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EXPERIMENTAL DATA AND THEORETICAL ANALYSIS OF AN OPERATING 100 kW WIND TURBINE*

Bradford S. Linscott
Deputy Manager Mod 1, 1500 KW Wind Tubrine

John Glasgow
Manager Mod-O, 100 kW Wind Turbine

NASA Lewis Research Center
Cleveland, Ohio

Abstract

Various studies have indicated that Wind Energy has
the potential to make significant contributions to
the Nation's energy needs. The level of contribu-
tion depends on the initial and cperating costs of
the machines which can convert wind energy to elec-

tricity or other forms of energy useful to the public.

Part of the cooperative effort between NASA and the
Energy Research and Development Agency (ERDA) has
been the design and the erection of an experimental
wind turbine by the NASA-Lewis R:search Center. This
100 KW turbine, designated the Mod-O, is located at
the NASA Plum Brook site near Sandusky, Ohio.

Experimental test data have been correlated with
analyses of turbine loads and complete system behav-
ior of the ERDA-NASA 100 KW Mod-O wind turbine gen-
erator over a broad range of steady state conditions,
as well as during transient conditions.

The deficit in the ambient wind field due to the up-
wind tower turbine support structure was found to be
very significant in exciting higher harmonic loads
associated with the flapping response of the blade
in bending.

NCTATION
E modulus of elasticity, 1b/in.?
G shear modulus of elasticity, 1b/in.°

damping coefficient

area moment of inertia, in.
polar moment of inertia, in.
torsional stiffness, in.-1b/deg
radial blade dimension, in.
blade radius at tip, in.

wind velocity, mi/hr

blade pitch angle, deg

natural frequency, rad/sec
rotational velocity, rad/sec

(Dt<?t)’1 AU HR
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INTRODUCTION

Rec:nt shortages in the supply of clean energy,
copled with increasing costs of fuel, have forced

William D. Anderson
Manager - Mod-O Dynamics Analysis

Robert E. Donham
Project Engineer - Mod-O Metal Blades

Lockheed California Company
Burbank, California

the nation to reassess all forms of energy, in-
cluding wind power, to determine their practical-
ity. In January 1975, the responsibility for the

nation's wind-energy program was assigned to the
newly formed energy egency, Energy Research and
Development Administration (ERDA). Under the
overall program, the NASA-Lewis Research Center
(LeRC) provides project management for a portion
of that program.

The NASA-LeRC wind energy progrem includes the
(1) design and operation of a 100-kW experimental
wird turbine generator (WIG), (2) program
management of industry-designed and user operated
WIG's in the 50 to 3,000 kilowatt range, and

(3) development of supporting research and tech-
nology for WIG energy systems.

To meet this objective, LeRC selected a 100-kW WTC
as being large enough to assess technology and
solve engineering problems of large (1 - 3 mega-
watts) WIG's and yet to maintain costs within the
available project budget. The test program pro-
vides engineering data needed to determine whetner
the technology for wind energy can be used to
create machines that will help meet the nation's
energy needs at costs that are competitive with
other systems.

Test results obtained during the periosd from
October 1975 through April 1976, while the air
flow was blocked by the tower stairs, have been
correlated with analyses. The first effort to
provide test/analysis correlation was carried out
by the Lockheed California Company under NASA
sponsorship, Contract NAS3-20036; the results of
this contracted study are extensively reported in
this paper.

A marked improvement in porosity of the tower has
been achieved by removal of the tower stairs and
rails. The test results of this current Mod-O
configuration shows that substantisl reductions in
blade flap bending loadings are obtained. A sec-
ond improvement in the Mod-O system has been the
incorporation of 2 dual yaw-drive/brake-system
which eliminates free play in the yaw axis. This
benefits the yaw system structurally and also
reduces blade inplane blade loadings.

*Presented at the Twelfth Intersociety Energy Conversion Engineering Conference, Washington, D.C.,

August 28-September , 1977.
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The Mod-0 test/ana is providing the
engineering data necessary to support the develop-
ment of wind turbine technology while directly
solving the real engineeri problems experienced
with the Mod-0 machine. Analyses must account for
the tower flexibility/rotor system in a fully-
coupled description t rcurately predict loadings.
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Figure 1. Wind Turbine - Original
Configuration with Stairs and Rails.
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TABLE I,

BLADE BENDING MOMENTS MEASURED DURING OPERATION IN CONFIGURATIONS I, IT AND ITI
COMPARED WITH THE DESIGN LOADS

BLADE BENDING MOMENT (FT-LBS) AT STATION 40
MOD O FLAPWISE INPLANE
OPERATIONAL e
CONFIGURATION PEAK TO !EA'E MEAN cycLic PEAK TO PEAK MEAN cycLic
CONFIG | 130,000 ~65,000 165,000 108,000 -18,000 154,000
CONFIG. It 70,000 -17.850 +35,000 102,850 -10,280 151,420
CONFIG. Il 64,500 ~7.750 132,250 80,000 -18,000 440,000
DESIGN 5..003 —23,400 429,000 75,000 -11,200 37,500

Figure L. Mod-0 Wind Turbine Current
Configuration Yaw Drive Disc Brakes

The ~urror’:rr tests and correlations which were

conducted with analytical methods and whi lead to
the understanding and solution of "*esﬁ engineering
problems is the primary subject
facilitate a more detailed exam

structural dynamics of the Mod-0 w s
tem Appendix A has been included which provides
basic Mod-0 geometry, mass and stiffness distribu-
tions, blade frequency spectra, and tower wake test
results by NASA LeRC and lLockheed, also see
references 2, 3 and L.

The blade loading measurements taken for configura-
tions I, II and III, presented in Table I, were
obtained with power loadings into a resistive load.
Synchronous operation with emph s on the power/
drive train dynemics is *oror‘rﬂ following this
discussion.

Rotor lLoads for Configuration I. As reported in

reference 2, the Mod-0 rotor was operating at
L0 rpm, the wind velocity was 26 mph with an inflow
angle of 10 degrees and the wind turbine was

producing 100 kW of power on the resistive load
bank. The Configuration I operating conditions

for the blade loads are shown in Table I. These
loads are significantly higher than the loads used
to design the blades, reference 3, for 50,000 hours
of operating life, also shown in Table I.

A visual inspection was conducted, by NASA, on each
blade to detect any surface cracks or deformations.
No surface irregularities were found.

The character of the loading in flap bending at
station L0 clearly indicates that a strong tower
shadow effect was present, see Figure 5. The large
pulse flep bending upwind, approximately forty-five
(L45) degrees past vertical (down) in the direction
of rotation, is due to wake velocity deficiency
behind the tower which results in large (12 degree)
thrusting incremental angle of attack.

1.ﬂmlh-l

1y '
|——| .-_..i/ /
FLAPWISE BENDING MOMENT
BUADE NO 2 ® STA 40
/./—vw P
~110,000 [ in]
o CHORDWISE BENDING MOMENT
BLADE NO. 2 @ STA
+120000 (i)
+ 75,000 (11 1b)
o FLAPWISE BENDING MOMENT
—_—— BUADE NO.2  STA 370
75,000 (11 ]
41420 (1 m)
0 CHORDWISE BENDING MOMENT
BLADENO 20§
38580 [ 1]

40 rpm ZERO POWER -5

BLADE PITCH ANGLE
Js

-4 25 ROTOR rpm

e A 50
f—1 . —o]
= BLADE NO 1/
» 300°
Figure 5. Configuration I of Mod-0, 40 RiM, 100 Ki

The Lockheed California Company, designer and

fabricator of the Mod-0 metal blades, was funded

under Contract NAS 3-20036 by the NASA-Lewis

Research Center to eveluate the test deta and con-

duct structural analyses of the wind turbine rotor

blade to provide:

Task I - Fatigue Analysis

Task IT - Analysis of Wind Velocity Measurement
Test Data
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Task III - Correlation of Analytical with Actual
Loads Data

Task IV - Potential Structural Blade Modificaticn

Lockheed applied two different analytic computer
programs to determine loads for correlation with
measured data supplied by NASA: Lockheed's WINTUR
(WIN@ TURbine) program, a quasi-steady fully-
coupled analysis method (a brief description of
the method is included in Reference 2); and an
adaptation of Lockheed's REXOR-WT (Revised and
EXtended rotCR-Wind Turbine) program.

Loads computed by the WINTUR program were used to
calculate loads used in the fatigue analysis,

Task I. The test conditions for which correlaticn
wag shown are:

e L0 rrm and 100 kW, see Figures € and 7

e LQ rpm and zero power

e 30 rpm and zero power

e 20 rpm and zerc power

e FEmergency feathering

0.4
o 0 T 0
R \ ;
§ Z -4 < A
3 'E RPM = 40 (NOMINAL) 4
27 o8 Vy, = 27.60 MPH (TOWER ~ 80 FT) /,
s ] 100 KW (NOMINAL) \ V
) § -12 — (AR VS \ /

Y
-18

08 ROTOR AZIMUTH ~ DEG.

04 t /\
/ TOWER /,
|/

0 40 80 120 uoznouo!mnom

CHORDWIDE BENDING
MOMENT 106 IN..LB ~

0 40 80 120 160 200 240 280 320 360
ROTOR AZIMUTH ~ DEG.
Figure 6. Correlation of Blade Bending Moment
Between Test Data and Analysis for NASA MOD-0
100 kW Wind Turbine

THEORETICAL ANALYSIS

The REXOR-WT model provides for a variable-rotor-
speed, fully-courled, non-linear aerostructural-
dynamic simulation of the wind turbine system. The

equations of motion use the Lagrange energy approach.

The simulation includes a complete large-motion non=-
linear periodic coefficient representation of the
blades and the asymmetric description of the tower-
pylon-shaft system. The model is capable of simu=-
lating nonlinear spring, damper and control system

characteristics. The blade loadings, inertial and
aerodynamic, are defined in this study as 13

RPM =« 40 (NOMINAL)

5 02  V, =276 MPH(TOWER 90FT)
100 KW
— N
! 0 -
23 x
2z -0zt BLADE STA 370
2% O — —O TEST
% _oal ANALYSIS
§ 06 . 1 L L 1 | __{
b 40 80 120 160 200 240 280 320 380
3 ROTOR AZIMUTH ~ DEG.
w
§ 0.2
2z /4
83 > e g
Ee s X ¢
g}’ -0z} = o ~
E oa
g 40 80 120 160 200 240 280 320 360
ROTOR AZIMUTH ~ DEG.
Figure T.

Jorrelation of Blade Bending Moment
Between Test and Analysis for HASA MOD-O 100 ki
Wind Turbine
radial panels. Aeroelastic analyses (di
flutter and stall) of rotating and stor
blades are presented in Reference
clarity of the general dynamic an
coupled rotor-tower system, inel
tion of order analysis of the

see References © and T.
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The wind shear modeled in the program (actually
in both the WINTUR and REXOR-WT programs) was
defined by the equation

& ; Elr,=)
v, (e, 4t) = v (2) (F—)
REF ‘REF.

where ¥ is the distance above the ground, varying
with radial position, r, and azimuthk indexing, -,
of each blade. Eppr is the reference altitude at
which the wind velocity is defined. A value cof

= 0.2 was used,

Tower shadow data for this study was supplied by
NASA from wind tunnel model tests. A comparison
of the wind tunnel data with a simplified approxi-
mation used in the model and with test data from
Task II which was surplied by Lockheed's
Huntsville facility is shown on Figure €. The
comparison is goocd. The analytic representation
in the model is a simple triangular pattern which
has a thirty degree azimuthal sector width and

100 percent retardation of the wind at the peak of
the triangle, directly behind the tower. The
pattern is shown in the following sketch:

WIND
VELOCITY
ROTOR
BLADE
== AzmuTH
Fi

i "

[} " ' | mmn

The REXOR-WT solution method is a stepwise time
history. The time step of integration is one-
fortieth to one-sixtieth of the period of the
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Figure 8. Comparison of Measured Flow
Retardation With Fulse Used in Analyses (at
approx. 0.8R)
highest system dynamic frequency. A comparison of
experiment, WINTUR, and REXOR-WT results is shown
on Tatle II.

Introducing tower flexibility generally improved
the correlation except for 5P chordwise bending

improve correlation of the 3P and 5P flapwise
bending moments and (in particular) the 3P chord-
wise moments. The flexible tower analysis tends to
overpredict 2P flap and chord moments. Examination
of time histories indicated this was due primarily
to the control system feeding 2P collective oscil-
lations into the system.

As expected, freeing the rotor shaft has a signifi-
cant effect on LP chord moments. A very significant
effect was also seen in the 5P chord moments. The
fixed shaft analysis tended to underpredict these
moments by & factor of two whereas the flexible
tower/shaft analysis apparently caused a tuning of
the system to 5P, resulting in overprediction of
the 5P chord moments by & factor of two.

This tuning effect means that these loads are
critically dependent on assumptions regarding
structural damping on the blades, tower and nacelle
as well as the accuracy of modelling the structural
dynamics of the nacelle/tower. An analysis with
the nacelle yaw-degree-of-freedom locked out
resulted in a large change of the predicted SP in-
plane moments at station LO from 526,000 in-1b to
10,200 in-1b. This indicates that these loads are
very dependent upon beoth stiffness and damping of
the nacelle yaw system.

An over-plot showing the effect of rigidizing the
nacelle yaw drive on inplane bending moments is
cshown in Figure 9.

More correlation data are presented in Tables II

moments. The effect of tower flexibility was to through VI. Shown in these tables is a comperison
TABLE II. COMPARISON OF REXOR AND WINTUR ANALYSIS RESULTS AND EXPERIMENTAL DATA - O kW, LO RPM
HARMONIC oP " o P ap 5P
LOAD/SOURCE AMP | Awp ¢ AMP ¢ AMP ¢ AMP ¢ AMP ¢
STA 40 FLAP (IN-LB)
REXON tm ~934,000 294,000 18° 345,000 50 236,000 114° 63,000 86° 90,000 45°
(2) -901,000 376,500 18° | 231,700 20° | 165,000 5° 51,000 80° 36,500 as®
WINTUR (2) —-988,500 410,000 121° 240,000 30° 228,000 19° 74,000 7° 60,000 60°
EXPERIMENTAL (3) -954,000 320,000 15{' 230,000 34° | 290,000 8° 99,000 85° | 110,000 62°
STA 40 “INPLANE" (IN-LB)
ROOR (§1] -245,000 467,000 0° 88,200 1° | 225,000 58° 15,000 82° | 526,000 46°
(2) -238,000 451,000 ® 11,100 5° 49,000 50° | 230,000 u° 93,000 ar°
WINTUR (2) ~245,000 451,000 3° 7,800 61° 67,000 78° | 278,300 85° | 122,000 62°
EXPERIMENTAL (3) -307,000 450,000 | 350° 48,000 23° | 220,000 52° | 112,000 25° | 247,000 45°
STA 370 FLAP (IN-LB)
maXOR (81 -243,000 74,800 118° 102,000 ”r 79,400 17° 21,600 89° 38,000 52°
2 ~231,000 97,600 18 66,700 23° 52,300 8° 20,900 83° 15,200 50°
WINTUR (2) ~256,000 108,000 120° 69,500 32° 66,600 n° 22,700 10° 18,700 64°
EXPERIMENTAL (3) -219,000 71,000 155° 69,600 31° 88,000 3° 32,000 80° 37,000 52°
STA 370 CHORD (IN-LB)
ARKON |m -72,000 87,500 4° 30,500 4 56,100 58° 2,600 80° | 178,000 47°
(2) -66,300 83,700 9° 7,000 38° 13,000 57° 70,500 3u° 28,300 48°
WINTUR (2) ~58,300 81,200 8° 6,100 40° 18,200 78° 84,000 85° 34,100 62°
EXPERIMENTAL (3) ~104,000 93,000 | 347° 23,000 20° 61,000 “w° 37,000 23° 90,000 44°
NOTES: (1) FLEXIBLE TOWER/SHAFT AND ACTIVE PITCH CONTROL SYSTEM
(2)  FIXED SHAFT
(3) APPROXIMATE READING ACCURACY:
STA 40 FLAP £30,000 IN-LB; INPLANE 118,000
STA 370 FLAP £12,000 IN-LB; CHORD 46,000
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S of the harmonics of flap and chordwise bending
—--—::;g:m::mn::uwm moments and rotor shaft torque for tue 0 kW -

Lo rpm, the 100 kW -~ LO rpm, the O kW = 30 rpm,
and the 0 kW - 20 rpm "steady" operating condi-
tions. The comparison shows experimental data and
results of the REXOR simulation. Table III is a
4 repeat of the data of Table IT, except that shaft
torque is added.

INFLANE BENDING
STHOFT LB O

In reviewing recorded shaft torque, theoretically,
harmonics of 1F, 3P, 5P, etc., should be zero, yet
experimental data shows magnitudes of these odd
harmonics of the same order as the even harmonics.
This raises questions as to the accuracy of the
shaft torque experimental data examined in these
studies or that the control) system is pumping in

extraneous frequency excitation.

100 000 . A 1 ! . L

Figure 9. 100 kW - 40 rym Time History Rexor - Wt

TARLE ITI. MOD-O CORRELATION STUDY - O kW, LO RPM

e ALY - ) - N « Sainl 2 - = g e U
- HARMONIC op "» 2» ar | ap 5P
LOAD AMP | AMP ¢ AmP ¢ AMP ® AMP ¢ AMP ¢
STA 40 FLAP (IN-LB)
ANALYSIS ~934,000 294,000 | 118° | 345,000 s® | 236000 | 114° 63,000 86° 90,000 as®
EXP ~954.000 320,000 | 154° | 230,000 3a° | 290,000 8° 99,000 85° | 110,000 52°
2 — o = ez ST OO 0ot S (MO PR L T = L
STA 40 CHORD (IN-LB) ]
ANALYSIS ~245,000 467,000 0° 86,200 1° | 225,000 50° 15,000 82° | 526,000 a6°
EXP ~307,000 450,000 | 350° 48,000 23° | 220,000 52° | 112,000 26° | 247,000 a5°
B S 41 - e <ol L (B
STA 370 SLAP (IN-LB)
ANAL 18 243,000 74800 | 115° | 102,000 y i 79.400 | 17° 21,600 89° 38,000 52°
EXP - - 219,000 71000 | 158° §9.600 a° 88,000 52 | 32,000 80° 37,000 52°
STA 370 CHORD (IN-LB)
ANALYSIS ~72,000 87,500 4° 30,500 a° 56,100 58° 2,600 80° | 178,000 ar®
r_» CEXP o ~104000 | 93,000 347° 23000 | 20° 61,000 49° aro00 | 27° 90,000 4a°
SHAFT TORQUE (IN-LB)
ANALYSIS -87 170 a° 19,200 88° 1,050 » 27000 a0® 540 as®
EXP ~6,200 18300 | 315° 24,700 | ar° 31,800 75° 26.000 26° 24,000 70°
TABLE TV. MOD-0 CORRELATION STUDY - 100 kW, LO RPM
— T — — = — = —— e
HARMONIC op ® ¥ N ar ap 5P
LOAD AMP AMP ¢ AMP ¢ AMP * AMP ¢ AMP ¢
STA 40 FLAP (IN-LB)
ANALYSIS —398,000 341,700 | 106° | 368,000 13° | 249,000 | -12° 99600 | -20° | 106,900 ag®
EXP -373,000 361,000 | 151° | 380,000 36° | 192,000 16° 85.400 0° | 105,000 58°
= SR Pl i | VR ot LB ek —e d
STA 40 CHORD (IN-LB)
ANALYSIS ~214,500 464,600 -8° 51,700 8° | 239,000 60° 73,000 720° | 454,000 a6°
EXP ~271,000 504,000 a° 56,200 28° | 171,700 67° 29,200 57° | 153,000 54°
STA 370 FLAP (IN-LB)
ANALYSIS ~177,600 92,200 108° 108,000 16° 84,400 -8” 28,700 70° 52,000 5
EXP ~63,200 97,400 | 143° | 108,200 32° 52,000 | n° 31,100 8a° 38,600 61°
o] O ot 290 .. 1 | R el o) R e O B
STA 370 CHORD (IN-LB)
ANALYSIS 48,700 86,900 -2° 19,500 1n° 59 500 60° 21,500 69° | 157,000 a6°
EXP ~69,000 98,000 6° 33,400 28° 46,200 66° 14,400 60° 54,400 54°
SHAFT TORQUE (IN-LB)
ANALYSIS — 284,000 8900 | 195° 33,400 98° 16,900 70° 32,500 | -18° 8,350 5°

EXP ~319,000 18,700 | 349° 27,500 33° 13,700 n° 34,900 9 7,500 a3°




TABLE V. MOD-0O CORRELATION STUDY - O kW, 30 RPM
== N —— —
HARMONIC op "» 2@ a» ®» 5P
LOAD AMP AMP ¢ AMP ¢ AMP ¢ AMP ¢ AMP P
STA 40 FLAP (IN-LB)
ANALYSIS ~571,000 188,000 | 123° | 116,000 4 | 10700 10° 85,900 77° 68,000 s0°
EXP 567,000 | 316,000 | 126° | 106,000 —6° | 143000 | -13° | 140,000 62° 67,000 50°
STA 40 CHORD (IN-LB) 1
ANALYSIS ~122.000 447,000 Ly 24,200 3° 35,000 50° 13,400 76° | 144,000 13°
EXP -222000 | 418,000 -5° 31,700 20° 32,100 34° 39,000 67° | 146,000 12°
STA 370 FLAP (IN-LB) |
ANALYSIS ~145,000 47,300 | 21° 34,600 6° 35,700 | 102° 29,000 79° 32,800 54°
EXP
+ e e =
STA 370 CHORD (IN-LB) 1
ANALYSIS ~36,700 84,500 o 8.960 5° 6,500 50° 3,900 78° 4,300 13°
EXP
SHAFT TORQUE (IN-LB)
ANALYSIS 7,400 807 o 3,150 82° 1,200 | 118° 7.800 30° 2,800 b’
EXP 25,000 14,300 | 150° 6,800 29° 8,800 a0° 19,400 96° 2.400 32°
TABLE VI, MOD-0 CORRELATION STUDY - O kW, 20 RPM
T
HARMONIC op » » 1 ap 5P
LOAD AMP AMP ) ¢ AMP ¢ amp ¢ AMP ¢
STA 40 FLAP (IN-LB) -
ANALYSIS ~299,000 268500 | 137° 68,900 | 178° | 114100 | 100° 94,700 47° | 147,200 31°
EXP -223000 | 291,000 _'P'f 46,800 136° 26,600 | 135° | 103,600 63° 66,000 aa”
STA 40 CHORD (IN-LB) 3 k. OEE G T
ANALYSIS ~123,300 427,000 s° 23400 | 174° 6,100 94° 36,500 a6° 44,300 1°
EXP ~147,000 437,600 s° 39,700 | 137° 23,000 32° 26,400 as® 34,200 | oo
STA 370 FLAP (IN-LB)
ANALYSIS -102,600 65700 | 131° 17900 | 178° 33,200 | 102° 30400 | a8° 51,700 33°
EXP
STA 370 CHORD (IN-LB) N
ANALYSIS ~37,000 80,800 10° 8740 | 175° 4900 | 100° 12,100 a7° 9,200 L
EXP
SHAFT TORQUE (IM-LB)
ANALYSIS 730 128 | 148° 3,000 7° 121 64° 29,800 89° 7% 63°
EXP 19,900 22900 | 129° 9,800 8a° 11,400 9s° 16,000 a® 16,500 ar
Good correlation is shown for all the harmonics for
the condition of Table IIT with the exception o1 s I BT &8
the LP and SP inplane/chordwise bending moments. wReM O KW EXPERIMENT ===

Similar results are obtained for the 100 kW -
L0 rpm conditions shown in Table IV,

Table V shows a comparison of the harmonics of the
same flapwise and inplane/chordwise bending momnets
and rotor torque for the 0 kW - 30 rpm cordition,
und Table VI gives the comparison of loads for the
0 kW - 20 rpm. Good correlation is obtained at all
three rotor speede. The peak flapwise bending
moment , at the higher rctor speeds, is underpre-
dicted by approximately 15 percent, see Figure 10,

The "first emerger.cy feather" case was selected for
transient correlation. The results of transient
REXOR-WT analysis are presented in plotted time
history compared with experimental data is shown
in Figure 11,
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Figure 10. Time History Comparison of REXOR - Wt
and Experimental Data
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Figure 11. Time History of "First Emergency
Feather"

At a selected time, the blade pitch angle was com-
manded to feather and thereby stop the rotor. The
time was selected to attempt to have the initial
rotor indexing correspond to the experimental
azimuth indexing.

Figure 11 shows the comparison of blade angle and
rotor speed. Note that the predicted rotor speed
decay i{s analytically faster than the experimental
rate. This difference causes the relative phasings
of the anelysis and experimental loads to shift
with time since load amplitudes are azimuth depen-
dent. This shift in phase is best illustrated by
the sine waves of rotor azimuth (predicted and
experimental) plotted on the Ytottom of Figure 11.
This means that the correlation should be directed
at an envelope of loads, not at the relative load
phasing.

Figure 11 also shows a comparison of the experi-
mental and predicted time histcries of flap and
inplane bending at station L0, Note the fairly
good comparison of moment amplitudes.

The drive shaft LP oscillatory loads problem
appears to be associated with the variable spring

rate of the low speed shaft flex coupling., A
coupler of variable torsional stiffners connects
the windmill shaft to the gear train that drives
the generator. The stiffness varies with output
torque so that the low frequency generator-tlade
natural frequency varies (see Fig. 12 and Ref. 8)
from Just above 3P to Just above 6P as power out=
put varies from 100 kW to zero at full rpm. Thie
causes torsional resonant oscillations of the
generator at LD at power or torque output levels
within the usenble range, as indicated in this
figure. Two solutions to this problem, in the
way of configuration changen, appear to be
feasible:

o Increase the coupler stiffrness sufficiently to
raise the natural frequency of the mode to an
acceptntle level (being careful to not drive it
into the 6P region), or

e Add a torsional damper acrore the coupler that
increaces damping in the mode to greater than
10 percent of critical.

Fipure 13 shows the variaticn in natural frequency
and mode shape of the lst and 2nd torsional/
rotational modes as the coupling stiffness is in-
sreagsed., The modes are shown with unit blade tip
ie: Tections, 7. he equivalent penerstcyr armature
rotation Cequiv.s shown i{s the actual armature
rotation factored by 1/gear ratic., The low fre-
quency modes are characterized by generator torque
moments opposing blade deflection moments, while
the liigh frequency modes are characterized by
blade nnd penerator armature moments opposing the
rotor hub motion moments. Mode 2 i seen to be a
rotor lst inplane collective mode that has a rota=-
tional frequency of epproximately 1CP and is not
likely to cause sericus resonance pretlems. (How-
ever, it too should be detuned from an even integer
value of P).

The low frequency mode (Mode 1) resembles o simple
two-npool mode, and ar such possesses a generator
torque tranemiscibility that changes little with
shaft torsional stiffness. Tranamlssibllity
actually reduces somewhat with increasing shaft
stiffness due to bade bending. If the coupling
stiffness is increased and made more nearly inde-
pendent of shaft torque, the system can be de-
tuned. A disadvantage to this solution is that
the resonant frequency might still crosr the 6P
line during speed-up to and slow-down from operat-
ing rpm, and large oscillations could occur if the
rpm dwelled at a critical value for any length of
time, These would be amplitude-limited only by
generator damping and not by the nun-linearity of
the spring as they appear to be at present.

The second solution, that of employing a damper
while leaving the coupling in its present configu-
ration, would not eliminate the LP resonance but
could attenuate its amplitude to an acceptable
level, The damper would also attenuate vibrations
at other freguencies.
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istices are changed to assure that blade loads
don't become excessive.

e OGood agreement between calculated and measured
loads was obtained in an analysis that in-
cluded only two blade dynamic modes, first
flap and first inplane, and a blade quasi-
steady torsion mode.

o Operation of the WIG, in its present configu-
ration, should avoid power and rpm combina=-
tions that result in generator-armature
resonance,

e To eliminate the arnaturc resonance problem,
use of either an increased stiffness couplirg
or an across-coupler damper appears feasible.
Further analyses would aid in making a choice
and are required to ensure an adequate design.

OPERATION EXPERIENCE AND EXPERIMENTAL DATA

It was apparent that certain redesign actions were
needed to reduce the rotor blade loads. Fven
though the estimated level of blade fatigue damage
was small, further operation in Configuration I
would lead to a significantly shorter blade fatigue
life than planned., Lockheed determined that less
than 10 percent of the fatigue life of the blades
wvas expended during operation in Configuration I.



NASA-LeRC decided to remove the stairs in the
center of the tower structure. The stairs wvere
uted to provide access from the ground to the
nacelle, on top of the tower, that houses the
rotating machinery.

Also, two structural rails were removed from one
side of the tower. The rails were used to guide a
cable car thut also provided access to the top of
the tover. The increased air flow tends to smooth
transitory air loads on the rotor blades as they
sweep from freestream into the airflow on the
downwind side of the tower. The expected improve-
ment is from almost a 100 percent velocity deficit
to only n 25 percent velocity loss, based on both
wind tunnel tert and laser doppler velocimeter
meagsurements, This configuration, designated II,
was then tested at very similar wind conditions to
facilitate comparison with the original test con-
figuration I.

Rotor loads for Configuration II. With the Mod-0
wind turbine in configurati~n II, the machine was
operated at LO rpm and data was taken as shown in
Figure 1L, The flapwise and chordwise blad~ btend-
ing moments at station L0 are shown in Figure 1k,
Blade station L0 is located L0 inches from the
center of rotation, measured along the blade radial
centerline, GSeven cycles of flapwise and inplane
bending moments were analyzed. The seven cycles

200 000
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~200 000 | 1
~120 000
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120 000 | {
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Figure 1L. Operation in Configuration II
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selected fall between the two vertical parallel
lines shown in Fipure 1L, During that time
period, the blnge piteh angle maintained an aver-
age value of «2 ., The blade pitch angle was cone
trolled to maintain constant rotor angular egpeed
(rpm). The alternator power into the resistive
load bank was manually set at B89 kW, Becauce the
vinds were quite variable, as shown in Figure 1k,
it was difficult to manually control maximum
power, also shown in Figure 14, while maintaining
LO rpm. The wind direction angle with respect to
the nacelle .agular pesition, (inflow n. e
shown in Figure 1k, fluctuated betv.en %
during the time period selected, [he average in-
flov "nple was estimated at about i0°, The tore
gion moment measured between the nacelle and the
tower, Figure 14, fluctuated to high valuez, The
natural frequency of the nacelle drive mechanism
has been analyzed as being close to the frequency
of the yaw torque loades produced by the rotor
blades. For this reason, the peak values of the
yaw torsion loads are seen to amplify and attenu-
ate over the time period considered. NASA-LeRC
was concerned that there high peak londe occeurring
in the yaw drive mechanism would significantly
reduce its fatigue life,

159

Redesign of the yaw drive mechanism appeared nec=-
essary. Analyses conducted for NASA-LeRC by
Lockheed Aircraft Corp. indicated that {f the
torsional stiffnens of the single yaw drive
mechanism was increa~ed, an attenuation of in-
plane blade cyclic bending moments would occur.

A yaw keeper was originally designed und in-
stalled on the Mod-0 wind turbine to restrain

the nacelle in the yaw direction as a nafety
precaution, during assembly or disassembly of
the yaw drive mechanism. The yaw keeper, when
installed, provider a torsions’ coupling between
the towver and nacelle that {s stiffer thap the
single yaw drive mechanism. Because the yaw
keeper was available for use, and because it pro-
vided andded torsional stiffness, NASA LeRC
decided to conduct operational tests on the Mod-0
wind turbine with the yaw keeper installed.

Rotor Loads for Configuration III. With the
Mod-0 wind turbine in configuration III, the
machine was operated at LO rpm, producing 100 kW
into the resistive load tank. The dats is shown
in Figure 15.

The flapwise and chordwire blade btending moments
at station LO are shown in Figure 15, Ten cycles
of flapwise and inplane bending moments vere
analyzed, The ten cycles selected are banded by
the two vertical parallel lines, During that time
period the blade pitch angle, shown in Figure 15,
maintained an average value of =3,59, The wind
direction angle with respect to the nacelle angue-
lar position, Figure 15, fluctuated between -8°
and =16° over the time period selected. The aver-
age value is estimated at -12°, The yaw keeper,
vhen installed, only allews one angular position
of the nacelle with respect to the tower structure,
or ground. The nacelle is positioned at 257° from
grid north position. This restricts the operation
of the Mod-0 to the time reriods when the wind
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direction {r from the Sout}
way telected becan
direction i:

turbine site,

=Wert. This poaition
predominnte wi=d
from the SoutheWent at the wind

ie the mont

The yaw keeper design prevented a close mateh of
the wind inflow angles measured during operation
of the wind turbine for enfipurstions 7 mi 171,

A vind inflow angle of =12 w erienced dure

ing operation in conf{ “uratir vhile a
+109 {nflow anrle was .atima uring operation
in configurat.o1s 1 and 17,

Ae a rezult or these test data and a Lieed tc

reduce rotor blade loads during Mod<?D operastion,
HACA=LeRC deripned and nusembled n fLew yaw drive
unit, The unit was
turbine in March 1977 for opurational tests,

installed on the Mod-0 wind

The yav drive desipn hars twe
deseribed below.

Cantiives e
fenturesn, nas

1. Two yav drive mechanisme verc used, rather
than one, and ig called the "dual yaw
drive unit." Twc elect ic motors and two
gear boxes, used to dr: e the nacelle in
yaw, are shown in Fi_ure 3, The dual yaw
drive is mounted te a test stand in this
figure., The test stand was used to build 11

up the unit and to run operstional tects prior
to assemtly on the wind turbtine, This desien
provides higher stiffness tetween “he nacells
and tower than the saingle yaw drive decipn,
The =2inpgle yaw drive allowed atout .]

in yaw free play. The dual yaw drive wa
designed to reduce the free play by preloading
the drive chafte, in torsion, one apainst the
other.

fopree

1

2. In Fipgure 4, three hydraulic discc btrake: are
shown, When the disc orakes are applied, n
friction lock is obtained between the tower
and nacelle. Thi: system wan decipned ac n
replacement for the yaw keeper. The dinc
brake system allows any derired locked orien-
tation of the nacelle and rotor tlader with
respect to the wind direction. In additicr
the disc brrke design provides variable vaw
monent st [fness in excess of that provided
by the double yaw drive.

Comparison of Blade loads During Operation ir
Confi~uvation I, 1T and ITI

The average blade loads mensured during operation
T

in configuration 1. II and 117 are shown in
m v
Table I,

On comparing flapwice blade bendineg momentr for
confipuration T and II the obrervations are
linted below,

1. The average cyclic flapwise bending momen®t wa
reduced by L7 furing operation in
configuration 17,

rercent

flarwize bend ne moment wag
by 7% percent Auring operation in

confipguration I1,

2+ The menr reduced

The avernpe penk
bending moments
cor”ipuration TI7T

peak, mean and in
experienced during opernticn ir
were nsomewhat smaller than the
loadr measured during operntion in configuratior
These renultn indicate that removal of the
etaire and raile has n pronounced effect on re-
Jucing the flapwice bending mement londr in the
rotor blade:z,
little effect

moment

tower

However, configuration 17 had
on reducing the iryplane bending
loads in the rotor bladee,

On comparing inplane blade bending moments for
confieuration 17 and 117, the otaervaticr Hre

listed below:

1. The averapge cyclic inplane btending moment wa:
reduced by 22 percent duriig nperation in
confipuraticn ITI,

2. The mean inplane bending moment incressed by

7% percent during oreration in
cenfiguration TIT,

The average peak to peak, mean and cyclic flupwise
bending moments experienced during oreration in

configuration IIT are smaller than *te load:
measured during operation in configuration 11,
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These results indicate that by increasing the yaw
stiffness of the structure between the nacelle and
tower, the cyclic inplane blade bending moments
can bte significantly reduced. However, configura=
tion III had little effect on reducing the cyelic
fle ‘ise blade bending moments, when compared to
the blade loads encountered during operation in
configuration II.

Synchronous Operation - Power/Drive Train Dynamics
Figures 16, 1T and 18 present data representative
of operation on a large power grid. FEach of the
figures show time histories of blaie flapwise and
chordwise btending moments, rotor torque, alternator
pcwer and current, rotor blade pitch angle and
rotor speed.

n synchronous creration, the alternator is essen-

ially locked to the power grid at a fixed speed
of 180C rpm. The wind turtine is therefore con-
strained to operate at a fixed speed dictated by
the mechanical advantage between the wind turbine
and the alternatcr. Any tendency on the part of
the rotor to vary from this fixed speed is re-
flected in drive train deflection. The data pre-
sented illustrates the effect of drive train
flexibility on synchronous operation on the Mod-0O
machine.

I
¢

Initial synchronous operation of the Mod-0 wind
turbine was conducted at a 20 rpm rotor speed.
This speed was chosen because high rotor blade
loads had been encountered at the design rotor
spreed of L0 rpm. These high blade loads were the
result of excessive nacelle yawing motion during
L0 rpm operation. Tests at L0 rpm were discon-
tinued until a modification to eliminate this yaw
problem could be incorporated. In the meantime,
synchronous operation tests at 20 rpm were

™

planned. During these tests, large power

oscillations were encountered at this "offedecipgn"
rotor speed.

The power oscillations were attributed to a drive
train resonance at L0 rpm, or iwice the rotor
speed of 20 rpm. The resonant response is driven
by the excitation of rotor torque caused by tower
shadow. A plot of calculated rotor torque versus
rotor pesition for a L0 rpm rotor speed is chown
in Figure 139, and is illustrative of the *orgue
characteristics for all rotor speeds. This
torque as the drivirg force of the rotor will re-
sult in ar impulse each time a blade passes
behind the tower. The drive train must either
store this torque impulse or transmit it to the
generator which will result in a power fluctuation.

In the cese of the Mod-0 test et 20 rpm, the
torque impulses cccurring at 2 times the roter
speed (2P) coincided with the drive train natural
frequency, and the impulse loads were amplified
to create a power oscilleticon with a peak-to-peak
value approximaetely equael to the power set roint
as shown in Figure 1€. As indicated in the fig-
ure, blade loads were not significantly affected
by the power oscillations, but rotor torque was a
direct analog of the nower trace. The tunea
power oscillations have teen generally at 2P and
exhibit a beating tendency with a 10 to 20-second
period.

The oscillations were obviously due to drive train
resonances at the 20 rpm rotor speed and it was
prredicted that operation at 26.3 rpm would sepa-
rate the forcing frequency from the drive train
resonance (i.e., drive train rescnance at L0 cpm,
forcing function 2x26.3 = 52.€ cpm) and reduce
the magnitude of the oscillation. The results of
these tests at 2€6.3 rpm are shown in Figure 17.

T
o improvement reculted from the change in rotor
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Figure 16. 20 RPM 3ynchronous Operation
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speed as predicted and we concluded that the After these results were obtained
expected result could be explained by the non- that an increase in the rotor sreed

linear spring characteristics of tne low speec

Lhaft coupling, resulting in a drive train whict
would produce a resonance response over a broad
frequency range.
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to the tower., (Tests at 26.3 rpm with and without
the nacelle locked to the tower indicated that
this had no effect on 2P power oscillation:s,)
indicated in Figure 18 the power oscillations
have been greatly reduced at the L0 rpm rotor
speed.

A
AS

Tests at 4O rpm rotor speed produced a more favor-
able separation between drive train frequency and
forcing frequency making the drive train appear
more compliant or softer and permitting more of
the torque variations to be stored in the drive
train. An indication of the effect of the softer
drive train is shown by comparing the rotor speed
traces in Figure 16, 17 and 18. Rotor speed is
measured on the low speed shaft at the gear box.
At 20 rpm the roteor speed is rather steady and
variations do not exceed 1 rpm peak to peak. At
26.3 rpm rotor speed is very steady and at L0 rpm
the rotor speed exhibits variations approaching

2 rpm peak-to-peak. These tests indicate that

a very soft highly compliant drive train will
minimize power oscillations and will result in

a smoother operating machine. This conclusion

has been borne out by drive train analysis and
hardware is being fabricated. The modified

drive train will have its resonant frequency
reduced by a factor of two and will have increased
damping. This modification should result in an
improved power trace throughout the range of

rotor speeds from 20 rpm to LO rpm,
incorporating drive train flexibility are being
investigated. Promising techniques will be evalu-
ated in the Mod-0 program.

Additional system test results including blade
loadings in the ERDA-NASA 100 kW Mod-0 as well as
analysis of the 200 kW Mod-0A Wind Turbine, now
being assembled for installation as part ot the
municipal power plant of Clayton, New Mexico, is
reported in Reference 9.

Other means of

Rotor Torque vs. Blade Azimuth MOSTAB - Wt W/0 Stairs 100 kW
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APPENDIX A

Deseription of the 100-kW WTC System

The 100-kW experimental WIG consists of a two-
bladed, horizontal-axis, rotor system driving a
synchronous electric generator through a step-up
gear bo:... This equipment is mounted on top of a
100-foot tcwer as shown in Figure A-1l, with the
rotor located downwind from the tower. The rotor-
turbine operates at 4C rom generating 100 kW of
electrical power with an 18-mph wind velocity mea-
sured at the rotor-turbine axis height.

ROTOR SPEED
TRANSDUCER

WEATHER INSTRUMENTS,
FIBERGLASS .’ ;
HOUSING:! X

bt
HYDRAULIC
SYNCHRONOUS
ALTERNATOR

YAW GEAR BOX

BRAKE LOW SPEED SHAFT

FLEXIBLE COUPLING

RINGS
TOWER

Figure A-1.
Generator

100 kW Experimental Wind Turbine

The hut and bLlades are mounted on a shaft which
drives a speeu-up gesr box. In the pear box, the
shaf't rpm is increased from 40 to 18G0 rpm. A
high-speed shaft connects the sear box tc the
1C0=-%XW alternator.

The 125-foct-diameter hingeless rotor has twe
aluminum blades designed to provide 123 kW of
shar't power &t 18 mph wind speed when rotating at
40 rpm. They have a 33.8 degree nonlinear twist
with & NACA 23000 ceries airfoil.

The pitch change mechanism consists of an hydraulic
pump, & pressure control valve, actuatcr and gears
for retational movement of the blades. This me-
chanism is similar to that used cn some aircrafi
propellers. At wind velocities above 18 mph, the
rotor blades increase pitch, thus spilling the wind
anid ensuring that the electrical power develnped
does not exceed i00 kW. Below 8 and above 60 mph
the turbine blade» will be placed in a feathered
position and the machine shut down.

T'he tower, 100 feet tall, is an open steel truss
structure secured to a steel-reinforced concrete
foundation. The WIG equipment at the top of the
towver is designed tc rotate (yaw). Yaw control
allows alignment of the rotor with the wind direc-
tion. Yaw rate is 1/6 rpm and is operational when
the machine is or is not generating power. This
allows alignment with wind direction changes that
occur with the passage of a weather front, but not
with random variation of wind direction due to
pgusts.
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The tower was designed by the NASA-LeRC Fucilities
Engineering Division. In recopnition of the impar-
tance of this experimental facility tc the testing
of future systems, the possibility of dynamic irter-
action between the rotor and tower has teen mini-
mized by desipning the structure with high stiffness
and high natural frequency. A VASTRAN model of this
system has been formulated and the results of the
dynamic analysis show that the first bendin,; natural
frequency of the tower/roter is 2.5 Hz (3.75F at

L0 rpm).

The elastic characteristics of the support shatt,
bedplate, and tower have been coupled to the rotor
system, and blade spectrum frequenzies as well as
flutter stability solutions cbtained. Since the
characteristics of the tower support are asymmetric
and roter is two-bladed, the system cannot be
treated riporously by stationary nonrotating system
coordinates with constant coeftlicients, i.e., time
variant equations must be solved.

‘he lockheed-California Company beran work in
September 1974 under Contract 3=10.35 on the
100-kW WIG blades. This contract provided for
desirn, analysis, fabrication, instrumentation, and
shake-testing of three blades (set of 2 with one

spare). FRlade pecmetry is shown in Firure A-2.
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Figure A-2. Blade Geometry

The use uf spara, ribs, cstrinpers, heavy nose skins,
light trailing-edpe skins (thickness determined by
avoidance of hail damage), the root-end fitting and
the two heavy machined ribs is derived frc-~ conven-
tional aircrafrt design/fabrication technoiogy. A
D-spare structural concept was used which provides
strength, rigidity, balance and low weight; these
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Figure A-3. 100-kW Wind-Turbine Blade
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jualities are alsc consistent with rotary wing
designs. Figure A-3 shows general structural
iimensions for each blade.

In the design of a rotor system, <e ailed couns

era must be given to
Items that generally *equA*n at ention are fr
e placement, flutter including wake effec
r flap-inplane stability, :»a_l flutter,
se, and effect c? tower supp end control
m characteristi le c"-""e" dy-

ana transien
esponse during start-

levered blade
resented

ness curves for the dist
plane bendiny, and torsic
presented on Figure A-5.

i
d flap bending, in-
aracteristics are

lion-rotating structural tests were conducted on the
first metal wind turbine blade mounted on a test
fixture. This support fixture simulated the hub/
spindle stiffness of the 100 kW experimental wind
turbine generator. The test/analysis frequency
summary comparison presented in Table A-II shows
at excellent correlation was obtained. The fre-
encies of the flapping modes and the inplane
des are both slightly higher than calculated
‘ich is largely attributed tc higher tlade bending
.iffness levels being obtained. The first torsion
mode was slightly lower than predicted, but for a
2000 cpm mode this is good correlation.
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TABLE A-I.

WEIGHT (LBS) X ARM (IN ) Y ARM (IN ) | Z ARM (IN )
138.77 0.00 372.31 0.00
188.99 an 54.96 0.69
257.64 323 79.01 074
13017 1.54 124.89 0.40
135.68 1.58 171.27 0.23
117.69 2.40 21381 0.36
11495 177 267.66 o1
55.04 1.62 290.65 0.51
68.96 0.18 312.58 -0.46
131.45 0.36 %596 012
10801 0.10 389.04 018

1 109.09 0.28 43314 on
98.18 027 477.18 0.08
84.39 0.22 521.19 0.08
79.11 016 564.96 0.01
56.05 021 608.22 0.01
20.08 0.28 642.34 0.00
15.43 013 663.66 0.07
28.58 -0.04 698.11 -0.04
17.28 -0.29 736.45 -0.08
1955.54 113 260.97 063
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Figure A-5. Wind-Turbine Blade Stiffness
Distribution

The NASA Lewis Research Center icing tunnel was
utilized in the cne case and the
sored tests were conducted at the Wind Tunnel of
the Gupggenheim Aeronautical Laboratory at the
California Institute of Technology in Pasadena,
California, under lockheed independent development

funding, Figure A-6, references 10, 11, and 12.

nokhead ennne-

MITAL WIND-TURBINE BLADE LU

——— = - e
Ik (LB INT) lyy (LB IN) I, (LB INY)

Py (LB INY)
7676 9244 7676 0
15453 25732 19117 3612 |
33631 19668 46594 7787 5
29674 26988 39414 3905 !
28538 26697 41962 3387 {
22323 21834 36461 2381
2n7 17184 32556 1381 ‘
3513 7180 8106 a13
4148 9664 11084 700 ‘
23018 15446 34842 87 ‘
18656 10265 26461 328 ‘
18561 8864 25503 178 \
16432 6823 22070 78 ‘
14358 4273 17494 21 |
13032 132 15624 35 ;
9172 2281 11195 n
841 673 1453 23
643 706 1307 20
5512 1007 6470 36
1057 398 1444 19
215264289 225307 215387656 26587

FULL TIP
WEIGHT* NO TIP NO TIP
7.4 LB/BLADE WEIGHT* WEIGHT

MODE SHAPE (TEST) (TEST) (ANALYSIS)
1ST FLAPPING 97.8 cpm 103.8 cpm 98.7 cpm
2ND FLAPPING 280.8 cpm 299.4 cpm 286 cpm
3RD FLAPPING 600.0 cpm 622.8 cpm 610 cpm
1ST INPLANE 141.0 cpm 159.6 cpm 143 cpm
2ND INPLANE 567.6 cpm 588.0 cpm 558 cpm
1ST TORSION (NOT TESTED) | 1968 cpm 2040 cpm
*METAL BLADE WAS PRIMED BUT NOT THROUGH FINAL PAINT;
SURFACE AREA WEIGHT WOULD INCREASE BY 25 LB/BLADE.

tests showed almost 100 percent velocity retar=-
on when the tower stairs and rails were present
e :

cimately percent when the stairs o]

The Mod-0 tower was also exami at Lockheed by a
computer graphics technique to give a visual com-

parison of porosity as wind direction is chanped.

Fipure A-7 shows the visual impression of porosity
sus the actual measured drag from the Galcit
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S

ver
a

e
e

o«

The tower for the 100 kW Mod=-0 wind turbine gen-
erator is constructed of steel where members are
both circular and anpular in cross section. The
circular sections were used for the near vertical
members at the corners. The drag coefficient of a
circular cylinder is 1.2 before transitio about
two-thirds of the typical, anpular structural ele-
ment. A tower constructed entirely of tubing could
be expected to have a smaller wake,
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