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ABSTRACT.

This: report describes work sponsored by the U.S.
Department of Energy (DOE) under: Contract No. DE-
AC02-83CH10093. The work is directed at developing
thin and’ thick airfoil families, for rotors with
diameters of 10 to 30 m, that'enhance annual energy
output.-at low to medium .wind speeds and provide
moré  consistent operating  characteristics - with
lower fatigue. loads at high wind speeds. . Perfor-
mance is enhanced. through the use of laminar: flow,
while more consistent. rotor operating characteris-
tics at high wind speeds are achieved by. tailoring
the airfoil such that the maximum lift coefficient
Cl;maX~iS largely independent of roughness effects.

Using the Eppler airfoil design code, two thin and
one thick airfoil family were designed; each family
had a root, outboard, and tip. airfoil. . Two-
dimensional = wind-tunnel - tests were . conducted . to
verify the predicted performance:.characteristics
for both a thin and thick outboard airfoil from
these families., . Atmospheric..tests on. full-scale

wind turbines will complete the verification
process. :
NOMENCLATURE
c chord ‘
c4 dr#g coefficient
C; lift coefficient
Ci : pitchiﬁg—moment coefficient at: quarter
! chord : . k
Cro pitching-moment coefficient at zero lift
d drag o '
1 life
r local rotor radius.
R total rotor radius
t airfoil thickness
max maximum
min - minimum

. 6.3 m/s (12-14 mph),. a high €y

INTRODUCTION

Two significant problems' that adversely affect the
economics. and: reliability of - wind<turbine’ blades
have  been identified at'‘the many California wind
farms. ~The: first problem involves'the inadequate
energy. capture’ resulting from usingairfoils that
were ‘designed . for ' fixed-wing-aircraft. ' The second
problem:- 'involves  inadequate’ blade structures
resulting from deficient. ‘structural designs * and
poor quality-control:during the manufacturing: pro-
cess.: :Because of these problems, one-of ‘the most
significant . business opportunities  &ver the - next
several' years “will:  be ‘in 'the blade-replacement

-market: (over 5000 sets of blades are expected to be
replaced).

The next genmeration of retrofit“blades
is:expected: to provide 'substantial improvements: in
energy capture;:‘'blade::life; and“cost relative to"
blades currently being‘used on wind tu¥bines. ' This
paper reports.progress on:the solution to-the first
problem: (using airfoils designed for aircraft), or;
specifically, « improving the . transfer = function
between. the::wind - input - and: the bldde ‘structure:
These. special-purpose airfoil families sre expected
to.; provide - :the' ' improved energy capture -and
operating- characteristics ‘needed Ffor the upcoming
second-generation rotor blades; ; ;

Under. the Solar Energy Research.Institute's” (SERI)
Special-Purpose Airfoil. ' task, - three = airfoil
families have been designed for use on rotors 10 to
30 m in diameter.. Two:of these families are desig=-
nated thin airfoil families, while the. third is
designated a thick airfoil family. The thin air-
foil . families. are ..targeted more- for fiberglass
blades, while the thick .airfoil family is:targeted
more toward. wood..composite: blades.. ! The. distin-
guishing feature between. the  two -thin airfoil
families is that one is designed to have a high
1.m over the outboard’ pdrtion‘ of ‘the blade.
Rotors with fixed-pitch blades and ‘that operate at
wind sites having high mean annual wind speeds can
benefit in annual’ energy output when the outboard
portion of the blade has a high‘Cl max~ - At -sites

with more typical mean :annual wind’ speeds of:5.4-
over t@é out-
needed dnd may

A g .1, max
board portion of the blade is Aot




increase machlne cost and fatigue. - Peak power is
proportional’ to. the’ Cl of the airfoil over the
outboard portion of  tHe blade.
with ' a larger ¢y thanthe wind.

results  in 1ncreas % generator. cOSts

over31z1ng,‘and greater’ structural requirements. to
accommodate  the “peak ‘rotor  load. The airfoil

design criteria for the thick airfoil family with a
ose of; the ‘

low C outboard ‘are the same: as”

thin a1r1011 famlly witha low € outboa

The :50% increase in airfoil’ thlcknessnfhr the thick

-airfoil family helps accommodate the more demanding

structural requirements of the  wood comp051te,and ‘,,5

the 1arger blades.

DESIGN APPROACH

The flve—step de51gn approach used: - for developlng
~purpose airfoil families is- shown. in

~Step. 1. 1nvolved identifying the 1n1t1a1

“design’ ifi ' thought ‘to provlde the
: de51red performance characterlstlcs. Two important
: ere- that. the new:airfoils had
ively insensitive:to

igher llft/drag (1/d)

: Based ‘on
.in‘the
cairfoil-design
of thin air-
Step 3 was ~to

representatlve
~and wind dis-
_SERI's Systems

Computer Code (SEACC) [2]

curve < and

o hlgher machlne cost and
hlS observatlon, the ini-

Reduced: peak power sen51t1v1ty to alrf011 1nsect

'%accumulatlon for. gteater annual energy’output’is
: hrough. ‘minimizing ‘the’ sen51t1v1ty of
o 1 adlng-edge roughness.

s with medium
is: ‘achieved.
1um value.of.

ﬂLower fatlgue loads, resul ngsin longer “blade
‘1ife, are: achieved through ‘a’ continuous decrease”

the root to the tlp.

Us1ng an a1rf01l1

es ‘having
ncreasejin,peak'

specifications.
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Airfoil Design Specificatiyons
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Design Airfoils Analytically

Predict Rotor Performance Analytically

Verify Airfoil Performance Experimentally

(5§

Verlfy Rotor Performance Expenmentally

bFigure~l. DESIGN: APPROACH: FOR -THE" SPECIAL—PURPOSE
S -AIRFOIL: FAHILIES ‘

U51ng the above ctlterla, a second thin"éirfoi
family (s805, 5806, s807, S808)" was designed *
limit ‘peak power.’ The 'primary ‘airfoil (5805) of
this’ thin airfoil “family was used to proceed on to
: in-“the ‘design  process. Step 4 idvolve
ifying the predicted ‘performance” characteristic
of ‘the 8805 agalnst two~dimensional  wind-tun '
measurements: [3]% 77 This comparlson “identified a
bias error in the Eppler airfoil’ de51gn code. T
5805 was' originally designed’ for a ‘Reynolds’ number
of 1 x 107, However, wind-tunnel tests showed 'si
n1£1cant drag-producing ‘laminar-separation bubbl
on the upper and'lower surfaces for this ‘condition;
the i bubbles . gradually’: dlsappeared for  highes
Reynoldh'numbers. These “tests showed the airf
to: be: bet foptlmlzed for Reynolds numbers"o
2 % 10% and ove. “'An adjustment” to" the desi
Reynolds number ‘'was - made ‘to- accommodate this bia
error:  The adjustment’ consisted of checklng th

“significance of the' laminar separation bubbles

subsequent airfoils ‘at. a Reynolds number of abo
one-half the 1ntended Reynolds ‘number,.  The 5805
and S806A were' then designed to replace: the: 580
and 8806 at. the 1ntended Reynolds . number . of
1 x 106. ‘The final step in the de51gn proces
(Step 5) involves atmospherically testing each air
foil family. = Preparations are currently under wa

" to atmospherically test the  thin airfoil famil

(58054, S806A, S807, and 5808) with a restraine
- outboard on the ‘blade.”" These tests wil
pr6v1§e the final measure as to-what degree thes
new airfoils achieve their design objectives, a
well as prov1de any further guldance on the desi

" airfoil family, a thick airfoil family (5809, '$810
. §811) was also designed.

The - performance . charac
teristics of the primary member of this famil
(5809) were verified, through” two—dlmen51onal wind
tunnel tests, and were found to be in good agree
ment with predictions. A second iteration of thi




family is currently being completed to increase the

C{ max ©Of the outboard airfoils by 0.2. This
selond iteration should be better suited  for
California wind ' sites, while the original thick

airfoil family appears: best suited for sites having
low mean annual wind speeds. : SR

THREE AIRFOIL FAMILIES

The key ‘design parameters for .the airfoils: that
comprise each airfoil family are shown in Tables*1
through 3. The reference blade. radial station z/R;
for which the airfoil was designed,

0.75.  Most of the design effort for each airfoil
family'is associated ‘with this station. Radial
station 0.95 is designated the tip airfoil ‘station,

. while radial ‘stations equal to or less than 0.4 are

designated 'as: blade ‘root airfoil ‘stations.” The
corresponding:: Reynolds” number  “for  each blade
station, accounting for rotor size, is listed in
the third column of the tables. ‘The fourth column
lists the airfoil thickness t/c, which decreases in
a relatively linear manner from the blade root to

TABLE 1. DESIGN PARAMETERS FOR THE THIN ATRFOIL
: FAMILY (HIGH € ) -
RS ) i

\ is listed in
the second column. " The primary radial’ station is"

Thin_ Airfoil Family (with High:cl,max)f

Reynolds i o
Airfoil "r/R No. t/c ¢ C; C:
) (x106) 1,m§x _-dymin_ “mo .
5801 0.75 .2.0 © 0.135 '1.65 = 0.007 ~ -0.15
§802 © 0.95 2.6 0.115 ~1.68" 0.006 ~0.15 "
S803°  0.95 2.6  -0.115 “1.68 © 0.007  <0.15
5804 0.8 0.180 1.60  0.120  ~-0.15"

0.30

TABLE 2. DESIGN PARAMETERS FOR THE THIN AIRFOIL
FAMILY (LOW Ci max) i
B 9

‘ : Reynolds .
Airfoil r/R No. t/lc ' C C, C
(xlOG) 1,max d,@;n ‘mo
5805 0.75 2.0 - 0.135 1.29 0.005 -0.05
5806 0.95 2.6 ...0.115 1.10°  0.004. -0.05"
s807 0.30 0.8 0.180 1.46 0.010. -0.10
5808 0.20 0.8 0.210- 1.30 0.012  -0.12
58054 0.75 1.0 0.135 1.20 0.007.. -0.05
0.95 1.3 0.115 1.10 0.006. -0.05

S806A

TABLE 3. DESIGN PARAMETERS FOR THE THICK ATRFOIL
‘ FAMILY (LOW cy max)
: 2

Reynolds
Airfoil r/R No: t/e ¢ Gy C
(x106) 1,max d,min mo
$809  0.75 2.0 - 0.210 1.00 0.007 -0.05
5810 0.95 2.0 .0.180 - 0.90 0.006 -0.05
- 8811 0.40 1.0 0.260 . 1.30 0.012 -0.12
5812 0.75 2.0 0.210  1.20 0.008% -=p0,07*
5813 0.95 2.0 0.160  1.10 0;007* -0.07*

*Target values.

the blade 'tip. . Although it 'is desirable for: the
root airfoils to have a high:C axf(shown‘in the
fifth column), their low local Reynolds niumber and
greater: thickness make it difficult taq- achieve a
1,max 8reater  than: those values indicated. - :The
sTCh column: lists: each airfoil's’ minimum' drag
coefficient ‘Cd"'n’ which bcéu:sv'aroupd zero
lift, : The C4 m{n depends largely on. the ‘extent of
laminar flow bver the airfoil.  The values listed
may be:lower.than those achieved on actual: blades
if . manufacturing tolerances cannot be accurately
controlled. :: The moment coefficient for zero lift
Cm is listed in. the last column; actual values for
a Toaded.rotor may differ slightly from than those
listed. : ERTE '

This+airfoil family was the first of’the three ‘to
be: ‘designed, - with ' a C1 max that 'is relatively
insensitive to leading=-edge roughness: * The airfoil
thickness was: “kept  low to “achieve & high' 1/d
ratio.. No'constraint' was placed’ on the airfoil's
pitching moment so. that the'cl,max 6f-all the air=
foils -in- the  family' could bk maximized. = This

airfoil family'is suitable for rotors 20 m ig diam=

eter and largér. i :

The - airfoil 'shapes  for this' family aré: shown *in
Figure 2, and the:respective design ‘parameters: for
each airfoil are listed in Table 1. The S§801 is
the primary airfoil (r/R = 0.75) and warrants most
of - the design effort.
and - 8803) . and the  root ‘airfoil (5804) complement
the primary airfoil and provide a.linear rediction
in airfoil thickness from the blade root to the
tip. " The' two: tip airfoils differ "in' one ‘sibtle
aspect.” 'The $802 has a slightly lower C4 min
does" the '$803;" however, the $803 has a’sllghtly
widerdrag " bucket:. Withfleading-edge'toughness;
the: performance: characteristics  of " the §802 and
8803 -are almost identical.
foil 'is
Reynolds number.: . To achieve a higﬁfcl max @t the
root, the requirement that Cl;max be imsensitive to

SERI 5803 ' ‘

 SERIS802 ~
- g ] .

SERI $801

\\_\__§___‘

" SERI S804

—

Figure 2. THE THIN AIRFOIL FAMILY (HIGH €1 max)
>

The two tip airfoils (5802

than -

The thicker S804 ‘aip=
designed  for: a. high C{ max at a low-

008106




-

roughness effects was- dropped.
not necessary: at the blade root, where:the airfoils
‘have no 1nfluence on peak power. : : o o

This requirement is and larger, the primary airfoil- is the §805 (used
in: conJunctlon with the $806 and S807).. The 5808
airfoil is available .for: blades of all sizes that
requlre additional root thickness.

be used

ThlS th1n alrf01l famlly ‘is expected t »

primarily at wind sites having. high mean ‘annual Thlck A1rfo11 Fam11y (wlth Low Cl max)

wind speeds.i. The high Cl mayx allows the de51gner cs

to. use a smaller blade’ chord or lower rotor . The tthk airfoil " family satisfies the need for

sol1d1ty in-.situations: where parked rotor loads are

reater airfoil sectional "stiffness: for larger oF
a: major contributor to blade: fallures. However, ‘to B B

date th foil Famil “high pitching wood - veneer  blades. This airfoil family is 50%
accommodate . e airfoi amily's  high pitching: thicker than. the thin airfoil: family. at each radial
moment;, the blade S torslonal stlffness must ‘be
d e d f t elast twist S o} long the blade span:. 'The desired alrf011
:-acequate to av01 significan ’e ae ic twist.. e deslgn parameters are. similar to those for the thin.
: : S o amily with a low o outboard om. the’
As:.the most recent of tge airfoil families;,
1t presented the greatest: desigrn challenge because
: G : h .. This: thick k =
This  airfoil  family - was developed because the of ;its thickness ve ickness: makes: it: diffi
“th 7 2 £ th bl d : cult to. achleve high- 1/d ratios: ::ln-spite of:this
Cy,max OVET tboard portion 0L the bia e is culty; -the airfoil family has an 1/d
undes1rable at d st tha mean: W
’ d of 5. 4ot H i greater than that: of otherair-
speed o S TR OWeVvELr, fOllS ‘of: thlS thickness: and Reynolds number.:::Based

toward the blade root, a“ngt g& m%xhaéli252:a?$e? on the design: R ynolds number, this. alrf01l famlly;

Thin"Aitfoil ‘Fa\ymily ‘(with' Low Ci nan)
; : ; : : - 2

t to exceed a negatlve value of O 05 : :
t1on of: t e,blade. :To achieve The thlck alrf011 famlly is ‘shown. in Flgure 4, and
the: a1rf011 8 = espectlve design parameters for.each rairfoil
& listed in Table 3. Two .primary.airfoils’ (s809
©8812) ‘and two tip airfoils (S810 and:813) are
glven in the table. 'The distinguishing dlfference
is that ‘the S812 and -$813 airfoils have a By hax
0.2 greater ‘than that of the 5809 ‘and 8810+ For
most wind sites, the 5812 “and S813 would be: the
preferred choice. ::The 5809 ‘and: 5810 may ‘only: be
for sites hav1ng mean ‘annual w1nd speeds of 5.4 m/s
(12 mph).or less< ‘Atmospheric’tests are needed:to
better quantlfy the suitable wind-speed:range. One
root airfoil, the 5811, is indicated for both sets
of outboard airfoils, For its thickness of : 26%,
the Gy 0f 1.3 is considered substantial.  :To
- The SBOSA ‘and SSOGA air= achleve 'ébls value; the : moment coefficient »was
rov1de a moredfavorablg .pressure ;recovery:: unrestrained: and resulted in: a negative value of
olds number of 1 x 10~ to prevent laminar 0:12.: An attempt-to design good airfoil:character=

: For rotors 20 moin dlameter‘ istics into’ root  sections.of greater thickness was =

futlle.~ i s :

HORMIT

 SERI S806 P
T SER! S810. .

SERI 5805

SERI S809

_ SERISBO7 _

SERI SBI1

SERI 5808

Figure 4. THE THICK ATRFOIL FAMILY (LOW €y _..)
o bt

Figure 3. THE THIN ATRFOTL FAMILY (LOW



WIND-TUNNEL TESTS (TWO-DIMENSIONAL)

Wind-tunnel = tests  were conducted,’ ' at ' Delft
University in the Netherlands, for the/primary air-
foils ‘of the ‘thin and thick families that have a

low ©y ~over. the: outboard - portion of: the
blade. ’The first of these performance-verification
tests, for -the S805,  was' conducted in May 1985;

The second test, for the $809
October 1986.° The test results provided a calibra-
tion of  the: Eppler airfoil design code that now
allows  other new airfoils ‘to be designed with a
high degree of confidence in’ their predicted per-
formance characteristics.: Consequently, wind-
tunnel’ tests of each newly:designed airfoil are not
considered necessary .to. verify its predlcted per=
formance: charactetlstlcs.

For the primary member of the thia airfoil family
(the'5805), a comparison of theoretical. and experi-
mental results is shown in Figure 5 for a smooth
surface at a Reynolds number of 1 x 10°. For Cj,
predicted ‘and measured results show good agreement
up to an angle of attack of 6%. From that point,
the slopes of both curves decrease because of the
onset ‘of trailing-edge separation. Although the
Eppler code does a good job. of predicting the onset
of - separation, it underestimates the degree of
slope -change prior: to 'stall.’ (Stall occurs. when
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Figure S. THE S805. AIRFOIL'S PREDICTED (EPPLEK)

AND MEASURED (DELFT) PERFORMANCE
CHARACTERISTICS

, was conducted in.

the predicted trailing-edge separation exceeds 10%
of the chord or GCj; ‘exceeds: 0.024.) " Thus, the
predicted C of slightly less than 1.2 'is 'in
close agreemént with the measured value. : Measured
poststall characteristics of the 8805 are seen to
be mild, with the C remaining constant over ‘a
wide: range of: angles of ‘attack, For the rough
surface condition; the measured: Cl Mm% data for the
5805 showed no’ 51gn1£1cant change. E :

The»comparlsonfof [+ shows s1gn1f1cant‘differences
between “predicted’-and ‘measured values.'' Measured

_drag-was ‘found to be substantially higher than pre-
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dicted, with the largest" difference occurring in
the middle of the drag bucket: This bump-indicates
the ‘presence of strong laminar separation  bubbles
on the upper and/or lower surface. In the middle.
of the bucket, -the drag associated with the upper
and lower surface bubbles ‘is at ‘a maximum. +-As the
angle of "attack  increases. from this ‘pointy: the
upper‘surface separation’bubble decreases in inten-
sity as it moves forward, resulting in a smaller

discrepancy between = ‘predicted: and- measured
results. However, in this case, most of the dis-
crepancy ~still “exists; * this indicates that 'the

lower ‘surface ‘separation bubble is'more slgnlflcant
than is ‘the upper surface bubble and-results in-the
largest: part. of -the discrepancy between: predictéd
and ‘measured -drag. ' These differences in the. drag-
curves were unexpected and 1nd1cted that. 'the Eppler
airfoil design code underpredlcted the 51gn1f1cance
of the .laminar separation bubbles  at a Reynolds
number of 1 'x 107, " Excellent -agreement between
predicted and megsured drag was found at ‘a’Reynolds
number of 2 x 10 This agreement is attributed to
the disappearance of the laminar separation bubbles.
as Reynolds number increased. ~These results indi--

cate that the §805, as wellias the S806, is “suited
for 20-m-diameter  rotors g characterized by a
Reynolds number in the 2 x 10°:range). Subtle geo-

metric changes' were ‘made’to’the airfoils to provide:
a more favorable upper and lower surface pressure
recovery and minimize the intensity’of the:lamirar
separation “bubbles ' at: ' ai* Reynolds  ‘number  of
1«10 The: resulting ~S805A:and" §806A airfoils
now satlsfy the needs of the 10—m—dlameter rotor.

For the primary airfoil (3809) of: the thlck a1rf01l
family, a comparison bétween predicted and measured
performance 1s shown in:Figure 6 for-'a smooth sur=
face at . a‘ Reynolds number “of::27x 10%. '/ For Cis
excellent agreement is seen~over the whole'range of
angle ‘of -attack. ::The measured Cl agrees with
the design~value of 1.0 and occurs at an>angle ‘of
attack of 9°. The poststall characteristicsiof.
this airfoil are very unusual in that C1 stays
between 1.0 and" 1.1 -upto" an''angle of attack of
17° Again, 'as with the S805; ‘the surface*rough-
ness was found- to: have: little . effect " on ' the
airfoil's C1 max and poststall Cl.»w~ : S
A comparison of the predicted and measured C, shows

‘good’ agreement - over  the “whole ‘range of:angle of

attack. ©The flatness: of  the measured ‘drag bucket
indicates' that” no” significant ‘laminar ‘separition
bubbles’ are present on-the airfoil: Adding‘rough-
ness’“to the 5809 ‘increased the Cqimiy about' '60%
over : the “drag: ‘bucket. The' higher vaiue is ‘about
equivalent to the minimum drag of a”turbulent-flow
airfoil of this thickness.
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AIHOSPHERIC TESTS OF,THE THIN AIRFOIL
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12.5 m.



by~side comparison, rotor .performance " curves and
comparisons of ' annual  energy  output ‘are to be
established for both smooth and rough surfaces.
Blade root bending moments will. be monitored  to
help determine the effectiveness of the new air-
foils in reducing blade - fatigue  loads. Noise

measurements are planned to quantify any changes in. .

the aerodynamlc noise -levels: Test data for the
comparisons should be available by mid-1988.

In. . late 1987, DOE/SERI released. a request for
proposal for the thick-airfoil atmospheric test.
This airfoil family. (S812, s813, s$811) is..to. be
tested on a rotor system in the 20-m-diameter
range. = One or two contracts will be awarded in
early 1988. The comparisons will likely be similar
to those of the thin airfoil fam1ly. Actual test
data from the thick-airfoil comparison are expected
to be avallable 1n early 1989. :

CONCLUSTONS

Three:‘airfeilyffamilies . have been develeped‘ for
horizontal-axis . wind . turbines. ':A primary design

requirement: .for all  three’ famllles was: that - the

airfoils operating over the outboard portion of the

blade have . a Cl that is relatively insensitive
to leading-edge’ roughness ~ effects for con51sten:
peak power:output::-The most distinguishing differ=
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ence between the airfoil families is that the th1n
airfoil family with a high Cl outboard is best
suited for wind sites having ﬁlgﬁ mean annual wind
speeds, whereas the thin airfoil family with a low

outboard “is best suited for wind “sites

- Ha¥ing mean annual wind speeds in the range of 5.4-

6.3 m/s (12-14 mph). Similarly, the thick airfoil
famlly is suited for the latter sites but addresses
the more demanding structural requlrements of. com-
posite wood blades and large rotors. Final verifi-
cation’ of the design objectives for the thin and
thick ‘airfoil families will be through atmospheric
tests conducted in 1988 and 1989.
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