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RAGTNAL BA E&Tl?r
or POOR QU
EARLY OPERATION EXPERTENCE ON THE ERDA/NASA 100 kW
WIND TURBINE
By Jolm C. Glasgow and Bradford S. Linscott

t National Aeronautics and Space Administration
2 Lewis Research Center
ek Cleveland, Chio WU135

INTRODUCTION

The 100 kW Experimental Wind Turbine is a part of the national wind
gnergy program under the direction of the Energy Research and Develop-
ment Administration (ERDA). The NASA Lewis Research Center has
designed, built and erected this machine near Sandusky, Ohio, and is
currently testing it to obtain engineerin; data on large horizontal
axis wind turbines.

The wind turbine has a 125 foot diameter two-bladed rotor (ref. 1)

which drives a 100 kW capacity synchronous generator through a step-up
gear box, The rotor is positioned downwind of a 100-foot steel truss ]
tower as pictured in Figure 1. The rotor is designed to operate at a __ |
constant speed of 40 rpm, and it drives a U480 volt 60 hz three-phase
genevator at 1800 rpm., Constant rotor speed is maintained by con-
trolling the blade pitch angle with an active feedback control system.
The rvoltor, generator, transmission and associated equipment are

wmuwilted in 4 nacelle, Fipure 2, which can be yawed to align the rotor
with the wind. Power, instrumentation and control connections to the
ground are made through slip rings.

The turbine was designed to begin generating power in winds of 10 mph
(100 feet), and produce 100 kW at a wind veloeity of 18 mph. In

‘ winds above 18 mph, the generator continues to operate at a 100 kW
output by adjusting the pitch of the rotor to spill the excess wind
energy. When the wind velocity exceeds U0 mph, the blades are

- featherved to bring the potor to a stop in a horizontal position. A
brake is then applied at the high-speed drive shaft to lock the rotor
blades against rotation. )

Final assembly of the machine was completed in September 1975 (ref. 2),
and it became operational in October. ITn December 1975 the machine
First achieved its design speed of U0 rpm and produced 100 kW of

power. During the course of these initial operations, data was taken
on the rotor, blades, the nacelle and the tower. Some of this data
describes the coupled dynamic response of the machine. Selected
portions of +this data are presented and discussed in this report,-along
with a brief description of the instrumentation.



INSTRUMENTATION

The 100 kW wind turbine data system provides approximately 100 channels
of real-time vontinuous information. Some of this data is dis_ussed
helow.

1. wWind velovity and azimuth {rom a meteorological tower.

2. Wind velocity and nacelle yvaw angle relative to the wind,
[prom the wind turbine nacelle as shown in Pigure 1.

3. Tower deflections x and vy.

4, Navelle avcelerations Xx. y and 2z at the vrotor shaft
bearing support aearest to the protor.

5, Rotor blade pitch angle.

b, Rotor blade bending moments, indicating beamwise (M) and
chomlwise (Rhy) bendine at two stations along the blade span.
7. Rotor shalt torgue (Mz) and bending moments M, and My.
8. Rotor speed and blade position.
Y. Alternator oulput,

Figures 3 and 4 give a schematic representation of these measurements,
their location on the wind turbine, and the sign convention of each.
The data reported herein were taken on str.p chart recorders. Com-
posites of this data is shown in 'igures 5a through 8d. Each set of
data is time covvelated, the T) and Ty Lines referring to the
same instant of time frowm chart to chart. The time in seconds and
the time when blade #1 passes through the 2909 point is indicated

o the top and bottom of each data [igure.

DISCUSSION 0" TUEST DATA
Design dpead at Reted Power

The measured moment data shown in Uigures 5Sa, 5b and 5S¢ were taken
when the wind turbine was operating at 40 rpm and producing 100 kW of
power., ‘The wind was lrom the south-west at 2420, with a veloeity of
20 mph, The rotor horizontal axis of rotation was oriented almost due
past-west at 2629, or 20° off of the wind Jdirection as indicated by
the meteorological tower. The meteorological tower is located

about 700 feet southwest of the 100 kW wind turbine. The rotor

blade beamwise bending moment (M) shown in Figure sa at blade radial
station B0 vavied Ffrom 0. to -130,800 ft-lbs for each rotor revolution.
Nerpative beamwiee bending momoents cause the rotor blade to deflect out
of the plane of rotatien toward the tower structure.

Wind speed measurements near the sides of the tower indicate that the
wind velociby on the downwind side of the tower is substantially
reduced with respect to the free stream wind velocity as a result »f
air low blockage by the tower s™ructural members. As the rotor
blade passes downwind of the tower, it enters a wind stream of rela-
tively low velocity or the so-called *tower shadow.™ Thae blade
responds tuv a combination of (1) the relative abstice of wind loads




due to tower shadow and (¢) the continual bending moments induced by
centrifural loads due to the rotational speed and the 7Y blade cone
arsle,  The maximum beamwise bending moment response of the blade
pecurs ab about = = 357,

The beamwise bending moment at radial station 470 appears to be
similar in wave Lorm and in phase with the beanmwise bending moment
at stuation W, as shown in Cigure 5a, ‘The wave form and phase lor
the chordwise bendine moment at station W) is generally similar to
that at statien 370, as seen in [igure 5a, This implies that the
blade is bending similavly o a cantilevered beam. The magnitudes
For these mean and cycelic bending momenis are sunmarized in Table 1.
Phe blade pitch angle sebting varied from -109 to -9 witihi respect
. to the chordline at 0.75% r-R. The Llow speed shaft torgue shown In
I'ivure 5b varied between 18,000 Ft-lbs and 32,400 ft-1bs, while the
power fluctuated From 93 ki to 100 kwW.

The tower displacements at the 83 ft. Level varied from -.15 to +.4
inches alonye the x dirvection as delined in U'igure 5Se. Tower disg-
plavements in the y direction were small compared to deflections
in the x divection also shown in igure 5c.

Data [rom the accelerometers mounted on the bearing support, nearvest
the rotor blades were recorded as shown in igure 5¢. TFourier
analyvsis of the data taken from the dccelerometer measuring vertical

aceelerations (ﬂﬁ Indicates a high 10P (L0 cyeles per rotor
revolution) content, Response {rom Cthe accelerometer measuring
hovizontal acceleration (xﬁ indicaces a combination of tower

and nacelle mobtion when compared with the tower deflections at 83 [t.

|
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The data, shown in Figure O, was taken when the wind turbine was
operating at 40 rpm and zero power. The wind velocity, wind direction
and nacelle direction, with respect to the wind direction, were
identical ko the conditions experienced during operation at design
speed and rated power.

: As in the powered condition, the beamwise and chordwise hending
moment wave forms at blade radial station 40 are similar U the wave
forms at station 370 shown in Figure G. ‘These mean and cyclic sliade
bending moments are summarized in Table I. [IE dis noted that an
increase in blade mean and cyclic bending moments occur when the power
is reduced from 100 ki to 0 kW, Tor example, the heamwise mean bend-
ing moment at staltion 370 increased by U3X when the power was reduced.
The large increase in the mean blade beanwise bending moment is due

g to a decrease in the thrust Loading on the blades during operation

at zero power. As shown in Pigure 0 the blade pitch angle was sebt at
i about -12.59 while maintaining 40 rpm at zero power
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EBnergency Feather

During operabion at H) rpm and O, kW, a liquid level sensor sensed
a low hydvaulle oil level in bhie reservoir [eeding the hydraulic
pump. ‘The hydraulic pump supplies oil to the blade pitch control
actuators throuegh an electro-hydraulic servovalve, Wihen a low
hvdraulic oil supply is senseid, emergency shutdown is initiated and
the control system automatically esctivates a rapid collective change
in the blade pitch angle, The blade piteh angle changes from the
operabing pitceh angle { _ 09 ko the full feather pitch angle {909},
This rapid blade piteh angle change is referrved Ko as an "emergency
feakher.”

The test data shown in Pleure 7 indicates that the hlade pitch angle
changed from -LY to -89.59 in about 20 seconds. The voter speed
decreased From U1 ppm to O ppn in about 23 scconds,

Maximum beamwise Dbencding moments ab station 40 and 370 occurred at
1.7 and 1.4 scoonds respectively abter initiation of the emergency
feather., At station U0, the moximum beamwise bhending moment
measured was ~160,000 ft-1bs and at station 370, -u7,000 ft-lhs.

A maximum chordwise bendinge momont, at station U0, of ~96,000 ft-1bs
oecurred 1.1 seeonds alter dnitiabtion ol the emersency feather, with
moments approaching this value at 2.8 and 4.8 seconds after initia-
tion., The maximum value for shal't torsion, at 8,000 ft-1bs, cccurred
ab 2.% seconds af'ter initlation.

Systom Response to Rotor Speed Variation

Fisures Ha throughh 8d present a seb of circumstances which depict the
vlose Iuteraction bebtween system dynamics and rotor speed. Duping
this phasce ol operation the wind speed, indicated by the nacelle
anemomebeir. was varyving bebtween 22 and 37 mph.

Tt was difficult 'or the control system to maintain constant rotor
spred as shown 1n Fleure 8a, Power ocubput was constant st 40 kW,

Ag potor spred increases from 38 rpm to Y0 rpm chordwise motion of
the potor blades indicated by the bending moment traces, Mn, ak
staktions 40 and 370 increased. Beamwise bending response also
increages. ‘The right hand half of the beamwise bending moment trace
alt station U0 shows a large cyelic or asymmetric motion of the rotor
blades. 'This is indicated by the two or three cvcles of symmetric
response sivnals., in the station HO trace. At the same time, the
roter shalt torqgue, My, showit in Figure 8b, indicates a large
ngeillatory response to the inplane bldde motions each time the
rotor sieed changes from 38 to W rpm. ‘lhe tower and nacelle also
exhibit large response during each ocourrence. as shown in Tigure Sc.

This condition is illustrative of the importarce of dynamic response
considerations in the design of large wind turbines. TFor the



condition eited, a votor blade chordwise bendiny moment increase of
50 and protor shalt torgue oscillations with a peak-to-peak magnitude
ol 1.8 times the desiun torgue are experienced as the machine speed
is varied by only 2 rpm. This condition will require bthe selection
ol" a new 1otor operaling speed. or some modification of the rotor
Llades themselves bo reduce the chordwise bending response at or

near the seleclted rolor speed. Repeated ocourrences of this con-
dition during normal operation of the machine camnmot be tolerated.

We are currvently assessing the various options available to correct
this situation.

Comparison ol Test Data With Analysis

The MOSTABR-WI computer program for analysis of robor loads and
response (ref. 3) was developed for use in the helicopter industry
and has been adapted For wind turbine rotor analysis.

Pisure 9 presents a comparison ol predicted loads obtained from
the MOSTAR prozram aud the measured data., The loads pr edicted by
analysis are shown tor two tower shadow values, AWV .25
{(mild tower shadow) and 1.0 (maximum tower shadow).

The elfects of tower shadow are modeled in the MOSTAB code by
treating the shadow as a secror area of lower-velocity air, as
devicted in Tigure 10, As indicated in Pigure 9. tower shadow
has a major influencte on the beamwise bending load on the blade.
At the time of desisn, tower shadow was represented by a velocity
decrement. SV V - .2% over a sector angle of 18°, which is con-
gistent with bhe data presented in ref. .

The recent fests showed blade Loads which are significantly higher
than those predicted using a veloclty decrement of 0.25. JRecause
of these hivher loads. additional analysis was conducted in order
to determine what velocity decrement is needed to produce these
leoads. The measured loads can be reproduced analytically by a
velacity decrement £~V ¥ ol 0.93,

Recvent wind tumel Lests vonducted at NASA-Lewis have indicated
that tower shadow veloecity decrement can equal or exceed this
selected value of 0.93 in small local areas downwind of speeciflic
tower members, but the wind tunnel data do not support the use
of this larwe a veloelty decrement over the entire sector area
behind rthe tower.

The present MOSTAB simulation for loads analysis includes only
one blade degree ol I'veedom and no nacelle or tower Flexibility.
Modilticakion of the MUSTAR computer simuilation to include more
degrees ol freedom in the rotor and the effect of tower and
nacelle motion will result in an improved simulation and will
Likely agree more closely with the measured data.

FGINAL PAGE 18
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Work is snearing conpletion on this revised computer program. When
; the program is complete, we will Biave capability for including

t multiple dewgirees of freedom in the rotor and the dynamics of the
towes . the nacelle, drive train and control system in addition to
acerodynamics and performance considerations that we presently have.

Concluding Remarks

; Testioe ol the 100 kW wind turbine to dabte has been limited to a
j relatively few hours of total run time. However, this initial
operation has already resulted in information valuable to the

Wind Enerey Program,

§ Larly teslt results have emphasized the importance ol tower shadow
considerations in rotor and tower desicns, ‘'The initial designs
were based on a tower-shadow velocity decrement ol 25 percent, a
i value congistent with ref. U4, Test results indicated that this
tower shadow did not adegquately describe the Mod-0 case and that
i a substantially higher velocity decrement should be used. As a

1 result ol impact ot tower shadow on blade and tower loads., tower
i desivns that reduce tower shadow should be investigated in design
! studies, wind tunnel tests. and tests of wind bturbines.

i
i
|
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NOMENCLATURL

My rofor blade torsion woment (£r-L1hs)
My, retor blade beamvise moment (ft-1bs)
My rotuor hlade chordwise moment (LUb-1hs)
My, P%? low specd shalt bending moments (Lt-Llhs)
’ Bl low speed shalt corsion moment
;f v wind speod (miles per houn)
)
%s Y change in wind veloolty (milJes per hour)
: Vou Free stream wind veloeity (miles per hour)
e X hovizontal axis normal te low speed shaft
\3 Y vertical axls normal ro low speed shaft
’% 7 hopivonbal axis paralicl to low speed shall
' robor azimuthal position (degrees)
ég By nacelle angle measured from magnetic north (degrees)
gf 8, wind anzgle weasuretd Meom machebic nosch {degroes)
7 nacelle anzle ab yaw relative to wind vector




RETERENCES

Bonhian, R, L.: Schwddtb, Jaap: and Linscott, b.: LO0-kw
Ninzeless Metal Wind Turbine Blade Desivn, Analysis and
'abrication. 3lst Annual National Forum cl the Amemican
Helicoptoer Socicety. Preprint No. §-998, Amer. Helicopter
Soe,, 1975,

puthoi U, R, J..: Pabrication and Assombly of the ERDA/NASA
Lit-Kilowart Experimental Wind Turbine. NASA 1M X-3390,
L4978,

Hoffman, J. A.: and Holeldn, 5. W.: Moditications to
MOSTAB o Wind Tuvbine Applicatlions, Mechanics Research
Ine. Report 27101, July 1974y,

Ammann & Whitney, Consulbing Lngineers: Wind Tunmnel Tests
o Models ol Kennedy Space Center Structures. Contract
No. [A-0B-17C-Lng (NASA)-s3il, Sept, 1967,



i
i
i
0
1
i
i
:
i
i
I
b
i
g
i
o
!
h
if
5
5
i
|

e
S T I I I

ka.»u- n'f’}’f . A J‘EWZ\; Fii s /_7‘/&/};,/ [ YZ_’ /(_J

/;L ﬁ FU A e EE AL A M(.‘M/:d’; ,u,_:;:

SEreae” GO LFNT - Lo EW

o PR - O EW.

; u-ﬂ\.:)(..wﬁ -

Efajothe 2T =

SN § MIEFAY o gawiA f(.:

(-¢ 5,000 (245 co0)

B 1 e SV SO

F{. A/é FraT R

M”E/—)M \J/L;f.» /C

Crie, 608 (3579) 22

a ok SRS S

c6,250) [(X18,750)

i e i A e e m

g . . !
SAA L W sE Neo. o !

LENew s i’ Py i
B Z-.J - L_ (: il }\ LY

(L ) (’L 18 7L
N

(- /J}_(:_,é{‘_,,j 4 I";,L ﬁ‘g‘ij)

G
S

(-/8,cc0) (te6,0cc]

(- Hoec) (\i*zaﬁﬁ@}

NITS 0 NewTeni-meries (POUNE - FT)

FERL /

FILMEN
PRECEDING PAGE BLANK NOT

URIGINAL PAGE IS
OF POOR QUALITY




WIND ==

RIGINAL PAGE IS

OF PO

100 kW Mod-0 Wind Turbine

1
Fa

Figuve

R QUALITY
I



ao-PLr-a

X008 §v39 [:5p |I/

14vHS 3AIY0
gd33d4S MO

30v718 H0L0Y

//HM = e — 14VHS 033dS HIIH

WSINYHOIW 3FAI 40
MYA FTTFOVN

— NOILYO0T &3L3IN0HITIOOV
g 9NI§v38

YOLYHINIO INIGYNL GNIM TVLINIWIIIIX3 MMIOOI

FIGURE 2



NACELLE
YAW ANGLE

NACELLE
< ANGLE

/
li’.‘?’.’JD

83 i
LEVEL

FIGURE 3

~ v JC

A% 4

% POOR QUALITY
oF POOR &

i TOWER DEELECTICN
| SIGN CCNVENTICN

SECTION A-A

FPOSITICN



ACCELERCMETERS
BEARING B

STRAIN GAGES
ROTOR SHAFT

*T/‘_‘__*
- winND
S
v
A

BLADE #2

STA, 370~ STHRAIN GA6GER

FIGURE 4



[-———-l SEC'—"]

—

! AT G i i
il o P T e )
_ ey A 2 AL 2
2 o] 1% 503 o joit VAL Ll
! _f : ~ _f it t i :
§ | e
, _ R o 8 | mgiad
4 e o i DL
| _ 5 Rl e y
R e G e
] | I | | M ! i
1 i ; i | I |
. Rl e : T o NN Wi
il bR i
4 Il . - -
=g i
bt 0 Loz bl il A !
| T 4 R i
I 0 5 0 0 ebipall 5
[ [t bl A |
_,;.T il o Bl
! | S e LR G ]
RN FE A il
11 LT Lo e
UL L _
: g i o 8 e |
vv ARRRRE bl s _
; . '_ i i
5 Tl Wi
T nNN

=]
=R
\LBLADE 1 AT 2900

i
ey = P g e e = § ] ey vyt —

1

_J‘..-

ST
.
i

o

[

|
|
. o e
_ i) iy \

R

155
0-

o
8 sorut88 s 88 sorutwB8 soruME® o mond _way
8 OorNOIVIS E & vNOIVIS &2 0ENOIVISIE§  0L€ NOILVISS ~ HOLid 30V 14dS Y0109
+ ' t

+

100 kW

FIGURE Sa 40 RPM

OF



-

1 SEC

C

o e

-

-—

i : | 4
! 57 o LR 3 : —_
IR R e
O T T
.“-HT_._ L] i RN &l e 3
L HA - e e
R ()
TR T T
! #T_ R0 im0 L
B0 O S S B AL B R
AT oo A
N T REniE
4 - an_‘ 41 1-

iy

_.'.._'-...-.._| BRSw B

58114 m_m $81-14 m_m_

VYL R

L4VHS 30104 *

o L4VHS 40108 «

XW WOw m

g4

S48
AW WOW &
VHS 3010Y ¥

0—

.

| |- | S

A4
1
=
o R
] |
TR a8
] | _ ¥ | [ |
L H =
1 -...:“.JH..M- R e il i
: N
Ilw|_lﬁ|__.| ‘B 11 -1 g
T 8
- e - + - -
=y el | ,“._ .,J
ANRTOEL A EN
e e e B
i | 8 S I 254 2 R
1 i 1 3
n_ el i ke Wl
F W N
1 15 S 0 A AP ) Y I [
* YENE Y | _
i -
! - =t T |

MX
indino
4IMOd

100 kw

FIGURE 54 40RPM



i 1:_L__

)

HEE

FSEC =™

PR J_.-é—-§—a—{—?—-'>‘-4—6——+—r—-*
. ] 1 [] * . M
Eram t—i----ij -
S [ SO N A, [ /N L T S .
| 06 (S O T 1L [
: T N I TR i L L t"
I 2 U T O
A O, S o S
Fome S L O Y
i | T | ‘
WEOE AR
il e B
b O o S
] '! | E : .
Ll bl
EREATEE L

- —a—

]

A
r——

=l

|
s

1

1}

i
{

{——
s

G S D
_I
H

b

—
i
e L

. - bl
AH RS e 3 IS S 1 1 [ SRR
FATEENARAS (W G T I RS WS aR N
...... foa=r 1+ —1 R : ”
4 ._ﬂ I—y _ _,.] 4 ==+ +— 7 Hll!lulT 4+ - - -
1T b R amma ) ot s
i epank ASRNE 0 QUM | I S
F L * o i H ! t
L

1 9 .
i

| SIHONI

= NOI1231430
¥3IMCL

+

_
TN

'

SIHONI
01031430 +
¥IMOL

(77 )

an

-2

S

-

S99~ A
8, ONIYYI8

_
-
1

o D

S ..U ~7
o8, ONI¥VIE

- ————q .

Pl o s 2

-
H
t4-r—t

— e

B

¥ e b e e ey}
T
A
~—- § 4 A
A I O L TR '___L__f
_1,' | A T, oo, SN IR
EEa, LN
i-—-—--'-— o s S e
g T L
A
O O
b b g
s R R RS S S
{2 Lbid 0 | i el I !
. e l.,.A.I_J_-'_:.l i
—M
! ' : s I ' i
) [ S TR i
e | Py
I

S .Oaax
8, ON1¥V3E

-

BLADE 1 AT 290°

FIGURE 5

100 kW

AORPM

-
‘s



i}

t
1
|
|
n

_. m LiRasy=s R |
i . g 10 R I g I G
ap | o PR (I I
M.ml .. ‘ |ﬂ.-_- _ _W_n_vu. ———
| i o e e iy e
I 0 8 AR
Iy ol i .
SHERN 1
| EERR AR R
| HiEs SR R W
Bl BRI § B e TG I RN
A__o o~ -4 _._ _;_._.mu S : J
- : r ¥
._..|.|.|1

[
[

I ] IO YR
Ninn T ENELIE _ A N A
T 1 TR
gl 1 AR
T ANE e T
e 4___;._ 8 IRORE IR
: . G ol Prrery
. f A VLR SRR bl "
£ e e EEEAN NS Rl Eataichel &
S : T SERRNEI RN | “
' i | ﬂ_. ) 4 |
e e g L il 0 e 0 Ay . e
TR [T} 11 REENE JEC
oo _m S B .__::,wf S
Ji !yl il iR WS (R 35 SR
sen Ginn s {un P dimsun| i e N A
P T RN e e I
o8 i B O 0 [ p
.__:._ S L]
}el

8 sorutw88 serulw
8 ONOIWYIS 8 & OvNOILVIS
-+ ]

sg-L w8 8 sa-uMw

0L€ NOILYLS 2

=)

e

0L€ NOILYLS §

~ 9I~TIONY 2 ©
HOLld 30v18 +

wdd
033dS ¥OL0¥

BLADE 1 AT 290°

|

4RPM , 0POWER

&

FIGURE



|

L I IO

- g

SRS Y N Y -
e S

1

1

_...._l.
Lol e i
=

EEEs

_!_.__._ —

i

i M

T

s

;g

| W

i
e S

8 so-udyg88

-

- — T —
- -
-

_ |
9 30~T19NY

—_—

: syt €8 so1-u My BF HoLddova
g oNolS 8 8 m 0v NOILYIS & m 2 0L€ NOILYLS &2
-

+*

i
o Lot bzl

S

wode f =4 @

|
“
§
_
un
&

[Py G s S

—4
_.l,_.‘—

|

0_

N R TR

]

AT

e s
-— ” -

=

L SR 2 E

- Wdy
@33dS ¥010¥

e SR

N PES D

BLADE 1 AT 290°

FIGURE 7 EMERGENCY FEAIHER



!

i1
e

T2

c

YT YT YL Y, YL Yo
b
S
171
f

e
1

i,

o B 4 T

i
3
i

T

—jr"lSE

T
13

o
— i e
1

——t

I A

- Ii
T

I ]

WA

———

i HEX -__.r?-_——i - 41‘—1

S SELSE S— T

I
A

1t

iww

"
My

!
i
1

i
) 5% T

|

i
DO S, L |

»Iu - - - —— llﬂl -
| L™ T L B e
L.t o o |nW4.. I ] [ SO O 6 oo R SIRHE O ) € L 5, 95 )l LG ,4_
AR T T
58 = o AN | L ol
—t e iy 1 T 1 1

¥ UM B8 souNE
8 cqruVy B8 sarud 38 sarudE88 sa-uws
il S i NOILYIS IS § 0l NOVIS T

3 Bl 2
m 0 NOILVLS m m o7 NOILVLS =

+

I
n "930~TIONY 0 @

Wdy

K

$ HOLld30¥I8T  Q33dS ¥OL0Y

- .

_ o SRS N e W
Hi b= B A
MEN] Il..n.ww...l»m.il-fﬁ __u __J_._ﬂ _ ;
¥ | —== B i RlEiE L aaNeEREN
I Bt g nan wmww mws fuus s st s
T === e
rH| e R R
] s s S| i i 1 ) S .w \ i
| l._ ””_Hllhll..llln.m..l' L = e S N B U - |__.1l ]
HH  FR == e e
PO ==l T guns) B {ussERES) )
gec s shececce B adideil o
| BER g M RIRE NNEE BRAERSSSSSE
e T T ] B
bt ...ullf ur.\lw ﬂl —— B e ‘" I L T||'vl‘|_ i _0|. {<lhi
it e e ) =
H T sl Rl
= e R -
=== | [ ISHEEREREPYETMES A e R
i. fl. :Illip.,lm.“.....nw!li vi ﬁ ..-lm_ B lzu_.J_..lilt._ L] m
i | e

FIGURE Ba -GUST RESPONSE (W/SHAFT OSCILLATION)



ROTOR SHAFT .

+

ROTOR SHAFT

g

PTEPy— T T e e S

= 1 SEC 2t
TIRECORGING [ wAnlS piabsad i eyt Al by e By 5wt

| B L o i R i S T T Y (X
. ._._j | S SRR S D ) S '.-..--._,. Aéf.f-.-_.l. ,A.,;, I,,.‘,V.I
= 7l ] N % ol G g LB SR 2 S | 1_.5_;_..; .
i L

i ! R e atr o s YT LA A Y LA TN
e o i i 1 AL Rl hiir e .”nﬁpa HTEERTTY IO e s n.h.,.!. "“”""i LA T4

-} RDLE "a\< P an AR Fhary Wy RSRETHI S Ht 1
w&_ﬁf.ﬂrﬁ..,ﬁ-’... ',ur'g fﬁ'\fnf Vi ";-‘W\mﬁrﬂ"'l”'i TR

e e e ..'_lfl'llmui—;i_l}l' s v "'!“'*3"?"!<|i'][jli_|_i_ll_' Y i

b b e .

TORQUE

+ ROTOR SHAFT

-3
S FI-LBS

B I e e T S

. ! 195 R Y N B =
e S el e i S ————— ————— ——

__.},_._..4__;___... SRS W S S W -
—a b L e e PR R T e s

AANAANANNVVAA VY WAL

8
8

|
N

e e 8 SESCIESIING HI ey Al d—_

B e

FT-LBS

MOM  MX

SRS S WA S S NI TORNS e
————— e b .

T

8
g8
|

g

MOM MY

8  F-18S

S o — o
¥BLADE 1 AT 260°

FIGURE & b GUST RESPONSE (W/SHAFT OSCILLATION)



1 SEC

= Lo I A RECOBOING CruARES] « tarsarfonm ST 1Yy YW ST
-l_ vvvvvvvvvvvvvvvv ‘- v ok o ol AW (TR, TR, SR SOR A, SRS O () Sk T
2 : E Y AN R O TR A R e EGE '
z 1 e B e A ;;_1_1____ 'j‘r,iﬁ =i T
e . S2a¥0e] et £ SR &5 0 el SO 5 G0N i | ‘
o — bl i . . .' U SN R, S T, e
“"'BI i - - B IEL - —————— N“l'\tull
- Bvills] [ R \ﬁ'i!.iﬂ}'.‘.,;-n."].\,j‘i,%, ' H» uhl .‘,1,_ .‘-. \ﬂ
E, 5 EW“MJ'M"‘I‘ JNW AL '."”""4‘-"'.‘""J;‘-",,'.'. "-if-litir"u'ﬂ_f"\‘w MfﬂMﬁN ."A'J {' '.,:L" ”»iJ' o “ .‘ i a .h U 1
B e == TR et

_ _ o AR EARAR
T B e
= + Wi b + + —t ¢ et et - —p—t—+ + -
3 g | * o e 7_‘1_1 R Feiy ksl r; | S o s L I
= ol o ) i 7,.A___=._-_._'.~i 1§ 1 TR W e T o e S TR e R | S
4 TR ) D I L EEE g 7 B O D B L
BB Tt e : Y N N5 G 053 N 2 SRR G R
=S AR AAAAAMAMMAVMAAAAA — A i P AARAAAAMAMANIWAAMAMMAM M
B o T e oL L Wi
e B TriE L e U e s ! (E8 rsn =l | {5 o e £ e :
g = 250 Y ST |; e & REE % T o B B A T R T T
3 I e T AL Y M i EEEETE BRE
)l EET T 3 [ L 0 5 5 6 2 v O 5 o 23
+‘+-“"’—+"‘*‘+_‘T —t t + T 4 B . A T J +
= T e | — e ; : ‘ = —
w ,-___;_aE-»;tr'f!;iI;
& e e mEmEmma s e A
°n S 8 e B B SR ]
% ED = et [ ':___ ! 1(_-"' ERETE T R Lk IL v B T [ = e T i |
e . - SRSt R R R T i L S5 8 5ok R '----'—l
5> AT 7 : |||1"1”| 1h v 1y RS T Hl'nﬁllhsunmuluf'iil it th
o n-t-w-q’- 'I-l'.l .H.H',,'h'fa }|rm¢lﬁ',' #, ur‘h‘.m’. L.1l""n'1|*|uul'!ll"'|"‘ Www'l“"l:'.\llﬁ\|l".'lhurininl.ml.Ihluq'vulrﬂ. .J"I"‘bplu‘ 'u
| = | f
+L 4
-1 ’;t'_"‘ e, IR = =
= ‘ 2 A Eiaiﬁ TfiiiiiLLsi~5“‘“7lLJ
? v Ly _.-—FJ_.__J.' | Jled ; I i I- 4 WP IEEF
Q.- : : o Q i
E c._;) WMNVW’UWWWJWWVUV‘H&!JM o J\'“\WMMWWM\{ V’«A’J (n'.’"l\r a'fn' ry ,\"WW liwl.
o e o B A REEE
5=N B 1“' i f_ L % b=3 ~+J_- 1 : i = Al
© TS B R B T 2 0 5 =
-l-l_ 1 JEthed el B P 1 |4=1 i | B 1 ; | EE ot Al M R by S =
’I—Y [ I : ; " ; ; } T : — T - 4 I ) B i |
W _ ) oAl | i 6 s _1,_;____’_;__1__1_ DO (e § =
- 1 | ) 2 O [ * ! _T" E i
I A e o e L B
2 8 e WD AAAA “hw i M"‘" "-'ul--'w‘."."w\-;'*u'w\
= o WUt JVWJ'V‘J *WJ W WWWJ‘ PR \' i J{ H i
<<’ T g ot b
o '!"""I}'i I e el e mEsmeE e
P s mek ol ne s, EEE _; . { s R
"-. 1 s e A A A i
— -

BLADE 1 AT 290°
FIGURE &< GUST RESPONSE (W/SHAFT OSCILLATION)



et L EH _T HARRIEEH AR r,_
%.._H._... ERERAGRnn A BNRA A wa e LA g
e PR R R BT A7 S
: ! - __ e ot e

4]
7oy e

5
T
-r——‘---—-l——‘ —t

\

|
T
|
I
|
L
:
Y
t
i
H
i
T
i
]
1
i

B =
S S

, ey

=1L
S e
e e
|
|
i
A
b=
1
e A
T r
T
1
i [}
i
H
i
T
i
f
i
i
T
1
1
|
=
= i
sk ks Bl

BLADE 1 AT 290°
GUST RESPONSE (W/SHAFT OSCILLATION)

5 _ il
o uunn uEna Pl ] W b swanuw D s (ruaanj W
e ENEN ERna (aRERAR ) EE 0B SRR NCETTER B
f | H numnil | - H
S b _LL | ol L0 g B8 50 8 24 y TL ol o B I ,“|Lm|
4-'. lmfﬂ. v T__Ju -.ML, 5 m AR GE i i i O e i =y
EEEA .j, LN LRl P giEE L e R g it
] | | | N i) L
o Fiil R R R 3 o AT i 1 [
A FEEE R L (e
|i | ] . 1| _ b JEN
P R [ fin Tl
. | : o | _._ | TII_ .m _ _ [ | | m i i
eI i A T L R B ] P e4-1
I [} | ' HRENELL h « i g
bt | R il saeE s i
AR _._._..-.-. HNEEAR B i Bl
i ‘v 0 ;; m 8 1 8 it Ol 2 e 5

1 | n BT L
o HiW~H0 Ro 930~lH0s 2= 930 2o AlIOHEA = N E L

033dS HINWIZV HINWIZV aNIM JIONV MVA
GNIM aNIM JTIOVN JNDWN JN3OWN

80

FIGURE &4




| 930 eI qq:S%Nq:\x _/. \ /
T "

ey
-y ‘ i
_

!

m? %. nm \\rﬂ mEmozL
m\-;_.q bZ= meﬁmozl
| P i o 1

¢ s

|
|

m
f
e,

U I B

[311]

S.Su .hww

ALAY el LN Y )

|
.
ek

|

hm..um \sx
A

|
!

ool

méQtQ u.uk o

2&& ov

avison |
| _Noswivdn0d avol | 30v18 | (€. ZRnPLs|

174-§7 “INGWON ONIONIE IFSUWdVTH

: B

e S s Tahats i..l"II o

M il.. i i s

| ! i i . all]

Jeh i Lk : el

: 4, i i ot ol
' |

i o (I i _




*Y‘ BLADE #1
FOSITICN

Ay - SecTor CveEr Wrew WinD VEloa Ty
s RCETARDED

AV — Vewoe T DecremenT Berwd lowE -
I
o
by
?
>
=
J
3 :j
'; AV}
&4
2 —oy —i
3
] | [}
|80 270 o q0 10
RLADE PomTtion -~ DEGICES

OF POOR QUALITY

f760LE /0. Towele SHARDOW MODEL



	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A02.pdf
	0001A02_.pdf
	0001A03.pdf
	0001A03_.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf



