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INTRODUCTION

Partial span ailerons have been proposed for a large horizontal axis
wind turbine (MOD-5A) as an alternative to full or partial span blade pitch
to control lift and drag at above rated output power. Two configura-
fions of ailerons being considered for application to the proposed MOD-5A
wind turbine generator were available at reduced scale for testing on the
MOD-0 machine at the NASA Plumbrook test site. This paper presents some
basic parametric acoustic data for these two aileron configurations and
shows appropriate comparisons.

This effort is part of the Department of Energy wind energy program
which is managed by the NASA Lewis Research Center. The rotor blades
which were tested on the MOD-0 machine closely model those proposed for
the larger MOD-5A machine and were designed and furnished by the General

Electric Company.
APPARATUS AND METHODS

Description of Site

The wind turbine site at which noise measurements were made is at the
NASA Plumbrook facility located near Sandusky, Ohio (Figure 1). The terrain
in the measurement area is essentially flat, and devoid of trees and bushes.
The ground surface was covered with approximately six inches of snow for
the first aileron test and was grass covered for the second test. In both
instances background noise levels were very low except for the occasional

passage of automobiles and aircraft.
Description of Wind Turbine
The MOD-0 wind turbine has a two bladed 39 m (128 ft) diameter rotor

mounted on a 36.6 (120 ft) high tower with a twelve sided cross section.
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The distance across the tower, between flats, is 2.1 m (7 ft) at the base
and tapers to 1.5 m (5 ft) at the top. The rotor of the MOD-0 is downwind
of the supporting tower, operates at 40 rpm and is nominally rated at 200 kW.
In an attempt to simulate the proposed MOD-5A (upwind design) angles of
attack, the MOD-0 machine was operated at 20 rpm and power was limited to
35 kW which is achieved at a wind speed of 4.5 m/s (10 mph).

Two different partial span aileron configurations (Figure 2) were
tested. The plain aileron pivots at 38% of the blade chord. The balanced
aileron also pivots at 38% of the chord, but extends to about 50% of the
chord on the high pressure side of the blade. In both cases the ailerons
were fitted to the outer 6.6 m (21.6 ft) of each blade. Blades tapered in
chord from about 1.22 m (6 ft) at the inboard aileron station (NACA 64624
airfoil) to about 0.65 m (2.1 ft) at the tip aileron station (NACA 64615)
and likewise the twist varied from 3° to 1°. The rotor blades have a
total area of about 26.8 m? (288 ft?), and have roughness strips extending
from the nose of the airfoil to about 5% chord on both surfaces. Data
were taken at a rotational speed of 20 rpm for both aileron configurations

and also at 13.8 rpm for the plain aileron.
Wind Turbine Operating Conditions

Data for the plain aileron were recorded on 17 and 19 January 1984
between 0900 and 1600 hours. The temperature range was -12 to -5°C and
the mean wind velocity, V, ranged from about 3 to 6 m/s (7 to 13 mph).
Data for the balanced aileron were recorded 11-13 June 1984, the tempera-
ture range was 21 t029°C and the mean wind velocity ranged from 2 to 5 m/s
(5 to 12 mph).

Wind velocity and direction were monitored and continuously recorded
from meteorological instruments located at the height of the rotor hub and

60 m upwind of the machine. Example time histories of wind velocity and
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direction and electrical power output are shown in Figure 3. The varia-
tions indicated in Fiqure 3 are representative of those existing at the

times of the tests for which data are reported herein.
Noise Measurements

All noise measurements were made with commercially available battery
powered instrumentation. One-half inch diameter condenser microphones
with a usable frequency range of 3-20,000 Hz were used with an FM four
channel recorder which provides a dynamic range of about 40 dB in the fre-
quency range of 0 Hz to 15,000 Hz, For some recordings the microphone
signals were C-weighted in an attempt to more effectively use the available
dynamic range.

The measurement locations for these tests are shown in Figure 4.

Data were obtained at a distance, r, of 57 m (191 ft) and at various azi-
muth angles: 0° (on-axis upwind), 90° (crosswind right), 180° (on-axis
downwind) and 270° (crosswind left). Spectral data were obtained with the
aid of conventional one-third octave band and narrow band analyzers.

To minimizé the detrimental effects of wind noise, polyurethane foam
microphone wind screens were/used and microphones were placed at the
around surface, where wind velocities were relatively low.

While acoustic signals were being recorded on two tape recorder
channels, simultaneous recordings of time code and rotor blade position
were made on the other two tape recorded channels. These latter data

were used as an aid in acoustic data analyses.

RESULTS AND DISCHSSTON

Acoustic data are presented first for the plain aileron and then
for the balanced aileron. Effects that are examined include power out-

put, directivity and aileron deflection angle.
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Plain Aileron

Effects of Power Output - The effects of output power, P, on generated

noise are shown in Figures 5 and 6. Narrowband spectra are presented for
the upwind measuring station and an aileron deflection angle of 5°. The
so0lid and dotted curves correspond to output power conditions of 35 KW and
3 KW respectively. Figure 5 indicates that at low frequencies the higher
noise levels are associated with the higher output power condition. The
higher frequencies (Figure 6) are associated with the blade boundary layers
and trailing edge flows and are apparently not strongly affected by an in-
crease in output power. The spectra are largely random in nature with a
few identifiable discrete frequency components. Those at 30, 60 and 90 Hz
are associated with the electrical generator and the closely spaced harmonics
below 30 Hz are apparently due to blade/tower wake interactions.

Effects of Tower Wake - It is known from measurements made on other

downwind machines that the wake from the tower affects the generated noise.

By using the blade position indicator as a trigger signal it was possible

to analyze acoustic data for those times when the rotor blades were approxi-
mately horizontal, thus removing the effect of the tower wake. It was con-

cluded from comparisons of these data with those presented in Figures 5 and

6 that the tower wake was responsible for the harmonics visible below about

30 Hz. The remainder of the spectrum was apparently unaffected.

Directivity Effects - Comparisons of the measured spectra at three

different locations are shown in Figures 7 and 8, in the form of narrow
band and one-third octave spectra respectively. The main differences are
noted in the frequency range 400 to 1600 Hz. Downwind and crosswind levels
are generally higher than upwind levels.

Effects of Aileron Angle - Spectra corresponding to different aileron

angles, a, are shown in Figures 9, 10 and 11. Figure 9 illustrates the




change in the upwind noise spectrum as the aileron angle changes from

Ne to 15°. Note that broad peaks develop in the frequency range 400-800 Hz
and the peak noise levels increase as aileron angle increases up to a maxi-
mum of 12°. As the aileron angle is further increased the peak noise
levels decrease. |

These peaks have been analyzed in detail and are determined to be of
aerodynamic origin. The nature of these peaks and other details of the
spectra are illustrated in the narrow band data of Figures 10 and 11.

For the conditions where resonant peaks exist in the spectra a howling
noise is observed which dominates the other noises from this machine. As
aileron angle increases there is a reduction in the frequency of the howling
(see Figure 9). This behavior suggests that the source mechanism may be an
edge tone phenomenon involving some combinations of upstream and downstream
edges of the blades, ailerons, and/or cavities associated with the counter-
weight mechanisms.

The noise peaks probably result from resonating cavities in the blade,
driven by edge tones. Such a mechanism is velocity sensitive and would
not necessarily be activated at other velocities. Note that howling did
not exist at a lower rotational speed nor was it evident in wind tunnel
tests of the non-rotating blade at lower section speeds.

The directional properties of the howling noise are indicated in
Figure 11 which gives comparable spectra at two aileron angles for upwind,
downwind, and crosswind locations. Noise level increases are seen to be
the smallest in the downwind direction. This result is probably due to
the fact that the disturbance creating the increased noise is on the
upwind side of the blade and is thus shielded in the downwind direction.

The howling noise encountered on this aileron is believed to be con-

figuration sensitive and thus might not occur for other aileron designs.
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The edge tone noise components might however be present on any configura-
tion having an open spanwise slot due to aileron deployment.

Effects of Rotational Speed - For a limited number of test runs the

rotational speed of the machine was reduced from 20 to 13.8 rpm. Example
data are shown in Figure 12. It can be seen that a reduction in rpm re-
sults in a general reduction in the noise levels of about 8 dB for the
same power output. This reduction is consistent with that predicted for
broadband noise due to the reduced tip speed. At 13.8 rpm no resonances
can be seen in the frequency range 400-500 Hz. Note that the peaks in
the low speed spectrum at frequencies between 800 and 1600 Hz are noises

of mechanical origin and may not be associated with the wind turbine.
Balanced Aileron

Effects of Aileron Angle - Measured spectra for a range of aileron

deflection angles and power values are shown in Figures 13 and 14.
On-axis data are shown in both narrow band and one-third octave band
form. The narrow band spectra of Figure 13 are included to show the
character of the radiated noise. Note that the spectral components are
generally random in nature with only a few relatively weak discrete fre-
quencies present. The remaining data are presented for convenience in
one-third octave band form.

Figure 14 contains spectra for tests in which the rpm was held
constant and the aileron deflection angle was systematically varied.
It should be noted that under some conditions the wind turbine was not
generating power (deflection angles of 6° and 8° in Figure 14 b). Thus
auxiliary power was supplied in order to maintain the rotor speed. In
the upwind direction there is a trend toward higher noise levels at higher
deflection angles, particularly in the frequency range 200-800 Hz. In

the downwind direction there is very little effect of deflection angle
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except at frequencies below about 125 Hz. In other similar tests at
higher deflection angles similar results were obtained.

Effects of Power - Measurements were made at fixed aileron deflection

angles for ranges of wind speed and output power. As in the case of the
plain aileron it was concluded that the noise levels of the low frequency
components increased as power increased. The levels at high frequencies
are relatively insensitive to power changes.

Directivity - Figure 15 presents one-third octave band spectra for
measurements made in the upwind, downwind and crqsswind directions. At
frequencies below about 500 Hz the noise levels in the crosswind direc-
tion are lower than those on axis, whereas at higher frequencies no con-
sistent differences are discernible. The dominant noise at low frequencies
is due to blade loading fluctuations resulting from inflow turbulence.
This noise component is expected to exhibit a dipole radiation pattern
with its maximum on the axis of rotation. Such a pattern is consistent

with the above observation.
COMPARISONS OF AILERON DATA

Direct comparisons of the data obtained for the plain and balanced
ailerons are given in figures 16 and 17. Figure 16 presents measurements
made in both the upwind and downwind directions, for comparable operating
conditions. There is a clear trend for the balanced aileron to produce
higher noise levels than the plain aileron, particularly at fregencies
below about 250 Hz. The above result is surprising because both confi-
gurations are nominally the same at a=0° except for small differences in
the way the ailerons fair into the blade. These differences are presumed
to be responsible for the higher frequency (above 400 Hz) sound levels
being greater for the balanced aileron in the upwind direction. The
downwind (low pressure) side of the blade is identical for bath ailerons
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and the high frequency sound levels show good agreement for the two con-
figurations. The differences in the noise levels at frequencies below
400 Hz in the upwind and downwind directions are considerable. Such a
difference does not exist in the crosswind direction (Figures 8 and 15).
It is expected that the dominant noise source in this frequency range
is due to inflow turbulence, exhibiting a dipole radiation pattern,
the highest noise levels being in the direction perpendicular to the
rotor plane. This was observed for the balanced aileron (Figure 15), but
not for the plain aileron (Figure 8). This implies that for the plain
aileron test, noise due to inflow turbulence was at a lower level.
Although atmospheric turbulence was not measured, the two tests were
conducted under different weather conditions, and thus it can be in-
ferred that the turbulence levels were higher for the balanced aileron
test.

Comparisons of measured and predicted spectra for both the MOD-0A
(40 rpm) and the MOD-0/5A (20 rpm) rotors are presented in Figure 17.
Figure 17(a) shows the measured MOD-0A data from Reference 1 compared
to predictions by the method of Reference 2, which incorporates empi-
rical coefficients based on detailed data from one large machine (MOD-2).
This prediction model includes contributions from the inflow turbulence,
the turbulent boundary layers interacting with the trailing edges and
the wakes due to trailing edge bluntness. Predicted values are in
general agreement regarding both the slope as a function of frequency
and the levels. Similar comparisons for the slower turning MOD-0/5A
rotor in Figure 17(b) show the predicted levels to be lower than the
measured values and furthermore the slopes of the measured and predicted
curves do not agree. These data suggest that the empirical basis for

predicting blade noise may not be applicable to blades with ailerons, or
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to blades operating at tip speeds markedly below approximately 80 m/sec

or both.

CONCLUSIONS

Measurements of noise from a MOD-0 wind turbine equipped with two

configurations of partial span ailerons, yielded the following conclusions:

l. Low frequency (below 100 Hz) noise levels increase with in-
creasing power.

2. The interactions between the wind turbine blade and the tower
wake produces discrete low frequency (below 30 Hz) noise com-
ponents, but does not affect noise levels at other frequencies.

3. The deflection of the plain aileron results in greatly enhanced
noise levels at 400-800 Hz, reaching a maximum at 12° aileron
deflection. This increased noise is apparently due to flow
induced resonances of cavities in the blade.

4. The deflection of the balanced aileron resulted in smaller
increases in noise level relative to those for the plain
aileron.

5. Enhanced noise levels due to aileron deployment are greater
in the upwind than in the downwind direction.

6. At frequencies below about 400 Hz the noise levels associated
with the balanced aileron are significantly higher than those
for the plain aileron. This is believed due to differences in
the structure of the atmospheric turbulence for the two tests

rather than intrinsic properties of the ailerons.

REFERENCES

1. Shepherd, Kevin P. and Hubbard, Harvey H.: Sound Measurements and
Observations of the MOD-0A Wind Turbine Generator NASA CR 165856,

February 1982,



Grosveld, F. W., Shepherd, K. P. and Hubbard, H. H.: Measurement and
Prediction of Broadband Noise from Large Horizontal Axis Wind Tur-
bine Generators. Proceedings of DOE/NASA Wind Turbine Technology

Workshop, Cleveland, OH, May 8-10, 1984. (Proposed NASA CP).

-10-~




o

MOD-0/5A
Model

Rotar

o, Boiew
*/};;"4 3

b "‘"’\ ~ 2 ; ‘ i Famexvitle
Moo Basy g > s Eo Wikt %

§ Soas ! Ovs s pay [““"?&

Cixtpwiie o TN e

a Madatent

Sardusky
40

e
w®

MaD-0

Wingd Turbin

@

Ganeratar

>

o>
Bt
Reftare

Powhatan Pux:t

&
Sianogion £ Lamprae

- N R
Uk {
Midditawn s oo o

i MJ'?:‘:\' 3
g N o Beagg e ; warne g 6
' > ¢ - d ; R Y PaneR e
Figure 1. General lLocation of Test Site with Inset Photographs Showing MOD-0

Wind Turbine Generator and MDOD-0/5A Model Rotor with Aileron

vy Bn Bovsteag,
3

i

S

s
EAntOWR yix




*suoTj}el}g asTmuedg
OM| 3B SUOJATTy 9peld I030Y &Yy 4O S3YD}aG MAT\ TEUOTIV8S SS0IJ °Z 2InbT 4

uaJaTtTy paouersg (Qq) uoJaTTy utEld (B)

SUOT}98T480 o0¢ BUTIBIFSNTTL (GT9Y9 VIUN) ueds %86 3B

auT pIoy)

(%29%9 YIYN) ueds jo %79 3y




0
ydu
‘posag mm
buTM

0s

STl

*8298¢ 0Ol .¢* TT

081

09¢

11

(44

Gz

*Jop
‘UoT309J1I(Q

PUTM
SATIETSY

S/l
pasag
putm

4

MY
‘asMod

ndqnp

TUoT3TpUO] 388)
aTdwex3 ue Ioy I030Yy TopPOW YS/0-UOW 243 I04 UoT3081TQ pPUTM pue paadg
PuUTM ‘I8mod 3Inding jo sbutpioosy ydeabol[Tosp jo S80BI| SNOBUEYTNWTS

*¢ aanbry



N

-palinsea)y alem B1BQ YOTYM 3B SUOTFEI07] BuTMOYS yo3aXs MITA ueld “f aanbry

1487 PUTMSSO0I)
00L2
w N.m z Jd "
puTMUMO(Q ; ; putmdn
0081 ® 0
/
S ——r
\\q >
e
sutTyoep . 7
JO UOT3EI07] L —

ybty putmssol)

0006




LD TR 2 KA Sl
==
X X
2 a
M
" n
a =
H
i
3
-
L
b vl
[ XT84 L4
1
SSTEST
-_‘--J.
- gl
oZaee,
e rra Ol
——TA
e T A
~”?§E§5§
m“"c._
[l 1 1 ] [
= o o o o
~ 0 53 < M ™~

gp ‘1ana7 ainssald punog

100

80

60

40

20

Frequency, Hz

.125 Hz) noise spectra

0

-0/5A rotor with plain aileron.

Effects of output power on the narrow band (Af

Figure 5.

=57m, V=3.6-

=5%; r

a

wind of the MOD

5.8 m/s.

un



</0- ayq Jo putadn
*sfu g G¢-9 €=A ‘WlG=I ‘,¢=0 -uoxaTre uTeld Y3iTA 10304 v5/0-QOW

S g aJndtd
BI309ds @STOU (2ZH §'2g=JV) PuBQ MOJLJIBU 9Y3 UO Jomod qgndqno jo 5909334 9

zH ‘Aduanbaagy

000¢ 0091 00Z1 uos 118}/

L
4 L ] L

M3 ¢
MA G6¢

JOMOG oo :
Jamog

ot

174

0¢

o

us

09

gp ‘1248 aanssaad punog




000 ‘W [G=I *SUOTIILITP JUBIa44TP 991y3 UT uolatte uterd yjTm
10301 ¥G/0-Q0W 8y} woly asTou ayj jo BIDadS (ZH G°Z=4V) PuEq mMolley

zH ‘Aouanbaay

0002z 00971 00¢T 008 ooy
i T 1 ] |
w.:. ..\,hm 7% L... 1.??
: Y O a A
) ™ X { s \ ——.._JQ
¢ - .v - s..? ‘s J}\
[ [ oA Pk a,
. — \.\ﬂ\.ﬂlt& -\ « (ﬁ tJ‘J\O’ﬁ .
i By Y
I o N S oy et .fA .mm... 4
W ..r.r......\..v." Ve, L O ¥: © g
..sm\.@ ?..lh--.!'-u\ﬁf
w_
- A
!
0¢ 6 3497 puIMmMSSO0a) i
ST f putmdn - - - -
1] t PUTMUMOQ  we-ereeememmn
MA g s/w

0t

0z

1}9

on

0s

a9

*l @InbTt4

apP ‘[aAéﬂ ainssald punosg



*00=0 ‘W £¢=I ‘SUOT}IBITP JUIS4JTP 93IYy3} uT uoJafre uterd
Y3Im J10303 y5/0-COW 943 woly 8sSTOU ayj jJo eI30ads pueq 8AB3I0 PITY}-3uQ

ZH ADN3NO3d4 d3LN3D ONHE 3AHLO0 THIHL-3NO

pBoc @eal ves 8se €21 €8 1€

- L] L] - L } | —  J L] — L | R — L L — L Ll - L] 1 QN

.

1 o

1 peS

-10¢€=

. )

N T

P

b ™

1B

-1 0bC

173

m

i r

- m

{1 &

—es™

- o

6y 3497 putmssory O j @
UJ putmdn O .

4 putmumog OO
s/w T i
-1 @9

* g 2anbt4




‘W o/g=a

*uoJatre uterd ayjl jo satbue uotjoaTyep
40 abuex e Joj putmdn painseaw eijosds @sTOU pueq 3AB3I0 PITY}-auQ

ZH ADN3ND3d4 d83LN3D ONHE 3AHLO0 THIHL-3NO

ey VP82 08! BBS gce G2l €9 I1€
—, L} L — T - v ¥ d L L — LS — ) J ¥ - L4

l

]

6y ST D J .,.‘ B
L*9 AGE N

§'y 6 D j

Sy 9 o i

€'9 ¢ o 1

7'g 0 -
s/u ‘A “bap*o ©

5]

o
v

]
1N
8P T13A37 3¥NSS3dd aNNOS

o
(o)

8¢c

*6 9anbT 4



0ooz

‘MY Z22-0¢=d
‘s/w [*9-0°9=p ‘w ;¢=1 -sa[bue uoT}08T49p OM3 Joj uoJa(re ureld yjTm
J0301 Y5/0~00W @y3 Jo putmdn BIjoads asTou (ZH §°Z=jV) PUBQ MOIIEN

zH ¢‘Aouanbaa

009T 00ZT 008 ooy 0

~e

~omay

0¢

o

0s

0T 2anbry

gp ‘T19ana7] ailnssaid punog




‘W /6=31 -saTbue coﬁuowamwv oM} Joj uolalTe urterd
U3TM J0301 YG/0-U0W 343} jJO BI}Dads asTou (zH G'Z=4V) pueq molaeN “*[ andT 4

zH ‘Aouanbaai 4y

0002 0091 00Z1 008 oon 0
r T T T L 01
putmdn (e)
. .n.so...n....u 2\ | ’ 7 0
f....o(.v:;l..\..u 7 ’ !
_ %

1 lnloh -Wa.\s Q-UJM... . m.v
1% 2
\ﬁfw?: z% u.n. =
EEACY R % &
R : N g
Cald 1, =
m i ...“ w". @
Ve ‘# - o% g
0i b u
n“ Al A
u-n 8
o b
&

oz oc A + o

_0o% £°¢ 0 —_—
My g s/w ‘p ‘bap %o
~ (09
* [N



(*3u0J) *TT 2nbTy

zH4 ‘Aouanbaa 4

0091 0021 008 0ot 0

T ¥ T T 01

putmumop (q)

gp ‘1ane] ainssaly punog

4 oy
g
01 6% OT v _
ST Y 0 —_ 0S
M1 ‘d s/u *Bbap ‘®
< 09




000¢ 0091

(*Tou0]l) - 171 @anbrt4

ZH ‘Adusnbau

0021 008 8]0}/

) ¥ I

31497 putmMssoio (3)

o
[
.
o
.
s
N
»’
g
4
.
3
M
,
'
1

DD.—.. esiesses v ar

ot

0¢

0¢

on

0s

09

gp ‘TanaT aINSsald punosg



. "M TZ=d ‘s/w g°G=N
¢20T=0 ‘w /¢=1 -uozayrte urteld y3T™ J0301 YG/0-Q0W ¥4y} wWoly 3IsSTOU
ayy jo exjoads (zY4 G- Z=4V) pueq molieu putmdn ayj uo wdl jo S303343

zy ‘Asusnbaly

0091 00ZT 008 - o
' ! e ! T T o1
T N Y
i
| 4 0z
4 o¢
i 4 oy
8°CT = WdY¥ e :
07 = Wdy —— I
J o

*ZT 8anbr 4

gp ‘Tena alInssaly punog




*w /¢=3 -sarbue uorjosTyep omM3 JOJ uoIa[TE
paoueTeq yitm 10301 y5/0-0d0W 34yl Jo puimdn eJjoads astou pueq MOlIJdep

*¢T 2anbr 4
zH ¢Aouanbai
00o¢ gu9t 00ct uug uow U
' Y T I .
YR < uz
e} y " ... 9
.“.”_. ) - «. ... e ...~. .
. M i u-"...u ) ..w..“
: 20 4 o¢
e
: f O - (v
72 LY 6 ——
& l'¢ < rereranaas L
T < S /Ui 3 .mm ..C
MA d / A p I
*

gp ‘r19na
2anssald

punog



Figure 14.
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Figure 17 . Comparisons of measured and predicted one-third octave band spectra for the
MOD-0A and MOD-0/5A rotors
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