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ABSTRACT

Since regular operation of the DOE/NASA Mod~l wind turbine began in October 1979 about 10 nearby

noussholds have complained of noise from the machina,

pevalopment of the NASA-LERC wind turbine sound

preoiction code began in May 1980 as part of an effort to understand ang reduce the nolso generated Dy

Mod-l. Tone sound levels pradicted with this code

are in generally gooa agreement with measurad data

takan in the vicinity Mod-1 wing turbine (less than 2 rotor clameters), Comparison in tne far field
indicates that propagation effects due to terrain and atmospheric conditions may be amplifying the actual
sound levels by about & db. Parametric analysls using the code has snown that the prajominant contfie
putors to Mod-1 rotor roise ere (1) the velocity deficit in the wake of the support tower, (2) tne hign

rotor speed, and (3) off~cptimum operation,
INTRODUCT ION

since regular operation of tha Mod-1 wind
turbine began in Cctoper 1979 about ien
nouseholds have complained of noisa from the
machine. Tne character ¢f tne nolse is
gescrived as an audlble "thump" at @ repetition
rate squal to the blade passing frequency. In
some instances, low frequency acoustic energy
nas resulteo in complaints of vibrations within
the homes.

since January 1980, efforts have been cirected
at identifying tne causes of tne noise and
metnods of reducing it. One effort has been the
gevelopment of computer preciction ¢ndes and
obtaining experimental date to verify tnese
codes. The objective of this effort 1s to
understand the noise generated by Mad-1 and to
prevent it from being @ problem on advanced
machines. Development of a wind turbine sound
pregiction code began at the NASA-LERC in wmay
1980. This report presents (1) measured data
tnat characterize th2 nolse problem at Moo-1,
(2) the analytical methog used in the NASA LeRC
code, (3) valldation of tne code using experi-
mental data from Mod-l, and (4) applications of
the vode to the Mod-1 situation.

SUMMARY

Measured data taken at the Modg-l site show that
the impulsive character of tne noise is composed
ot hamonics of the blave passing freauency.
wile some of these harmonics eu?st below the
auuible frequency range (about 20 to 20,000 Hz),

guny are avuve the nominal augible thresnold of
0 Hz.

A computer program (WTSOUND) has been developed
for calculating the intensity and frequency
chatacteristics of sounds generated Ly wind
turbines in a non-uniform wind flow fleld. The
results calculated with this code are gensrally
in goouy agreement with Mou-l measured sound Spec-
tra, However, propagation effects due to terrain
any atmospheric congitions have complicated the
amplitude correlation with Mog-1 detm in the far
field. These effects have been estimated by the
code to cause an amplification of & 0B or more
at a home that has registered complaints.

The WISOUND code has been used to determine the
gource of the noise generation from Moo-1 as
well as lcentifying operating congltions
associated with tha nighest noise lavals,
Moteling of the wing flow field characteristics
shows that the prademinant source of noise from
Mod-1 is the wing valocity dsficit in the wake
of the towsr. Because the rotor plana is
gownwind of the tower, this aeflcit produces
charges in the aerodynamic forces on the blades
resulting in sound pressure variations in the
acoustic field, The leval of tre sound pressure
variations is most strongly & function of rotor
speed and wind speed. Reuducing the rotor speegd
from 35 to 23 rpm is predicted to reduce SOUNO
lavels by about i1 dB. The increase in sound
levels with windspeeo is expected to be about 12
& between cutin and rated windspeeds. Vvari-
ation in sound level with power is not clear-cut
since high sound levels can occur during both
nigh and low power conditions,

MOD-1 MEASURED DATA

In January 1980, the Solar Energy Research
Institute (SERI) and the General Electric
Company under DOE funding begen visiting the
Mod-1 site to investigate the noiss problem.
During those visits, tape recordings of the
$OUNG pressutes wers mage both near the Mod.l
and at resigences that had compleined of nojse,

A good example of the recorded time nhistory of
the pressure variation near the Mod-1 recorded
by SERI i3 shown in Flgure 1. The impulsive
nature is clearly apparent as each bladge passes
behind the tower structure. The passage of the
blade through the weke of each leg of the tower
is seen a@s the two upper peaks approximately
0.075 seconds apart.

To better understang the character of the
pressyre impulse, spectrum snalyses were
performed on the measured cata. On2 sample
spectrum of the sound near the Mod-1 1s shown in
Figure 2, Tnis was recorded when the machine
was generating a heavy "thumping" sound at a
residence, From this analysis, it is obvious
that the impulsive character is compnseg of
narmonics of the blade passage frequency (1,16
Hz). Wnile the highest amplitude harmonics
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Figure 1 - Time history of the sound
pressure variation near
the Mod-1
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Figure 2 - Spectrum Analysis of
sound varfation near
the Mod-)

ANALYTICAL METHOD OF THE WTSOUND CODE

The approach used in geveloping the wind turbine
sound preaiction code, WISOUND, was to apply an
available theory used for calculating noise from
conventional aircraft propellers. The
development of such theories goes back to 1937,
when Gutin first successfully calculsted the
noise from 8 propeller in a uniform flow fielg
(ref, 1), Since then, Gutin's thaory has been
extended to include the affects of non-uniform
flow flelds (ref, 2) and applied to helicopters
and turbomachinery as well as propallers. The
WISOUND code was written using this theory to
provide a means of calculating sound intensity
ang frequency characteristics specifically for

wing turbines in non-uniform flow fislan,

™a predominent sounct produeed by & wing tutbine
s anrocintes oiractly with the ssradynamic
AYessLTER N tha hlacas. Thess prassuras can be
Felatad for convaniance to the thrust and torque
forces on the rotor. Tha thrust and torque
forces have componants that are both staady and
unsteady in time, The stesdy forces produce
found culled rotational noise, which consists of
prassure vaclstions in the acoustic fisld at tha
blada passing froquency with harmonics of
rapldly cecreasing magnitude, The unateady
forces mey be sither periooic (i.e, tower shadow
and winashear) or rendem (1., gusts), Nolse
Oue to periacic unsteady forces mey be dominant
over rotational noisa end generated hignar
harmanics of amplitude comparable to that of the
fundamantal,

Tne method used to detarmine the sqund pressure
levels in the acoustic fiald is describeg by the
flow chart in Figure 3, This procedure can be
summarized as follaws: (1) calculation of tha
steauy eercdynamic blade forces, (2) variation
in these forces due to vnsteady asrodynamics,
(3) Fourler snalysis of the force variation, ang
(4) calculation of soung pressure levels in the
scoustic fialn. Tnhese steps are explained in
more detell in the following sections,
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Figure 3 - Flow chart of sound
pressure level calculation

Steady Aerogynamic Blade Forces

The total thrust force ang torque on e rotor in
uniform flow is cetermined from blace element.-
momentum theory, The reader is referred to
refarence 3 for development of this theory,
There are several computer programs svailables
that use blade elsment.momentum theory,
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incluodng tha PROP coue (raf, 3,  Tha FROP onde
requires modaling of the wing turbine
charactaristics and oparating conaitions (i.s.
planfarm, twist, rpm, windapead, etc) to
caleulate tha atasdy taroues and thrust force on
the rotor, Tha total torque and thuat an the
rotor can than he rasolved into equivalant
forces acting on aach blacn at a single polnt,
The paint uked in this snalyais is the 75
percant radiys of tha biade, That radial
location is also used when modsling the unsteady
aarodynamic variation,

unsteady Aerodynamic Alade Forces

Once the steady farces have bean determined, the
unsteady forces are obtainea through perturd-
ation with non~dimenaional force coefficlents,
Fiyure 4 shows the the wind velecity end force
vector diagram of an airfoil element of chora
length ¢. This airfoil {s operating st a piton
angle © with respect to tha plane of rotation.
Tne velocity of the wird at the rotor plane, ¥, ,
comblnes with the velocity due to rotation, Vi
to give the relative velocity vector, VR Tne
relative velocity vector acts at an angle aof
attack awith respect to the airfoil chord

line, e relative welocity and angle of attack

are given by
9 2\1/2
Va " (v“-rvn) (1

~l w
a®tan )=

the airfoil lift and drey coefficients are shown
as the heavy llne vectors in Figure 4,

Figure 4 - Wind velocity and force
vector diagram

These coefficlests can be transformad . ntu @&
thrust force coefficlent, (g, acting perpenni-
cular to the rotor plane ang a tomue force
coeffloient, Cq, weting parallel to the rotor
plane where

Cp ™ &) conln + 8) + €y ainia + 0) (3a)

cq - sdn{n + O) ~ cn coala + 6) (3n)

The thrust and torgue coefficlents can now he
used to determine tha unateady forces assoclated
with pariodic variations in the wingd velocity,
Vg . Such a perlacic variation will occur as
the blage rotates through wing shear or behing
the wind turbine support tower. The quasi.
steady state values of blace thrust force, TV,
and toraue force, QV , at any rotor mzfmutn
position, ¢, are given by

W
¢
™ a-Lq®

]
Cy

(4a)

ang
c® (4bh)

in wnich the superscript s denotes the steady
forces ang coefficients respectively,

Fourler Analysis of the Force variation

The next step 1s to a perform a Fourier analysis
of the blade force varlatlon. The complex
fourler coettlicients for the thrust and torgue
forces respectivaly are glven by

2n/h
)/ iplit .\
.': - % AP ¥ (1 {ha)

and o [
'g "5 / oiP tQ*('r)&h’ (%)
0

{n which ] is the rator speed.

These coefficiems are determined in the program
using the IHM sybroutine FURLT. FORIT glwes
real Fourier coefficlents Apnnu B, for the
cosine arsd sine terms respectively., he
transformation to cumplex coefficlients is

+
L Ap ﬂp (ea)
or

a s A = 1B

“p P P (&)
for

pu

A correctiun to the quasi-steady stete amalysis
can now be made by including the effects of
unsteady aercdynamlcs,  The approach usey here
to determine the respunse of the airfoll was
developed Ly Sears (ref, 4). The correction is




ivan by & simple axpression callad a Sears
?umuon which is useo as a factor to the
Fourder cosfficiants, Tne suprassion used to
spproximate the Sears function is

5o m“’{ m[: K i“"sJ

(0 + 2m)i/2 ()
for 020
o Rik
where @ 2v, (7b)

The coefficients a4y and a.p in Equations (6)
are myitiplieo by ene Sears factor before use in
caleulating soung pressure levels,

Sound Pressure Levels in the Acoustic Field

The mathematical relaticnship for calculating
the souma pressure levels from the Fourler
coefficients of the blade force variation was
obtained by Lowson (ref. 5}, The RMS pressure
varistion of the nt" harmonic of the blaae
passage freauency is given by the following
equat lang:

. .-..f [ 1p(¢\-nl2)

Jan- p(k r_any)

pel
T . DB -~-p Q
x (lp con Y “n'm .p)
ip(p=-n/2 (8o
-1
+ 1000 ) nl+p(k r_ esin y)
T nb +
- --—-...3, Q
(‘-p con ¥ l"ntm .-p)]
+J B(k r ain Y)(f cg.‘--.;q}n__ Q.)
nm
LBy
and kﬂ EB (8n)
in whien

B lis the numer of blades
5 is the gistance from tue rotor

Y. are azimuth and altituve angles
te the listener

¥, 1% the bDlade radius where the thrust
and tomue forces are assumed to act

J 1s the standare Bessel function

Co s the spee¢ of soumy

VALIDATION OF THE WTSOUND (D0F

Te vapify the accuracy of tha WISDUND code,

measurats cata from the Mod-l wind tufhine ware

used,  The data pressntag here were taken from

gensm Ii‘im:trlc Company report n (unpuli dshet Ly
o Wells,

Corrmlation with tha Mod-) Messured Data

On June 10, 1980 st 12:3 a.m sound lavals ware
balng measured with a microphone Jocated sbout
240 ft from the Moo-1, The wing tutbine was
operating at 34.6 mm in & 30 aph wing ant
generating sbout 730 kw Into a 1oa0 Dank, Tne
MEsSUTED SOUNd spectium is shown in Figure 8 anp
has been casignateo case GE 180, These measureo
sound levels consist of both tones and broad-
bardl nolse, The tone levels, shown as the
NTTOw peaks, are generated by the wing

turbine, The broad-bang level, shown ss the
flat sreas of the spectrum, is compoaeo of
athient wing noise as well as bleoe vortex moise,
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Figure § - Mod-1 measured sound
levels for case GE 180

Since the WTSOUND code calculates tone soung
pressure levels, the effect of the broad-tbarg
noise on the spectrum must he removed for
comparison with the coge, To do this, two
points on the spectrum wers chosen that were
believea tc be st the broao-bang noise level
(B] sna B in Figure 5). The broad-band
levels throughout the spectrum were calculatey
using the following empirical mocel:

. Lg“'?l FAUIN
N D PO b 1 2 (9
10.-‘—

1

U; is the broachand sound level in
&8 st frequency f

L;’ L;’ are the broadand sound levels
in B #t pouints B; eny B,

1, f2 are the freauencies corresponuing
to points B) ang By
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The tane-only levals ware than daterminad by
K/t0 b
b = 10 las(lo e ot ) (10)

whers

is the tone sound lavel in o8 at
freguency f

-
P

(15 the measureq total souny level in
f o8 at frequency f

Some typical adjusteq tone-only sound pressure
levels are shown as the squares in Figure 5,
Note that tnis correction is small and can only
De seen in areas whers the tone and broad-band
levels are comparable,

An analytical model of the Moo-1 wind tutbine
was ceveloped for case GE 180, Steady thrust
and torque forces, required input for the
WTSOUND code, were calculated using the PROP
performance code. The wind veloclty deficit in
the wake of the tower was gpproximated as an
average 0f the velocity profiles at the 69, 75,
and Bl percent blade radius. The velocity
profiles were taken from scale model wind tunmel
tests of the Mod-1 tower (ref, 6). Flgure 6
shows the measured wake velocities as well as
the analytical wake model assumed. Note that
the measured and assumed profiles were taken at
different cgistances downwing of the tower. No
correction to the wake for distance appears to
be required, ang noie was made.
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Figure 6 - Mod-1 tower shadow

Lowson's equation qgives free-space soung
pressures with ng effect of reflection from
nearty solid bodles, A 6 db increuse has peen
Incluged in the WISQUND code analysis to account
for reflection when using microphgngs near the
around, Tnils correction is common practice when
caleulating airplane propeller noise at ground
level (ref, 7).

Figure 7 shuws the comparison of measurad and
predicted soung levels, The squares are the
same as thuse shown In Figure 5, The vertical

W

lines are the tona lavels pradicted by the
WISOUND cade, In genaral the code pradicts the
amplitudes of the nighast narmonics vary well,
Also tha roll-off rates (amplitude ascressing
with frequency) of tha harmanics compars
favorably, Tha aiffarances that do axiet are
balisvad to be associnted with tha towar shadow
model mentionad earliar,
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Figure 7 - Comparison of theoretical
and measured sound spectra
for case GE 180

To more conveniently characterize the overasll
sound level of this spectrum, the root sum
square (RSS) of the harmonics between 20 and 50
Hz was calculeted. The lower end of this range
was chosen 85 the nominal threshold of hearing,
The upper bound was Chosen because the tone
levels gbove this frequancy fall below the
broad-banc nolse. As shown In Figure 7 the
20-30 Hz RSS sound pressure level given by the
WTSOUND code is 2 dB lower than the measureu
data. 7Tnis agreement is felt to be very goou.

Table 1 summarizes the results from GE 180 as
well as two other examples, cases GE 140 snd GE
i3, These twc cases were chosen to test the
abllity of the code to preaict changes in rator
speed and dgistance from the machine,

GE 140 documents the sound levels near the Modal
on June 9, 1980 at 9:22 p.m, The wind turbine
wis operating at a reduced speed of 22.7 rpm
while agaln gererating 750 kw. The wind speeo
of 26 mpn was lower than the 30 mph wind of G
180. the meassured RSS suund level for CE 140 is
17 @B less than GE 180. Note that this
reduction s exactly the same as predicted by
tre code,

CE 18 documents the sound levels at syme

distance from the Mode) (3100 ft. downwind) on
Marcnh 31 at 12:26 pm. 1nis location is near a
residence that has complained of npfse from the

e s ot it it
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mching, At this time the Mode) was oparating
ot 34,7 1om 4n a 30 mph wing and Preducing about
JB850 Kkw into the utlut! ?nn. The measured
20-50 Wz ASS sound Javel {n 2! gR lowsr than e
180. T predicten level, Miwavar, was 27 of
lower, Thus the actual level is shout 6 ]
higner than pragiates by normal spharical
dispersion, T™his 6 8B incresss (a balisvea to
be asnocisten with focusing of the soung oue to
torrain and atmospraric conaitions, Though the
smount of amplification mey vary, this case
cemonstrates the use of the coge to auantify the
affacts on sourng RIOpagation,

Table I - Summary of Mod.)
sound data cases
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APPLICATION OF THE WISOUND COUE

After gaining confidence in the ability of
WISOUND to predict the soundg characteristics of
wind turbines, the code was used to investigate
the Mog-1 problem, In particular, studies were
made of (1) the contribution to the sound lewel
by characteristics of the flow fielo, ang (2)

the operating conditions that affect the Mag-1
sound probdlem,

Effect of Flow Fiely Characteristics

The WISOUND code was used to getermine the
relstive contribution to the soung level by the
characteristics of the flow through the rotor.
Figure 8 shows the effect of the uniform flow,
wind shear, ang tower shaoow, As statea
esriier, the uniform flow fleld contribyte
significantly only to the fundamenta] blage
pessing frequency, Similerly, wing shear, which
is essentially o l/rev, variation, contributes
only to the first few hammonics. However, with
the adgdition of tower shadow, many hatmonics gre
introduced that have high amplitudes wp into the
sudible frequercy renge. Thus, the pregominant
contrlbution to the noise problem of Mod.l jis

the winct velocity ceficit n the wake of the
tower, "
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Figure 8 - Effect of wind shear and

tower shadow on wind turbtne
sound level (Mod-1 case GF 17)

Effect of Operating Conaitians

In an effort to better understend the concitions
unaer which the nighest sound levels sre
Produced, the WISOUND code was used to study the
effects of various operating parsmeters, 1In
particular, the effects of power, rotor speeo,
wing speed, and direction were investigateg,

Figure 9 shows the predgicteg Sound levels versus
pawer output for both 35 and 23 rom operation,
The solid line shows normal operation as thg
wing speed varies from cutin through rated to
cutout wing speey (6, 15, and 20 m/sec
réspectively). This snalysis shows sbout & )2
@B incresse in sound leval from cutin to reted
wind speeds for both 35 &t 23 rom operation,
™is sgrees reasonably well with empirical
modeling of the measured data that inaicates »
variation of about 14 oB over thuse wing speeus.

During normal operation st 23 rpm, the spung
levels pregicted in Figure 9 are sbout 11
lower than those for 35 m™mm. This also agrees
well with measyrec gata taken inm June 1980,
Ouring those tests, the Mog.) wis Qperatey at
various speeas into s loag bank, Analysis of
these cata showed & reduction of sbout 10 o8 at
& rotor speed of 23 rpm,

The shaceo ares in Figure 9 represents operation
below the availsnle power in the wing for wino
spreds less than rateg, Opergtion in this
nglon is characterizeg as off-pptimum, unaer
this situation the piten of the blade {s
increaseo towarg feather, to 1imit power below
the rating of the machine, The shadeo ares
ows thet righ sound levels may be produce
even st low power lavels. This conclusion seems
to be supporteo by the fact that GE 180 (750 uw,
X0 mpn) is further from mrmal operstion than Gf
140 (730 kw, 26 mpn) gng s higher in soung

- T e e e




leva) than tha )}l @B differance associated with shout 1} dB. Tne increase In sound levels with

4 rpm only, windipead is precicted to ne 12 0B between outin
‘ and rated,
; Tne sound levels at off-pptimum aparation above
: rated have not baen catermined, Impravements in .« ROTOR PLANE
i the unsteady merodynamic force calculation in |'

tne WTSOUND cade afe being lncorporated to ‘
L analyze this area of oparatlon, |
5 120 - NORMAL OPERATION . I P
H ] === 18 NS (RATED) WINDSPEED V, -

& Y272 OPERATION BELOW RATED | oGt 18

E!OD { ) WINDSPEED, M/§ WIND '
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| ¥ Figure 10 - Pradicted sound directivity
. 2 20 - ) gnttern in a plane 1100 ft.
| ) o - elow the Mod-1
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Figure 9 - Effect of power, rpm, and
windspeed on Mod-l wind
turbine sound levels

HEFERENCE L

oo Guting Lo O the Sounet Fielo of b utating
| The WISOUND code can also be vsed to calculate Propeller, NALA M L1195, 1wab,
the oirectivity pattern of tme spund., Flgure 0
i shows the directivity pattern in a plare 1100 7. Golesteio, M, Fo, Aeroacoustics,
r ft. below the Mog-1 huo helgnt. The oirection Mc Graw=t:i11 Book Co., Inc,, i4/c,
| of highest soung pressure 1s directly cowhwing;
| nowever, it is nearly as high upwing., Minimum 3 wilson, R. E.; anu Lissaman, b, B, 5.
soung generation occurs in the rotor plane where Applied Aerodynamics of Wing Power Machine:,
' levels are ebout 18 B lower than downwing, Oregon State University, May 1974.
This compares reascnably well with measuled date {NSF/RA/N=T4~113, Pba2385%5/3),
| in the near field showlng about 15 0B variation,
| 4, Sears, william k.3 Some Aspecte of
b Non-Stationary Airfoll Theory sno its
Fractical #pplicativne,  J. Acronact, Sci,
CONCLUSTONS vol, B, no. }, 1¥al, pp. 10e-106.
The WTSQUND canputer tode shows generally good Y. Lowson, M. v.: Theeretical Analysis of
agreement with sound spectra measuted in the Compressar Nolse. J. Acoust. Soc. An.,
I vicinity of a wind turbine. 1In the far field, vel, a7, no, 1, po O, 1970, pi 371200,
nowever, correlation of the absolute amplitude
of the sound level is complicsted by propagation 6. Savino, J. M.; wegner, L, H., 8nd Nash, W, !
effects. For the case in this study, terrain Wake Chatacteristics of a Tower for tiw
ang meterclogicel conditions caused an increase DOE=NASA Muu~l wine Turbine, NASK TM=78BL
of about & . 1978,
Analysis using the SOUND ¢ode shows that the 7. Regler, A Ay Mobbalt, M. H,; Lassiter,

predominant contributot to the noise problem of
Moo=l is the wing velocity deficit in the wawxe
of the tower. (hanges in the aerodynamic
forces, as the blades pass through the deficit,
produce sound pressute variations in the
acoustic field,

The level of the sound pressure variations are
most directly affecten by rotor speed ang
wingdspeed, Reduciny the rotor speed from 35 to
23 mom is preacicted to reduce sound levels by

L. w,: Fropeller Neise,  Teuhnjcal Aupects
of Soung, E. u. Richatrgson, ed,, Flsevicl
Publistang Co., 1957, pp. 3A3-356, ey,

p. 23,

Tl ki




