)). Thus, no hysteresis occurs with respect to separation on the upper surface.

As the angle of attack is decreased from —1.03° (fig. 5(cc)), the laminar separation
bubble on the lower surface moves slightly forward, whereas the bubble on the upper surface
moves aft. At an angle of attack of —5.04° (fig. 5(gg)), which corresponds to the lower limit of
the low-drag range, the bubble on the lower surface has almost disappeared.

Section Characteristics

Reynolds number effects.- The section characteristics with transition free, transition
fixed, and the scaled, NACA standard roughness (“rough”) are shown in figure 6. For the
design Reynolds number of 2 x 10% with transition free (fig. 6(b)), the maximum lift coeffi-
cient is 1.56, which satisfies the design objective of ¢;,,,, > 1.40. The airfoil exhibits a rapid,
trailing-edge stall, which does not meet the design goal of docile stall characteristics. No hys-
teresis occurs for angles of attack beyond stall. Low profile-drag coefficients are exhibited
over the range of lift coefficients from 0.05 to 1.10. Thus, the lower limit of the low-drag, lift-
coefficient range is well below the design objective of ¢;y; = 0.40, although the upper limit of
the low-drag range is also below the design objective of ¢;y) = 1.20, primarily to meet other,
more important goals. The drag coefficient at the specified lower limit of the low-drag range
(c; = 0.40) is 0.0068, which satisfies the design objective of ¢y i, < 0.0080. The zero-lift
pitching-moment coefficient is —0.15, which satisfies the design constraint of cp, 3 2 —0.15.
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The effects of Reynolds number on the section characteristics with transition free,
transition fixed, and rough are summarized in figure 7. The zero-lift angle of attack, approxi-
mately —5.4° with transition free, is relatively unaffected by Reynolds number. In general, the
lift-curve slope, the maximum lift coefficient, the sharpness of the stall, the lower limit of the
low-drag range, and the magnitude of the pitching-moment coefficients increase with increas-
ing Reynolds number; the upper limit and the width of the low-drag range and the drag coeffi-
cients decrease.

Effect of roughness.- The effect of fixing transition on the section characteristics is
shown in figure 6. In general, the lift-curve slope, the maximum lift coefficient, and the mag-
nitudes of the zero-lift angle of attack and the pitching-moment coefficients decrease with
transition fixed. These results are primarily a consequence of the boundary-layer displace-
ment effect, which decambers the airfoil because the displacement thickness is greater with
transition fixed than with transition free. In addition, the lift-curve slope and the maximum
lift coefficient decrease with transition fixed because the roughness induces carlier trailing-
edge separation, particularly at higher angles of attack. The maximum lift coefficient for the
design Reynolds number of 2 x 10° (fig. 6(b)) is 1.52, a reduction of less than 3 percent from
that with transition free. Thus, one of the most important design goals has been achieved.
The drag coefficients are, of course, adversely affected by the roughness. For many condi-
tions, the Reynolds number, based on local velocity and boundary-layer momentum thickness,
at the roughness location is too low to support turbulent flow. Accordingly, to force transition,
the roughness must be so large that it increases the momentumn thickness, which abnormally
decreases the lift coefficients and the magnitude of the pitching-moment coefficients and
increases the drag coefficients. Conversely, at low lift coefficients, the roughness on the upper
surface, which was sized for higher lift coefficients, was frequently too small to force transi-
tion, resulting in improperly low drag coefficients.

The effect of the scaled, NACA standard roughness on the section characteristics is
shown in figure 6. The effect is more severe than that of fixing transition. The maximum lift
coefficient for the design Reynolds number of 2 X 108 (fig. 6(b)) is 1.34, a reduction of 14 per-
cent from that with transition free. It should be remembered that the effect of roughness is
proportional to the ratic of the roughness height to the boundary-layer thickness. Because the
height of the scaled, NACA standard roughness and the airfoil chord are constant, the effect of
this roughness generally increases with increasing Reynolds number (because increasing Rey-
nolds number results in decreasing boundary-layer thickness).

The variation of maximum lift coefficient with Reynolds number is shown in figure 8.
The maximum lift coefficient increases with increasing Reynolds number. The rate of
increase 1s similar with transition free and transition fixed but lower with the scaled, NACA
standard roughness.

The variation of the change in maximum lift coefficient due to roughness with Rey-
nolds number is shown in figure 9. The magnitude of the change due to fixing transition is rel-
atively small (< 3 percent) and exhibits no definite trend with Reynolds number. The
magnitude of the change due to the scaled, NACA standard roughness is an order of magni-
tude larger and generally increases with increasing Reynolds number.



The variation of profile-drag coefficient at a lift coefficient of about 0.4 (i.e., approxi-
mately the specified lower limit of the low-drag range) with Reynolds number is shown in fig-
ure 10. The drag coefficient generally decreases with increasing Reynolds number. (The drag
coefficient for a Reynolds number of 1 X 10® with transition fixed is too low probably because
the roughness on the upper surface failed to force transition at this lift coefficient.)

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS
Pressure Distributions

The comparison of the theoretical and experimental pressure distributions at various
lift coefficients is shown in figure 11. The theoretical pressure distributions are inviscid and
incompressible; the experimental pressure distributions were obtained for a Reynolds number
of 2 x 10% and a Mach number of 0.1 with transition free. It should be noted that the theoreti-
cal lift coefficient is calculated from the lift-curve slope and the angle of attack relative to the
zero-lift line, whereas the experimental lift coefficient is derived from the integrated pressure
distribution. (See refs. 19-21.) Thus, the theoretical and experimental pressure distributions
at a given lift coefficient do not necessarily have identical areas.

Although the pressure coefficients at the lift coefficient that corresponds approxi-
mately to the specified lower limit of the low-drag range (fig. 11(a)) do not match exactly, the
pressure gradients agree well except where laminar separation bubbles are present and near
the trailing edge. The bubbles are not modeled in the pressure distributions predicted by the
method of references 19 and 20. At the lift coefficient that corresponds approximately to the
specified upper limit of the low-drag range (fig. 11(b)), the decambering viscous effects are
more apparent and the discrepancies include small differences in the pressure gradients. At
the measured maximum lift coefficient (fig. 11(c)), the agreement is poor primarily because
the effect of the upper-surface, trailing-edge separation on the pressure distribution is not
modeled in the theory.

Section Characteristics

The comparison of the theoretical and experimental section characteristics with transi-
tion free is shown in figure 12. The magnitude of the zero-lift angle of attack is overpredicted.
The lift-curve slope is predicted relatively accurately. The maximum lift coefficient is
increasingly underpredicted with increasing Reynolds number. It should be noted that the
maximum lift coefficient computed by the method of references 19 and 20 is not always real-
istic. Accordingly, an empirical criterion has been applied to the computed results. This crite-
rion assumes that the maximum lift coefficient has been reached if the drag coefficient of the
upper surface is greater than 0.0160 (2 x IOGIR)“ 7 or if the length of turbulent separation on
the upper surface is greater than 0.1000c. The upper limit of the low-drag range, the drag
coefficients within the low-drag range, and the magnitude of the pitching-moment coefficients
are overpredicted. The lower limit of the low-drag range is underpredicted. Thus, the width
of the Jow-drag range is overpredicted.
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The comparison of the theoretical and experimental section characteristics with transi-
tion fixed is shown in figure 13, The predicted zero-lift angle of attack, lift-curve slope, max-
imum lift coefficient, and pitching-moment coefficients show the same tendencies as with
transition free. The agreement between the predicted and measured drag coefficients is poor
at low lift coefficients, probably because the roughness on the upper surface failed to force
transition at these lift coefficients.

CONCLUDING REMARKS

A 17-percent-thick, natural-laminar-flow airfoil, the S825, for the 75-percent blade
radial station of 20- to 40-meter, variable-speed and variable-pitch (toward feather),
horizontal-axis wind turbines has been designed and analyzed theoretically and verified
experimentally in the NASA Langley Low-Turbulence Pressure Tunnel. The two primary
objectives of high maximum lift coefficient, relatively insensitive to leading-edge roughness,
and low profile-drag coefficients have been achieved. The airfoil exhibits a rapid, trailing-
edge stall, which does not meet the design goal of docile stall characteristics. The constraints
on the zero-lift pitching-moment coefficient and the airfoil thickness have been satisfied.
Comparisons of the theoretical and experimental results generally show good agreement.
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TABLE L.— AIRFOIL DESIGN SPECIFICATIONS

Parameter Objective/Constraint
Blade radial station 0.75
Reynolds number R 2% 100
Maximum lift coefficient ¢; .y > 1.40
Lower limit of low-drag, lift-coefficient range c;y 0.40

Upper limit of low-drag, lift-coefficient range ¢; 1.20
Minimum profile-drag coefficient cg yip <0.0080
Zero-lift pitching-moment coefficient ¢p, o >-0.15
Airfoil thickness t/c 17%
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TABLE IT1.— S825 AIRFOIL COORDINATES

Upper Surface
x/c z/c
0.00001 0.00030
.00028 00224
00129 00543
00721 01481
01766 02500
03250 03549
05161 04596
07479 05616
10185 06588
13251 07494
.16643 08315
20324 09032
.24253 09625
28387 10060
32709 10296
37230 10329
41930 10195
46763 09920
51676 08525
56616 09029
61526 08450
66350 07806
71028 07112
75503 06385
79720 05636
83624 04878
87165 04117
90294 03351
92994 02560
95294 01758
97208 01022
98695 00450
99661 00108

1.00000

.00000

Lower Surface

x/c

0.00014
00081
00197
00650
01819
03502
05670
08297
11351
14790
.18480
22231
25997
29879
34011
.38475
43307
48499
53974
59631
65355
71026
76514
.81692
.86437
90608
.94062
86717
98566
99646

1.00000

z/c

-0.00143
-.00307
-.00477
—-.00920
-.01650
-.02381
—-.03093
-.03780
—.04443
-.05114
—.05834
—.(6499
—.06891
—.0686%
—-.06415
—-.05600
—.04520
—.03306
—.02082
—.00935

.00060
.00854
.01410
01713
01757
01553
01168
00727
.00342
00088
00000



TABLE III.- MODEL ORIFICE LOCATIONS

[c =457.15 mm (17.998 in.)]

Upper Surface Lower Surface
x/c y, mm (in.} x/c y, mm (in.) -
0.00061 152.1 (5.988) 0.00197 205.1 (8.075)
.00187 153.2 (6.033) 00437 203.7 (8.019)
.00428 154.0 (6.062) 00622 202.7 (7.979)
00648 155.0 (6.104) 00816 202.1 (7.958)
00846 156.3 (6.155) 01181 200.9 (7.908)
01240 157.2 (6.190) 01556 199.7 (7.864)
01630 158.5 (6.240) 01979 198.6 (7.820)
02036 159.4 (6.276) 02623 197.6 (7.780)
02655 160.6 (6.323) 03170 196.5 (7.737)
.03209 161.5 (6.359) 03977 195.6 (7.701)
.04018 162.3 (6.391) 04932 194.8 (7.670)
03019 163.5 (6.436) 06136 193.6 (7.620)
06237 164.6 (6.479) 07746 192.0 (7.560)
.07826 166.1 (6.540) 09926 190.2 (7.489)
.10014 167.8 (6.608) 12450 188.3 (7.413)
.12033 169.7 (6.682) 14973 186.2 (7.331)
.14004 171.4 (6.750) 17467 184.2 (7.250)
16018 173.2 (6.817) .20006 182.0 (7.165)
18027 174.9 (6.888) 22470 180.1 (7.089)
19984 176.8 (6.959) .24953 177.9 (7.006)
22017 178.7 (7.034) 25992 176.9 (6.966)
23997 180.5 (7.106) 27007 176.1 (6.931)
26029 182.2 (7.174) 28991 173.9 (6.847)
28015 183.9 (7.242) 29999 172.9 (6.809)
.30008 185.7 (7.311) 30980 172.0 (6.770)
30978 186.7 (7.349) 32003 170.8 (6.726)
32027 187.6 (7.386) 32997 169.7 (6.680)
.32983 188.7 (7.430) 34020 168.7 (6.643)
.34006 189.7 (7.469) 34996 167.7 (6.603)
.35000 190.8 (7.511) 36045 166.6 (6.561)
36013 191.7 (7.548) 37023 165.5 (6.517)
37004 192.8 (7.592) .38040 164.5 (6.475)
38014 193.8 (7.629) 38978 163.7 (6.446)
39013 194.7 (7.664) .39989 162.6 (6.402)
40010 195.8 (7.710) 41029 161.5 (6.359)
41000 196.9 (7.752) 42038 160.4 (6.316)
41998 197.9 (7.791) 43005 159.5 (6.278)
42998 198.9 (7.830) 44047 158.4 (6.237)
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TABLE III.- Concluded

[c=457.15 mm (17.998 in.)]

Upper Surface

x/c y, mm (in.)
44007 200.0 (7.874)
45011 200.8 (7.907)
46027 201.9 (7.947)
47000 202.9 (7.989)
48022 204.1 (8.034)
49019 205.1 (8.075)
50016 205.9 (8.107)
.51044 207.2 (8.158)
52007 208.0 (8.188)
53029 209.1 (8.234)
.54022 210.2 (8.274)
55011 211.1(8.313)
57025 209.9 (8.265)
.60019 207.8 (8.182)
70030 201.2 (7.920)
75015 197.8 (7.788)
.80022 194.7 (7.665)
.85035 191.5 (7.541)
.88040 189.5 (7.459)
90021 188.2 (7.408)
92002 186.9 (7.358)
94024 185.4 (7.301)
96018 184.2 (7.250)
98054 182.8 (7.199)
99054 182.3 (7.178)

Lower Surface

x/c

45039
47010
50064
54973
.60014
.64995
70012
75050
79984
.84958
.90005
91981
.93969
95936
97990
.99020
99947

y, mm (in.)

157.4 (6.197)
158.3 (6.231)
159.7 (6.289)
161.7 (6.366)
164.0 (6.457)
166.2 (6.543)
168.3 (6.627)
170.6 (6.716)
172.6 (6.795)
174.7 (6.876)
176.8 (6.963)
177.6 (6.991)
178.6 (7.032)
179.5 (7.068)
180.4 (7.103)
180.9 (7.123)
181.4 (7.143)



TABLE IV.- ROUGHNESS LOCATION AND SIZE

Upper Surface Lower Surface
Reynolds - .
Number Grit Nommdl Grit Nommal
x/c Size, mm x/c Size, mm
Number , Number i
(in.) (in.)
6 0.178 0.351
1x10 20 (0.0070) >4 (0.0138)
6 0.089 0.211
2x10 180 (0.0035) 80 (0.0083)
6 0.02 0.05
3x 10 100 0.150
4% 10° 220 0.074 (0.0059)
(0.0029)
6 x 100 180 0.089
(0.0035)
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o relative to the x—axis

L o~

S825 1%

(a) o.=0.00°.

Figure 5.- Pressure distributions for R =2 X 10® with transition free.
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Figure 5.- Continued.
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Figure 8.- Variation of maximum lift coefficient with Reynolds number.
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Figure 9.- Variation of change in maximum lift coefficient due to leading-edge roughness with
Reynolds number.
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Figure 10.- Variation of profile-drag coefficient at ¢; = 0.4 with Reynolds number.
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Figure 11.- Comparison of theoretical and experimental pressure distributions.
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Figure 11.- Continued.
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Figure 11.- Concluded.
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