
,. NREL/TP-257-4517 • UC Category: 261 • DE92001187
........................................•_ ..-, NREL/rP--257-4517

......._::::i::ii_i_!!!ilili_i_i;iiiii:iii::_::__:_................................._":_<_::_:iiii!ii_i!!iii_i_i_{i_ DE 9 2 0 011 8 7

j_" .... The NREI, Teetering Hub Rotor. .
_ Code. Final Res_l!s and Conclusions

":!!!iii!i::!!::

....'%_',_i',i!',!i',iiiiii!ifiji',i',ii',i',',iiii',_i'_',i',,_ili_i,,_,_i_,,iiiii,,ii_i,,i,,ii_i_ili_iiii_,','_i',_;:_:._::i'D.Wright
C.P. Butterfield

National Renewable Energy Laboratory
(formerly the Solar Energy Research Institute)
1617 Cole Boulevard
Golden, Colorado 80401-3393
A Division of Midwest Research Institute
Operated for the U.S. Department of Energy
under Contract No. DE-AC02-83CH10093

December 1991

i

ii DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



On September 16, 1991, the Solar Energy Rexarch Inmltute was designated a national laboratory, and lte name was chang_
to the National Renewable Energy Laboratory.

NOTICE

This report was prepared as an account of work sponsored by an agency of the United States government, Neither the Un=tea States government nor any
agency thereof, nor any of their employees, makes any warranty, express or imphed, or assumes any legal IiaDdlty or responsibdily for the accuracy, com-
pleteness, or usefulness of any information, apparatus, product, or process d_sclosea, or represents that _tsuse would not infringe privately owned nghts.
Reference herein to any specific commercial product, process, or service by trade name. trademark, manufacturer, or otherwise does not necessanly con-
stitute or imply its enrlorsement, recommendation, or favonng by the United States government or any agency thereof. The views and opin|ons of authors
expressed hereto do not necessarily state or reflect those of the United States government or any agency thereof.

Printed in the United States oi Amenca
Available from:

National Technical Information Service
U.S. Department of Commerce

5285 Port Royal Road
Spnngtleld. VA 22161

Price: Microfiche A01

Printed Copy A03

I Codes are used tor pnc'ing ali publications. The code is determined by the number of pages in the publication. Information pertaining to the pr|cing codes

can be round in the current issue of the following publications wn|ch are generally avmlable m most I,bran_: Energy Research Abstracts (ERA): Govern-
ment Reports Announcements and Index (GILA and I); Scien_flcana TechnfcalAbstraclReports (STAR}: a "_ ouPhcatlon NTIS-PR-360 avadable trom NTIS
at me al<we address.



The NREL Teetering Hub Rotor Code:
Final Results and Conclusions

A. O. Wright
C. P. Butterfield

National Renewable Energy Lab
(formerly the Solar Energy Research Institute)

1617 Cole Boulevard
Golden, CO 80401

Abstract Introduction

Accurately predicting wind turbine blade loads and response is The ability to predict turbine loads and responses for a variety of wind
important for the proper design of wind turbines. The need to turbines undergoing various operating conditions is a major goal of
accuratelypredictbothdeterministicandstochasticbladeloadsis now the federal Wind Energy Program. Previous structural dynamic
widelyrecognized, modelingefforts at NREL have concentratedon three-bladedrigid

hub rotors (1), (2), (3). Duringthe pastyear, a two-bladedteetering
Previous¢otor code development and validation efforts at NREL hub rotor codehasbeenin astageof finalrefinementandvalidation.
haveconcentratedon predictionof deterministicandstochasticblade
loads for rigid hub rotors. During the past year this effort was This code models the teeteringand flap-bendingblade motion of a
expanded for predicting blade and shaft loads for two-bladed teetering hub rotor. The model includessucheffects as undersling,
teetcnng hub rotors. The NREL (formerly SERI) Teetering Rotor hub mass,delta-3, turbulentwind inputsanda prescribedyawmotion.
Analysis Program (STRAP), a derivative of the Force and Loads Also included is the ability to model teeter stops via springsand
AnalysisProgram(FLAP), can includetheeffectsof rotor undersling, dampers.
delta-3 and the effects of a concentratedhub mass. The degreesof
freedomincluderotor teeter andsymmetricandasymmetricrotor flap The need to include turbulent wind inputs in structural dynamic
modes. A time-dependent,prescribedyawmotioncan alsobe input models for wind turbinesis nowwidelyaccepted. Wind turbineblade
to the code. Loadsducto turbulentwind inputsarc alsocalculated, responsesto turbulentwindshavebeendescribedin (1), (2), (3), and

(4).
In this paper, final code modifications, final comparisons of load
predictions to test data, and finally, the direction for new code In this paper the Three-Dimensional Wind Simulation Model (5)
development activities at NREL will be described, developed by P. S. Veers will be used to provide turbulent windspeed

fluctuations for STRAP. It will be referred to as the VEERS model
Rotor teeter and load predictions from STRAP will be compared to
test data for two different data cases, for a particular two-bladed field

Nomenclature turbine, nowoperatingin a Californiawindfarm.

CE Lift coefficient Both deterministic and stochasticload and response ca.teswill be
shown. Conclusions and recommendations for future code

CODEC Coherenceparameterin the VEERS model(see developmentwill bemade
reference 5)

D Dimensional Code Hl(lhflohts

R Rotor radius The NREL (formerly SERI) Teetering Rotor Analysis Program
(STRAP) is basicallya derivativeofFLAP (Forceand LoadsAnalvsut

Zo Terrain surface roughness Program) (6). Equations of motion for blade flap motion were
reformulated to correctly include the effects of rotor teeter motion;

PSD Power spectral density including the effects of delta-3, under,sling,and hub mass.

U. Wind shearvelocity(seereference5) Figurc 1 showsthe two-bladedteetering hubwind turbine which is
modeledby this analysis.The rotor hasa teetering hingeat point A

fl Parameter in VEERS model (see reference 5) which may be located a distance (u-ft) downwind of the hub. lt may
also include the effects of delta-3 (although the/is angle was zero for

P Per rotor revolution the turbine to be described). The total rotor mass includes the
distributedmassof the bladesplus the massof the hub. The hubmass

m/s Meters per second is modeled as a concentrated mass (Mhub) located at a distance
downwindof the hub center. This point locatesthe hub center of

m Meters gravitylocation.The total rotorcenterof grav/tylocationmaybe at a
d Distanceof aconcentratedhubmassfrompoint of differentpoint,due to theeffectsof theblade'smassand preconc.

bladeapex (soc Figure1) The model includesdegreesof freedomof rotor teeter and three
u Undersling: distance of teeter axis downwind of rotor elastic flap modes: two symmetric modes and one asymmetric

blade's apex(seeFigurel) mode, shown in Figure2. The rotor rotationspeedis assumedto be
constant. Although turbineyawis not consideredto be a degreeof

Mheb Concentratedhubmass freedom,a time-dependentprescribedyawmotioncan be inputto the
code.

Si Generalizedcoordinatefor the i'th mode
._._,_,_ _*'_ ._

&_ Delta-3 hinge anRie (deR.I _ _ :!_ .......
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I _ j _ STRAP response and loads predictions are compared to test data,,,,----u ._ taken from a two-bladed teetering hub turbine descnbed in the next

//_-_ _ section. Two 10-minute data cases are analyzed to determine
/ _ windspeed inputs, teeter test response, and blade flap bending

'" moments at the root and 60% blade stations. The turbine and data

Turbine and Test Description

&
O N I "'>,._ ._ A 24-m (80 ft_ diameter turbine, designed . ESI Inc. was selected as

. f • .. -! _ _, Rotation Axis the test machine, lt was chosen because a substantial data base
& / .o li,,_PJ _!.. .I

- - _-_-_ _ existed, and it appeared to be a popular configuration for advanced

pitch, free yaw, downwind system featuring wood epoxy composite
rotor blades. These blades use LS(I)-04XX airfoils with thickness
distribution and planform shown in Figure 3. This blade has a chord
taper ratio of 2.2 beginning at the 30% blade radial station. Figure 3

Mhu b Blade stiffness and mass distributions are shown in Figures 4 and 5.
The blade pitch is set to zero degrees measured at the 75% blade
span. The rotor has a solidity of 0.035 and a coning angle of 7

('_ / degrees, angled away from the tower. The teetered rotor has a delta-three angle of zero degrees and rotates at a constant rotational speed\ T,DMass of 60 rpm. Aerodynamically shaped tip vanes mounted at the blade
tip. perpendicular to the spanwise axis. provide overspeed protection
and assist in high wind stops. The turbine has a 30:.1 gear ratio,

Figure 1. Rotor Geometry planetary, gearbox, which is coupled to a three-phase, 480 Volt, 300
kW induct:on generator. Table 1 summarizes the maior turbine
specifications for the test turbine.

-% ,0 2o 3o ' ,o

Bla_ Flocl_us (ft)

Figure2. STRAP Modeshapes Figure3. ESI-80BladePlantorm,Thickness,anclTwist

25() 6O

The codecanbeusedtoobtainsteadystateresponsestodeterministic
inputs, such as gravity, wind shear, tower shadow, and constant yaw * 50
rate. The code can also be run in a "time-marching" solution process, 200
with inputs of time series turbulent windspeeds made from a separate
file, such as that generated by the VEERS turbulence model (5). _ 40©
Stochastic blade loads, teeter response, and turbine low-speed shaft ::,.-c_:_150 :_*_a=
loads are then calculated. _ x _ x

The aerodynamic model used in the version of STRAP reported hereis a simple quasi-steady aerodynamics model based on blade element- _ 100 _=
momentum theory (6). Inthis paper, nonlinear equations are used to _ 20¢.
accurately model steady 2-D lift and drag profiles for the LS(I) airfoil.
For high angles of attack, the poststall synthesization routine is used 50
(7). These methods represent a deviation in the method of lift and 10
drag coefficient calculation of previous FLAP comparisons in which
lift coefficient is a linear function of angle of attack.

0 0
0 5 10 15 20 25 30 35 40

Presently.a moresophisticatedaerodynamicsmodel is beingaddedto
based on Weber (8). This model will includetable look-up BlaaeRa0ius(ft)

subroutinesfor determinationof lift anddragcoefficientsfor various Figure4. ESI-80 Blade StiffnessDistribution
airfoils of different thicknessesat various Reynoid's numbers.
Iteration is performed in order to determine axial induction factors.
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55, _ Instrumentation Description

Additional42 Ib i The ESI-80 test turbine was located in PJtamontPassnear Tracy,
45 California. A 37-m (120 ft) meteorological (MET) tower was located

50-m (160 ft) to the west of the wind turbine in the prevailing wind
40 direction, as seen in Figure 6.

g3s

_20 ESI-80 wind turbine Meteorological tower

'0 ""

/ T_0

20 12011

is 80. I
"---TIlo

160I1 80111

BladeRadius(ft) 81 --r.

40111 I

Figure 5. ESI-80 Blade Weight Distribution
t t

Table 1 Control shed

ESI-80 TURBINE SPECIFICATIONS ....

Rated Power 250 kW Figure6. rest Site Layout

Rated Wind Speed 20.3 m/s (45 mph)

Rotor Table 2 lists the test channelsthat were measuredduring the test

Diameter 24.5 m (80 feet) program,which was carried out with supportof the Flcctric Power
Research Institute (EPRI) in 1985. The locations of these

Rotor Type Teetered- Stall Control transducersare indicated in Figure 7. Ali of the transducers

Rotor Orientation Downwind representedin this figurewere full bridgestraingagecircuitsexcept
for items 10and 12, the rotor azimuth positionsensorand the yaw

Blade Construction Wood-Epoxy positionsensor,respectively. Both of theseinstrumentswere built by

Composite ESI. Both convertedrotary motion to linear motion usingcircular
tams and linear potentiometers, which were energizedby a simple

Rotor Airfoil NASA LS(1) 0417 powersupplycircuiL A 0-10 macurrent loopanalogsignal,from each

Tip Speed 77.9 mis (173 mph) transducer-signalconditionerpair on the turbine,was fed througha
19-twistcd-pair,shielded instrumentationcabledown to the control

Cut-in Windspeed 5.9 mis (13 mph) shed.

Rotor rpm 60 rpm
Four Gill Propeller Vane anemometersand an R.M. Young signal

Generator Type 300 kW, Induction, conditioner and calibratorwere used to condition windspeedand

Three Phase direction signal. These anemometers were located at 12.2-m (40 ft).
24.5-m (80 t). 36.7-m (120 ft) altitudes on the MET tower.

Gearbox Planetary

Hub Height 24.9 m (81.5 feet) Data signals for ali of the transducer,.vere terminated inside thecontrol shed,where thesignalswere recordedon a Vetter Model-G,
Tower Open- Truss 16 channel, analog tape recorder. Not ali 21 channelscould b¢

Pitch Control None recorded simultaneously.Sixteenout of 21 channelswere selected

Yaw Passive basedon the goalsof eachtest. The turbineis shownin Figure7.

Overspeed Control Tip Vanes

Total System Weight 9750 kg (21,500 Ib)

Coning 7° Test Data Cases

Two 10-minute dat_ casesof different mean windspecd were
compared to STRAP code predictions. Statistical values

Rotatin.q Natural Frequencies representative over the rotor disk were calculatedby computing

Teeter 1 Hz statisticsfor eachanemometerand thenaveragingtheseresults. Thisaveragewasobtainedfor eachdata set. A powerlawshearcoefficient
First Symmetrical Flapwise 2 Hz wasaLsodeterminedfor eachcase.

Second Symmetrical Flapwise 7.8 Hz Table 3 showssummariesof the windspccdstatisticsfor the two data

First Edgewise 5.9 Hz cases, as well as turbine yaw error and the power law shear

Second Antisymmetrical Flapwise 12 Hz coefficient.

,.3
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Table 2 Table 3. Statistics for the Two Data Cases

MEASURED PARAMETERS Data Case 1 Data Case 2
FOR THE

ESl-80 TEST TURBINE Mean
Windspeed (ft/s) 53.0 33.1

Item Description
Standard

1 Windspeed @ 31.5 m (120 ft) Deviation (ft/s) 6.4 2.6

2 Wind Direct=on @ 31.5 m (120 ft) Power Law Shear

3 Windspeed @ 24.5 m (80 ft) Coefficient .193 .164

4 Wind Direction @ 24.5 m (80 ft) Yaw Error (deg.) 4 13

5 Windspeed @ 12.2 m (40 ft)

6 Wind Direction @ 12.2 (40 ft) The loads and teeter data are binned according to rotor azimuth

7 Primary Tower Leg Load position. The resulting "azimuth averaged" signals are then extracted
from the data and fit with discrete Fourier series in order to

8 North Hinged Tower Leg Load determine the harmonic content up to a frequency of eight times the

9 South Hinged Tower Leg Load rotor rotation rate (S-P).

10 Rotor Azimuth Position [n addition, power spectral densities (PSDs) of each signal are

11 Teete: Angle calculated for comparison to stochastic loads and teeter predictions.
The azimuth averaged responses are not removed before power

12 Yaw Angle spectral densities are computed, as later seen. The test data PSDs
13 Blade Root Flap Bending contain the sum of the deterministic and stochastic components, lt is

felt that the code should calculate the total response duc to
14 Blade Flap Bending @ 60% R turbulence, shear, and tower shadow, and comparisons should b=

15 Low-Speed Shaf_ Torque made for the total rotor response. The purpose for separating the
azimuth averaged response is for harmonic comparisons to the steady

16 Blade Root Edgewise Bending state (deterministic) cases.

17 Electrical Power Turbulence Simulation Method
18 Electncal Current

19 20 Apparent Power (kVA) For turbulent wind simulation, the Sandia Three-Dimensional Wind
Simulation(5),developedby VEERS, isused. Thiscode isused to

20 Apparent Power (kVA) simulate the longitudinal component of turbulence (perpendicular to

21 Low-Speed Shaft Thrust the rotor disk in nonyawed flow). A full three-component field of
turbulence is not calculated; only the longitudinal component was
calculated.

The simulation method is used to obtain "rotationally sampled"
windspccd, although nonrotating windspecd an also be obtained
from the model with minor modifications. The basic approach of this

method is to simulate vondspecd time series at several points in a
plane perpendicular to the mean wind direction and to propagaee the
time series in the mean wind direction at the mean windspced. These

signals arc then rotat=onally sampled in the code.

Various spectral models can be chosen in this code for calculation of
the fixed point Power Spectral Density (PSD). For the cases shown
hcrc lhc Solari model was used (5). The coherence model used in (5)
is the cxponcntiai type with some modification duc to Solari.

Parameters are needed such as number of blades, number of points

per revolution, number of and location of points along the blade span.
Also, terrain surface roughness, shear, and coherence decrement arc
needed.

For the simulation performed for this turbine, 24 points per
revolution were used. Turbulence was simulated at three blade radial
locations: the hub, 0.5 R, and 1.0 R radial stations. The high number

of azimuth points was chosen by information provided by Wink¢iaar
in (12).

The Solari model calculated the single point power spectral densities.
Inputs to this model include U, (shear velocity) and /] (5). These
parameters are normally calculated within the VEERS model upon
input of such parameters as surface roughness (Zo) and turbulence.
intensity (standard deviation of windspeed divided by mean
windspeed). However. for these cases, a least-squares curve fitting

Figure 7. Turbine Instrumentation method was used to fit the Solari model equation to the hubheight



anemometer data PSD The "best fit" parameter values for U. and _ Code Inputs and Solution Methods
were then determined for each data set m the frequency, range of .01

to 1 Hz. Input values for Z_ shear, etc. were then adjusted to give The STRAP code consists of two modules; module 1 is a preprocessor
hubheight wind PSDs which closely represented that obtained from that reads blade and machine property, data and prepares variom
the actual hubheight test data. As a check on the accuracy of VEERS matrices for use tn the equations of motion. A feature of module 1
model generated windspeeds, a PSD of hubheight windspeed, not premously reported is the ability to calculate the blade flal:m,v_
generated by the VEERS model was compared to the PSD of natural frequencies and modeshapes. This information is often
hubheight anemometer test data, shown m Figures 8 to 9 for the two helpful for chec_ng input accuracy of the blade mass and stiffnest
data sets. Evident in these figures is the rapid dropoff in the data.
anemometer test data PSD above 1 Hz. The coherence decrement

was set arbitrarily. The effects of this parameter on predicted results The second module solves blade equations of motion and calculate=
will be shown. Exact values for this parameter could not be obtained blade loads. Degrees of freedom include rotor rigid body teeter and
from anemometer data. elastic flapping motion of the blades. Inputs to the model includ=:

1E2 such determinmic effects as gravity., tower shadow, wind shear, yaw
error and yaw rate. The code can also be run with a time sene=

.... • windspeed input to calculate stochastic blade response= caused by
turbulence.1E1 '"'"".'. :.

For this turbine, the rotor first and second symmetric flaFwisc
bending modes were very close to 2P (2 per rcv) and 8P (8 per rcv),lEO

•1- respectively. Besides the blade's distributed mass and stiffness inputs,

: : i 'i_". inclusion of a 42-1b tip weight was crucial for correct calculations of"_" rotor natural frequencies and loads. A power SlX:_:iral density
_1E-1 . . ;_ .F: calculation of blade root bending moment shows significant response

"" : ___x_.__ at 8P (see comparisons). This "tip brake" mass was modeled in

03 ' ;" STRAP by adding extra distributed mass over the last 2 ft of blade
n 1E-2 span. Other distributed blade properties are the blade's twist and

chord distributions.

1E-3 I •.,test data t , Besides distributed properties noted above, additional hub propcrtie=

L--predicted[ ' were input. Such effects as undersling and hub matt (mats notincluded as a part of the blade) were input, as seen in Figure 1.
1E-4 Neglect of these parameters causes an underprediction of the rotor's

1E-2 1E-1 lE0 1E1 steady state response due to gravity, predominantly at a frequency of

Frequency (Hz) 1 Hz (lP). Exact value= for this turbine's rotor and hub mass are not
exactly known and may be the cause for some discrepancy in
predicted lP loads. This discrepancy will be described later.

Figure 8. Spectra of Hub Height Anemometer (Case 1)
Other inputs important to this turbine are correct wind shear and
tower shadow data (this is a downwind machine). The power law
shear coefficient was determined from the anemometer data. The

1E2 tower shadow inputs are not well known. Both the wind shear and
tower shadow cause blade elastic responses, which are amplified at
the 2P and 8P frequencies, because of proximity of these frequenct¢'_

1E1 to the rotor natural frequencies. Also of great importance ts the
• "" inclusion of stochastic wind effects, which cause further excitation of

the rotor, especially at these frequencies.
N lE0
-r- The first ,ompamons made in this paper are for deterministic

responses only (steady state). For the 10-minute data sets. stationary
_1E-1 operating conditions are assumed, and the deterministic and
E stochastic loads for the turbine test data are separated by "azimuth

averaging."03

_- 1E-2 :! ,_._._ The STRAP code is first run with only deterministic inputs of gravity,
windshear and tower shadow. Case I had a small mean yaw error of

1E-3 _ 4°, while case 2 had a yaw error of I3 °. Resulting teeter re=ponse and
I ""_'" "''"I1 _"_"_"¢_-4 [ - _k_ _ blade flap bending moment waveforms are calculated. The harmonic

'i_'_ contents of these deterministic waveforms are also calculated by
1E-4 ";'f fitting a Fourier series with unknown coefficients in a "least square="

routine to both the test data and predicted waveforms.
1E-2 1E-1 lE0 1E1

Frequency (Hz) Comparisons

After calculation of deterministic responses and loads, a transient
Figure 9. Spectra of Hubheight Anemometer (Case 2) solution subroutine is t-an in order to calculate stochastic responses.

Data from a file containing rotationaily sampled windspeeds.,
previously generated by VEERS model, is read by this subroutine at
eoual time steps.

The STRAP Code numerical integration procedure us_ unequal
time steps. For blade positions lying between those values from the

;II '



input file. linear interpolation is performed in order to obtain the 2
necessary wind inputs to the blade.

1.5 --_.
Ali of the important blade and low-speed shaft loads such as blade "'/"
flapwise and edgewise bending, shaft torque, etc., are calculated from " \ '
both determimstic and turbulent inputs. In addition, rotor teeter 1 "" \ ." /
response and blade elastic deflections are calculated. "_' " 'o_ • \ . /

(1) . . •

0.5 ... \ .. /
Mean Loads _.¢ .\ /

Table 4 showsmean shaft torque for each data case. predictions c_c 0 • • /
versusmeasureddata. The codeoverpredictstorque,especiallyat the < ". \ ."
higher windspecd,due to errors in modelinglift anddrag profiles at _ \ .' /
the higheranglesof attack. For these runs,polynomiallift and drag _ -0.5 . \ .'" /
profileswere modeledfor anglesof attackup to stall. Paststall,the t-- • •
VITERNA poststallsynthesizationroutine wasused(7). -1 " \ ." /

• '\ .. ./ f

Table S showsmean flap-bendingmoment for the two casesat the ".....<./ [ .. test dataroot and 60% spanlocations. Unlike the torquecomparisons,the -1.5 .-predicted
flapwis¢bendingmomentsagreebetter at thehigherwindspeed(case
1). The root bendingmomentfor case2 showsa 30% error, the exact -2
causeof this discrepancyis not known. Usuallythe errc,r in predicted 0 5_ 100 150 200 250 300 350 400
mean bendingmomentis higher for thehighwindspeedcase.

Azimuth Angle (deg.)

Table 4 Figure 10. Plotof Teeter Response(Case 1)

PREDICTED VS MEASURED MEAN

SHAFT TORQUE FOR THE TWO CASES

Case # Predicted Measured % Error
(ff-lb) (ft-lbl 0.7

1 35,400 25,900 37%

2 13,600 13,900 2% / "-" \,A ..''.

(_ . /
0.2 \ • ..'

_.¢ \ . ."
o) / ..."\ .

Table 5 < / .
\ . .."

MEAN FLAP-BENDING MOMENT _ \ .. ./'...

PREDICTED VERSUS MEASURED AT ROOT AND 60% _ -0.3 N "-..Z."
BLADE STATIONS "---. J

Predicted (ft-lb) ' .. test data ]•-predicted i
gase # Root 60% Span -0.8

1 22,400 3,350 0 50 100 150 200 250 300 350 400

2 5,480 1,020 Azimuth Angle (deg.)
Figure 11. Plot of Teeter Response (Case 2)

Measured (ft-lb)

(_ase # Root 60% Span

1 19,500 3,320 Important parametersfor this machine to include in the analytical
model were: (1) hub geometrysuchasthe rotor undcrslingandhub

2 4,190 1,310 mass.(2) blade tip masseffects,and (3) windshcarandtowershadow.

Figures 12 through 15showtheharmoniccontentof thedeterministic
Deterministic Responses root and60% spanflap-bendingmomentsfor thetwo cas(_. In case

l, two predictionsarc shown: the first prediction is with a tower
A plot of predictedteeter waveform versus measuredwaveform is shadowhavingavelocitydeficitof 20% of the meanwindspecdover a
shown in Figures l0 to I 1 for the two cases. [n both casesthe pie-shapedsectorcenteredat the tower with half-widthof lO°. The
TEETER code predicts the total cyclic ()'xmk-to-pcak) teeter secondprediction is with a 30% deficit overa sectorwith half-width
responsereasonably,a)ahoughthe predictedwaveformsareshifted in of 15°. The changein2P and8P content is clear.
phase. The exactreasonsfor thisdiscrepancyareunknown,

6
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Figure 12. Plot of Root Flap Moment Harmonics (Case 1) Figure 14. Plot of Root Flap Moment Harmonics (Case 2)

1000 3O0

7 0 test data9oo _ test data /
0250 / _ predictedIit pred-1 _. / \-7800 ii pred-2 =... // 7\\

"-" 700 E 200 / 1 \
600 /XI /\ \
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E / -- /\ \
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E 200 _ u. 50 _ \\
, // \"100 f _7 \

0 [ 0 " 1
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Per Rev (P) Per Rev (P)
Figure 13. Plot of 60% Span Flap Moment Harmonics (Case 1) Figure 15. Plot of 60% Span Flap Moment Harmonics (Case 2)

center of gravity location. This harmonic is dominatedby gravity
The dominantfrequenciesof interestfor thisrotor are at lP, 2P, and response. More detailed knowledgeof these weights and offsets
8P (1 Hz, 2 Hz, and8 Hz). The 1Pharmoniccontent isduemainlyto wouldallow improvedpredictionof thisharmonic.
rotor responseto gravity. The magnitude of this harmonic is
relativelyconstantfor the two windspeedcases.The 2P harmonicis For case 2, the 2P and 8P harmonicsare overpredicted. This
due mainly to excitation of the rotor symmetric [lap mode by discrepancy,is thoughtto be dueto inaccurateinformationregarding
aerodynamicinputs, such as windshear and tower shadow. It is towershadoweffects. Accurateestimatesof the power lawwinclshear
underpredictedin case 1 for the first _.owershadow case and coefficientwere obtainedby analyzingtheanemometerdata at three

, overpredictedfor thesecondvalue, heights. The tower shadowwasmodeledas a pie-shapedsector,with
a half-width of 10° centeredaboutthetowercenterlinewith a velocity

The 8P harmonic is caused by excitation of the rotor's second deficit of 20%. When harmonicsarecomparedfor case 2, with the
symmetric flap mode by windshcar and tower shadow. The rotor shadowvelocity deficit reduced to 10%, the predicted 2P and 8P
asymmetricflapmode,whichhasa frequencycloseto 5P (5 Hz/is not harmonics drop significantly. Again, the l P harmonic is
highlyexcitedin thisrotor, althoughsomeresponseis notedat this underpredicted,asin casei.
frequency,for the 60% spanstation. The codeseemsto overpredict
responseat this frequencyfor the higher towershadowdeficit. Both Another important parameter in thisrotor analysisis the 42-1b tip
of theseharmonicsare highlyinfluencedbythe towershadowvelocity mass.This tip masscausesthe blade'ssecondsymmetricflap modeto
deficit,asseenin figures12and 13. bevery.closeto 8P. Becauseof the proximityof thismodeto aneven

harmonicof the rotor speed,it getshighlyexcitedby wind shear and
Forboth cases1 and 2, the lP harmonicis underpredictedbyabout tower shadow. Figure 16showsa reductionin higherharmonic(8P)
40_. Thisdiscrepancyisthoughtto bedue to underestimationof the contentof the root flapmomentwaveform,asthe tip massis reduced
total rotor and hubweight or lack of knowledgeof the exactrotor from 42 lb to 0 lb.
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Figure 16. Effectsof Tlp Masson Predicted Figure17. Plot ofTeeter Power Spectral Density (Case 1)
Flap Moment Waveforms(Case 2)

1E2

As the tip mass is reduced, the blade's secondsymmetric gap lP

frequency moves away from the 8P harmonic. Excitation at this 1E1 Jvfrequencyis reduced. Predictionof thesecffccLsrequires that the
rotor codehasa sufficientnumberof degreesof freedom:in this case,
the model must includethc secondsymmetricflap mode. Analyses 1E0
using just two modes,such as ngid bodytcctcr and first symmetric N
flap, wouldunderestimateresponseat higherfrequencies. -r"1E-1

"..Another effect of tip massremoval is the change in mean flap c_o) 1E-2
momenLs,alsoseen in Figure 16. This is causedby the changein _,
centrifugalloadsatthe bladetip. 0uu 1E-3

= ii
Stochastl¢ Responses _ ",_:.,,:;_i•..test data

The VEERS turbulencemodel(5) wasrun for thesetwo datacasesto 1E-5 --pred
produce a time series of turbulentwindspccddata to be input to
STRAP. For case 1, the VEERS code wasrun twice: once with a 1E-6
value of CODEC = 7 (PRED-I) and the other time with a value of 1E-2 1E-1 lE0 1E1
CODEC = 15 (PRED-2). This was done to show the effects of Frequency (Hz)
coherency parameter on predictedteeter and flapwise moment
predictions. Figure 18. Plot of Teeter Power Spectral Density (Case 2)

Figures 1"7 to 18 show predictedteeter responsepower spectral Figures19and20showpowerspectraldensitiesof root flap-bending
densitiescomparedto testdata, for casesI and 2. For case1, better momentfor the two cases.The dominantresponseof the rotor isat
results arcobtainedfor prcdiction-l, in whichthe valueofCODEC = the frequencies l Hz. 2 Hz. and 8 Hz. although some responseis
7 was uscd. Overall, the testdatashowa broadbandresponsein the notedat6 Hz (6P).
vicinity of the IP frequency. The predictionsundercstimatod this
response.One possibleexplanationfor thisdiscrepancycouldbe due
to neglectof wind excitationin theotherdirections. In this analysis, The I hertz (lP) responseis again duc to responseof the rotor to
only longitudinal (along wind) turbulencecomponents have been gravity. The magnitudeof this frequencyresponsedoesnot change
input to STRAP. Components in the lateral andvertical directions muchfor the twodatacases.
could influence this turbine's response. The STRAP code can be
easily modified to include calculationsfor these other inputs, and The 2 hertz(2P)frequency responseisduemainlyto excitationof thefirst symmetricflap modeby wind turbulence,wind shearand tower
further investigationswill be made. The VEERS model, however,
must also be modified to output turbulentwind excitations in the shadow. The 8 hertz (8P) responseis alsodue to excitationbytheseeffects. Responseat t_esc frcqucnciesisseento go up for thehigher
other directions, windspccdcase.

In case2, thevalueof CODEC wassetat 15. The dominantresponse Predictionsfor case1 are shownfor two conditions. Prediction-1is
in teetering for thiscaseis alsoat,orcloseto, a frequencyof lP. The for a value of CODEC = 7, and prediction-2 is for a casewith
agreementbetween test data andpredictionsis much better for this CODEC = 15. The changein coherence seemsto effect the low
case than case i. Also, the magnitudeof the response for case I is frequency,portion of the spectrum(below I hz) with the value of
about 10 times that of case2, probablydueto the higher turbulence CODEC = 7 giving better results. Also to be noted in case! is the
intensityand shearvaluefor thiscase. large undcrprcdictionin the high frequency range between 6 and 8

hertz. This underprcdictionis notnoted for the lowerwindspeedcase

8



1E9 The 1P harmonic is strongly influenced by gravity,response, while the
lP 2P 8P 2P and 8P responses are strongly influenced bv shear and shadow.

The 1P teeter response is also strongly influenced by shear and wind

1E8 I I _, turbulence.V V

1E7 -,. : An important parameter for this rotor analysis was the 42-1b tip mass.

_it Both cyclic response at the 8P harmonic and mean loads were shown

N _" ". \ . :: • --I- • to be strongly influenced by this weight.
_"" 1E6 -," -"
__" \/ ::': " Stochastic load comparisons were shown for both cases.The VEERS

turbulence model was used to prepare a file of turbulent wind inputs
Q 1E5 for STRAP. Power spectral densities of rotor teeter and flap-bending
ta. moments showed reasonable agreement for both case=. One

1E4 1_ unknown parameter for these cases was the coherence decrement,
not determined from the anemometer data. This parameter has an

•. test data ' ; "! effect on predicted teeter andflap load prediction,especiallyin the
1E3 --PRED-1 " ::'::i low frequency range. For future load comparisons,more accurate

estimates of this parameter should be used.
-PRED-2 ;;

1E2 k A major goal of future NREL research (through subcontracted
1E-1 1E0 1E1 efforts with the Universityof Utah) is to developmoresophisticated

Frequency (Hz) aerodynamicmodelsfor inclusion in structuraldynamicmodels, lt is
clear that even with accurate modelingof the static lift and drag

Figure 19. Plotof Root Flap Moment PSD (Case 1) profiles for this airfoil, STRAP aerodynamicmodels need further
refinement for calculatingcyclic responseat higher windspeeds.
Unsteadyaerodynamicmodelsmay be neededto accuratelypredict

1E10_ dynamicloading.This isparticularly true for stallcontrolled rotorsas
lP 2P 8P has been shownby experimental resultsfrom the NREL Combined

1E9 Experiment testsin(9) and(10). These testshaveshownthat delayed/ I /

_, _, •I stall occurs for smooth and rough airfoils. Even with accurate
1E8 6P modeling of lift and drag for the higher windspeed,cyclic respome

was underestimated for this rotor, especially at higher frequencies.

N 1E7
"r" Another area of interest is development of more sophisticated

structural models with more degrees of freedom. At the present time,
_. 1E6 no additional degrees of freedom are planned for STRAP. Systems

code development work is planned through subcontracted efforts
_" 1E5 , (Oregon State University.) as well as through in-house efforts with aC)

commercial software multi-body dynamics code. the Automated
ta. 1E41 Dynamic Analysis of Mechanical Systems (ADAMS) (11).

I .,0-
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