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~ DEVELOPMENT TESTS FOR THE 2.5 MEGAWATT MOD-2
' WIND TURBINE GENERATOR

J. 8. Andrews and J. M. Baskin
Boeing Engineering & Construction Company .
P.0. Box 3707, Seattle, Washington 98124

ABSTRACT , ‘

The development of the 2.5 megawatt MOD-2 wind turbine generator has
included an extensive program of testing which encompassed verification _ !
of analytical procedures, component development, and integrated system

verification. The test program was to assure achievement of the !
thirty year design operational life of the wind turbine system as well f
as to minimize costly design modifications which would otherwise 1
have been required during on site system testing. Computer codes '
were modified, fatigue life of structure and dynamic components were

verified, mechanical and electrical component and subsystems were

functionally checked and modified where necessary to meet system

specifications, and measured dynamic responses of coupled systems

confirmed analytical predictions. It is clear that the importance of

developmental testing has been demonstrated through the successful
MOD~2 acceptance testing.

INTRODUCTION

The design of the MOD-2 wind turbine generator began in August, 1977
with final design being completed two years later in June, 1979. Dur-
ing this period, numerous wind tunnel, material and component develop-
nent tests were conducted to support the concept, preliminary and
detail design phases of this program. In conjunction with the fab-
- rication phase and prior to first rotation, integrated system testing
= of critical components were conducted with the objective of design

e verification. These tests were planned so as to verify the function
and dynamic characteristics of the components in an operating system.

This paper will describe the development tests and the impact that

the test results had on component and system development. The MOD-2
wind turbine was designed using state-of-the-art materials and
L manufacturing techniques to reduce the development technical risks and
Bt eliminate expensive component developmert tests. Even with this

=0 conservative philosophy, the following additional tests were required;
W (1) wind tunnel tests to verify analytical load prediction models
_— and aerodynamic configurations, (2) material testing to extend
3. - fatigu= allowables data for steel to 108 cycles, (3) component

- tests to verify buckling, fatigue and operational characteristics to
meet 30 year-life and, (U4) integrated s,stem tests to verify component
design in a dynumic operating environment.

The MOD-? is a 2.5 megawatt wind turbine generator designed for 30
years life. The 300 t'oot rotor is made of a hollow welded steel
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shell on a steel spar framework. The rotor also teeters at its
center using elastomeric bearings, and has partial spa!; hydraullc
pitch control to regulate power output. The drive train, located in
the nacelle has a "soft" quill shaft which is integrated with the
pitch control system to regulate power quality and reduce oscillatory
loads in the gearbox and synchronous generator. The nacelle is
mounted on top of a cylindrical steel tower cantilevered from a
concrete foundation which places the rotor hub at 200 feet above the
ground level.

WIND TUNNEL

It was recognized early in the conceptual design phase of the MOD-2
program that wind tunnel testing was necessary to obtain data for
verifying the MOSTAS computer codes used for the determination of
rotor blade design loads as well as being used for coupled dynamic
analysis of a soft-tower wind turbine system. The test program which
was subsequently conducted had several secondary objectives, in
addition to the primary objective stated above. Included were (a)
the comparison of fixed and teeter hinged rotors, and (b) the
assessment of a rotor utilizing a controllable tip (as opposed to
full-span) for providing rotor power control.

A 1/20 mach-scaled model of the MOD-2 WTS as shown in figure 1 was
designed and fabricated for testing in the Boeing~-Vertol 20 x 20 ft.
V/STOL wind tunnel. The first model was designed to provide both
hingeless and teetering rotor restraint, as well as incorporating full-
span pitch control of the blades. Scaling of geometry, mass, stiff-
ness and frequency were to be carried out in the model design. When
it became impossible to scale nacelle mass (due to the weight of the
model torque absorber system), compensating stiffness was added

to the tower to obtain the proper frequency relationship between the
tower and rotor rotational speed. When the evolution of the design
progressed to the selection of a partial-span, blade pitch control,
the model was modified to this configuration for a second test.

The operating wind turbine environment was simulated using a flow
screen upwind of the rotor which had wire mesh density varying from
tunnel floor to ceiling. The degree to which the design wind gradient
was reproduced is shown in figure 2. Blade and tower bending and
torsion loads were monitored throughout both tunnel tests.

The significant results of the MOD-2 wind tunnel test programs were
as follows:

a) The MOSTAB computer code was shown to provide a good pre-
diction of power and of steady flapwise and chordwise bending
moments. However, the MOSTAB program was found ‘o under-
predict the magnitude of alternating flapwise bending, and
on the basis of the wind tunnel test results, a factor of
1.65 was incorporated into the program.
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b) The teetering rotor was shown to be superior to the hingeless
rotor by reducing flapwise alternating moments approximately
50%.

¢) The dynamic characteristics of the soft tower concept, coupled
with a dynamically scaled rotor, was proven over the operating
wind speed and rotor rotation speed range.

d) The MOSTAB and GEM-1 predictions of rotor performance were
in agreement with test results for the tip controlled
configuration.

e) Performance of the tip controlled model compared well with
that having full-span control.

f) No deleterious vortex shedding characteristics of the cylindri-
cal tower occurred throughout the test program.

MATERIAL

All material testing, aside from quality assurance tests for material
acceptance, resulted from requirements to assure the design was ade-~
quate for thirty years of operation. During its design life, a MOD-2
wind turbine rotor blade is expected to experience greater than 2 x 108
load cycles. Thus fatigue is the major factor in the rotor design.

No spectrum load fatigue data existed for the materials under consider-
ation (ASTM-A588, AST2, and A633) beyond 1 x 107 load cycles. There-
fore a fatigue test program was initiated early in the concept design
phase that was to extend the fatigue data base to cover MOD-2 data
requirements, i.e. the derivation of fatigue design allowable stresses.

The rotor is subjected to a spectrum of loadings, namely, thrust bend-
ing (flapwise) resulting from the variability of the winds with time,
chordwise bending being basically the once per revolution variation
of weight moment, and blade axial loading derived from centrifugel
force and the once per revolution weight variation.

The MOD-2 rotor blade is an all steel structure, with transverse as
well as longitudinal weld joints. All transverse welds on tension-
fatigue designed surfaces have the weld reinforcement removed and have
through-thickness inspections, both ultrasonic and radiographic. The
installation of ribs and spars produce special welding and inspection
considerations which ultimately affect the design fatigue allowables.
The weld joints and their fatigue design allowables are the primary
design considerations in sizing skin gages and thereby directly affect
weight and cost.

The development of the design fatigue allowable stresses has been
accomplished using the "preexisting crack" tolerance approach. This
approach assumes the statistically determined worst possible defect
which could escape detection, to exist when the system is put into
service. The growth of the initial flaw (assumed to be a crack) is
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described by a erack growth model which employs the stress intensity
concept for characterlzing the crack growth. The determination of the
proper crack growth model to be used was accomplished by testing pre-
cracked specimens under representative spectrum load conditions and
correlating the crack growth results with the predictions from the
several growth models that follow.

(a) A retardation model which accounts for load interaction
effects and considers all cycles to produce crack growth

(da/dn) = ¢(1-R)™(Kmax)™(K/Ko1)™

(b) A threshold model which considers only those load cycles
above the threshold to produce damage.

(da/dn) = 0 for K<$Kth n
(da/dn) = ¢(1-R)™(Kmax)™, for XK >Kth

(e¢) A combined effects model which accounts for both threshold
and load intersction effects

(da/dn) = 0 for K $Kth L
(da/dn) = ¢(1-R)™(Kmax)™(k/Kol)”, for K >Kth

The fatigue test was carried on in two phases, the first one involved
testing eighteen specimens, using variations of the design spectrum of
the full-span pitchable blade. The second phase involved the testing
of seven additional specimens to the tip-control load spectrum. Each
specimen contained a surface flaw introduced by electric discharge
machining. The specimen was then constant-amplitude fatigue tested
to initiate a crack at the edge of the flaw (final size .05 inch deep
by .25 inch long). The sapecimen was subsequently stress relieved to
free the specimen of overload retardation effects that may have been
introduced by the pre-cracking process. Each specimen was tested in
& machine automatically controlled by computer, which permitted
programming spectrum load cycles on a 2k hour, T day a week basis.

Analyses of the test results were accomplished by determining the best
fit to each of the model predictions, figure 3. The combined model
provided excellent correlation, where as the retardation model under
estimated the lives of the long term tests, and the threshold model
underestimated the lives of the short term tests.

The final crack growth model used for MOD-2 fatigue analysis, for all
A grade steels is as follows:

(da/dn) = 0, for K max € K max (threshold)
. -10 2.b 3.0 32
(da/dn) = 3'x 107" (1-R)“* " (Kmax) (Kmax/Kol)“,
for Kmax > Kmax (threshold)

FIGURE U4
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COMPONENT

DeveTopment tosta were condueted to verify static stronpth, fatipgue and
operational characteristics of compononts to meot a 30 year life
requirement,, The following parngraphs will deseribe the component
Lests, test results and thedr impact on component, desipgn.,

Crack Deotection

The crack detection system fncorporatoed in the MOD-2 was designed

to deteet through thickness eracks in the rotor blade and shul the
wind turbine system down prior to catastrophic failure of the rotor.
The system basically pumps warm dry air through the blude envelope and
dumps the air overboard at the inboard end, through an orifice. The
Tlow through cach blade orifice is monitored, and the differcnce
between blade flows is an indication of' the existance of another ex-
hausting orifice, a through crack. The determination of the minimum
length crack which could be detected was estimatod using design param-
eters i.e. flow through a given sharp-edge orifice. However, the flow
through a crack like orifice is at best difficult to predict,
especially under various states of stress in the structure. To
minimize false alarms, the eritical leakage rate should be reasonably
high, yet low enough to provide a comfortable margin between detection
and structural failure. Fracturce toughness testing was required to
provide the data necessary for assessing the oritical erack length

for the MOD- blade material, which toughness had been assumed as
being 1205% Ksivin,

Operational Test

A test was conducted to verify that the MOD-2 crack deteetion system
possessed adequate sensitivity and stability to detect a pgiven erack

in one rotor blade as well as to deteet maltunction of the systom.
Secondary obJjectives off the lLest program were to determine the maximum
pressure capability of the blower, the powoer consumption of the equip-
ment, and ability of the system to dry the air delivered to the blades.

Two 10,500 gallon tuanks were used to simulate the atr volume of the
two rotor blades.  Cracks in the blades were simulated by use of a
manual valve and Clowmeter on cuch blade simulator. The wind turbine
crack detection systom was located indoors and was connected to the
blude simulator tanks, which wore locuted out of doors.

During tosting ot the eorack detection aystem, it wan tound that the
Plade orifice tubes had to be shortened in order to inercase the air
Flow and thus increase the sensitivity of the system to oir flow imbal-
ance between blades,  The gystoem wis able to doteet malfunetions such
s blower failure or aife blockayme, A D pel over precoure relief valve
wit incorporated Lo prevent over pressuring the blades, and o cheek
vitlve was added to the dehumiditier outlot.  he ability of the syetom
to dediver dey air to the blades was contirmed, A syetem calibral ion
procedure was eatabliched,




Crack Flow Test

A crack flow test program was carrled out on pre~cracked specimens .25
inches and .50 inches thick., The objeetive of tho program was to
experimentally develop a means of determining flow rate through a
¢rack in a rotor blade under varylng stross, pressurc differential
across the crack, and plate thicknecss for different crack lengths,
Each specimen became the closeout pancl of a rectangular flow chamber
in which the pressure was varicd by varying the inlet flow rate.
Cracks of 9 inches and 12 inches were tested on the thicker panel, and
cracks of 12, 18, and 2k inches were tested on the thinner panel,

The test panels were clamped to the edges of the flow chamber so that
the application of end loads on the specimen would produce uniform
stress across the uncracked portions of the specimen. Gross area
stresses were varied up to 9 Ksi and flow pressures (pressure
differential across the crack) ranged up to U psi.

The state of stress affected the crack opening and thus the mass flow
through the crack. The results of the testing indicated that the mass
flow through a crack would follow the relationship:

b= 2.7 x lO-S(t)-’zs(O)l'65(1)1’90(AP)'5

Fracture Toughness Test

The fracture toughness tests were conducted on two pre-cracked specimens
fabricated from .25 in. and .50 in. thick AST¥=-AST2 grade 50 material

to verify that the assumed toughness was greater than 125 KsiVin.
Although the test material was not the MOD-2 rotor blade material (ASTM-
A633 grade A, desulfurized) because of inavailability, it was felt that
the differences favored the blade material as having higher toughness,
and therefore the test results would be conservative.

The width of each specimen was 60 inches while the pre-crack was 2L
inches long. The specimens were sized to give valid data up to

125 KsiVin. and conservative results above 125 KsiVin, Each specimen
was instrumented with three crack propagation.gages (Type TKOLOCPC
03-003), on the same side of the specimen. The first gage was located
to one side of the crack tip by .08 and the second and third gages

.08 inches from the fist and second respectively. In this manner,

a stable crack growth of 4.8 inches could be monitored.

During testing, the center portion of the specimen was enclosed in

a styrofoum box which acted as a cryostat. Thus the test portions of
the specimen was maintained at a temperaturc of -0 F, the minimum
operating temperature for the wind turbine. The test load was applied
at a rate such that a stress intensity of 125 KsiVin. would be reuched
in thirty seconds. The .25 inch thick specimen failed at a net area
stress of 55 Ksi, which was grecter than the guaranteed yield strength
of 50 Ksi. The material toughness was well in excess of 225 KsiVim.
The .50 inch thick specimen failed ut a net area stress of 6.2 Kai
and an apparent toughness of 188 KsiVin, The average toughness of
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206 KpiVIn, for Lhe two specimen teste is well in oxcess of the valuo
which was to be verificd (125 KoivIm.).

Crack Detection System Evaluation

The mass flow operation developed in the crack-flow test and the frac-
ture toughness results were used to evaluate the obllity of the erack
detcction system to detect cracks prior to reaching critical length.
Figurc 5 shows the relationship of crack-flow, as a ratio of detectable
flow rate, to the number of days a detectable crack becomes critical.
The relatlonship is for the blade station 360 which has the minimum
time before a detectable crack becomes critical.

Rotor Rib Field Joint

The MOD-2 rotor blade has & field assembly splice at blade radial sta-
tion 360 which attaches the blade mid-section to the hub through ribs
that are welded to both skins and spars. The bolt attachment is
symmetric about skin and spar. The joint is highly stressed under
fatigue loading, cnd a test program was conducted to validate the joint
for MOD-2 design. However, the results of this test provided additional
substantiation for the crack growth model discussed under material test-
ing.

The testing was carried out using an MPS (Material Testing System)
test machine under the design fatigue spectrum of loads for the joint.
The results shown in Figure 6 indicate good correlation was obtained
between predictions and test results. The fatigue analytical model
was validated and was used to design the field joint of the MOD-2
with a 30 year life.

Rotor Blade Static Buckling Test

The rotor blade has spars at two or three chordwise locations dividing
the skin into long spanwise panels. Leading edge panels are curved

in the chordwise direction, while those aft of the front spar are
essentially flat. Thepanels on the airfoil upper surface are subjected
to design limit compressive stresses during emergency shutdown in the
outboard portion, and operating below rated wind with a gust in the
inboard portion. The MOD-2 structural design criteria requires that
initial buckling shall not occur at less than 1.35 times the design
operating compressive stress.

Blade initial buckling stresses have been analgzad in the classical
way, using the general equation, Qcr = KE(t/b)S. Buckling constant
K is obtained from Boeing Design Manual DM 86B1l buckling curves

for long tlat or curved panels with simply supported edges. To
verify the buckling analyses, and to validate their usc for defining
blade structural allowables, a bending Lest was conducted on a mid-
span representative section of blade structure (see Figure 7).
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The blade section included the fleld splice joint at station 360 and
all struecture outboard to station 780 inches., The aspocimen had a
special bulkhead at station 780 to accommodate the load applicatlon
fixture, while the inboard ond was attached to a strong back. The
loads at station T80 were applied in a comblnatlion of transverse
shear and couple forces calculated to produce initial buckling in
compression panels at statlions 400 and 670 simultaneously. The
specimen was instrumented with forty-two strain gages and twelve
electrical deflection indicators. Test loads were monitored and
contro .:d using three load transducers. Strain gage date from
potentinlly critical buckling areas were monitored continuously
during testing for any indications of initial buckling.

The results of the test have verified the conservative nature of the
initial buckling analysis methods described above. The specimen was
tested to 148% of the predicted initial buckling stress of one of the
critical panels without buckling. The test results are summarized in
the table below.

TABLE 1
COMPARISON OF TEST DATA
WITH PREDICTIONS OF INITIAL BUCKLING STRESS

Analysis Test
Blade Station Initial Buckling Maximum Measured -
Test Stress
Loo 12,480 psi 18,500 psi
670 8,350 psi 11,220 psi

The conservative nature of the blade buckling analyses, as established
by the static test, has validated their use as part of the wind turbine
gsystem blade design procedure.

Rotor Spindle

The spindle test program was performed to substantiate the structural
integrity of the rotor blade spindle and its supporting structure.

The design requirement to rotate the blade tip section resulted in
complex structural load paths surrounding a spindle bearing structure.
A complex finite element stress analysis was performed to evaluate this
structure,

The test program objectives were:

%Ag (a) To validate the analytical means for predicting the deflection
gk and internal stresses of the spindle and supporting structure.

(b) To define the areas of high local stresses in the spindle and
supporting structure, which occur during normal operating
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conditiong of the wind turbine.
(e) Validate the operation of tho plteh control asyntem

The tests werc performed by mounting the apindle necetlon of the blade
in a eantllevered popition and applying combinatlons of flapwlnoo and
chordwise loads selected to produce onc full 1lifo of fatlguo damnge

on both ‘he upper and lower blade surfacen. The teat opeelmen ineluded
all blade structure between opanwisc statlons 1Luh and 1360, The
plteh actuator and supporting hydraulics were alpo ineluded. 8peelmon
test loads were imposed by a geries of hydraulic actuators connected
to the outboard end of the specimen through a rigid adapter fitting.

A schematic of the test setup and the loads applied are shown in
Figure 8 and a photo of the hardware and general testing arrangement
appear in Figure 9.

Strain, deflection and applied loading data were recorded for all
test conditions. The instrumentation consisted of 73 strain gages,
12 deflection transducers, T load cells, and one angular potentiometer.

All test objectives were achieved. The design lifetime (30 years) was
demonstrated and good correlation was obtained between analytical
stress predictions and measured stresses. The areas of high local
stress were identified by analysis and confirmed by test (see Figure
10). No additional high stress areas were detected, and all margins

of safety in the critical areas were equal to or greater than predicted.

Pitch Control Testing

Pitch control system testing included the use of the spindle fatigue
test specimen as & means to functionally test the hydraulic swivel

in the blade-tip pitch control system. The swivel is that portion of
the hydraulic supply that provides the connection between the fixed
portion of the blade at station 1249 and the tip actuator. The
swivelling motion is from a tip position of =5° to +94°, The testing
of the swivel joint included simulated startup, operate, and shutdown
blade-tip pitch action as well as dithering for extended periods of
time. During the spindle fatigue test, the control system was active
and was used to pitch the tip section to operuting or critical shutdown
load positions (5° or +28°). It was also used to maintain a given
pitch position of the tip during the imposition of the time varying
test loads. The contirol system held the pitch position to *.1°

under load appliration, thereby validating its design stiffness

In order to develop and check oul proposed changes in the pitch control
system, open and closed loop frequency response tests were performed

on the cyclic load test hardware. The test hardwure provided the
proper pitch actuator hydraulics and simulated tip rotary inertia,

The objectives of the test were to evaluate proposed changes and op-
timize control system parameters to guarantee a 1z frequency response
and demonstrate required stubility margins. Various conlrol system
changes were cvaluated on a patceh board Lo arrive at an improved
control system. In particular, the beneficial effeets of climinating
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the tteryorth fiiter, implementing forwnrd loop compensntlon nnd
alopsed loop hardware woro demonptirated,  The optimum norva-drlyvor galn
nt 09 and 152 wan nlao dotermined,

Computer plmutntion of the control pyntom hnd demonptrntod that, f'roe
quemey ropponpe mupt exhiblit o prdn of =3db Lo +9%dh nt 1 e nna

ontor Loop ntabi Lty requires nopadn of ot Teanst ~h db nt 1480

degroeg phase nhifte The Leannfer functlon datoe abtalned from Lhe
Inproved pltel contreal ayntem of the eyeldie lond tent ppeelmnen
antinflod thape rogquiromento,  Hnedware wnd poftwnre modl Flentlonn were
later implemented and optimlsod durlupg oyolen Fulopration tonting.

Toeter Bouring

The rotor is conneeted Lo the drive shoafting through u veeter hinge
and 10 clastomerie radiolly (tecter) und axielly (thrust) louded
bearings. The radial bearings ronct rotor thrust, rotor driving
torque, and rotor deud welght loads.  The nxinl booardaes are basically
to rewsel rotor dead welght 900 alter the rodial teet r bearings
accomplished thies tusk.

Qualification Testing

The first elastomeric teeter bearing was subjected to qualitication
tests by the manufacturer in order to assure bond quality ond to
obtain performance duta.

The gsoundness of the bonds between rubber and steel shims as well

as between rubber and hub structure was verified by rotating the
inner hub *15° relative to the outer ring structurce. This angular
motion was 2.3 times the expected extremes of travel during bearing
operation (X6 1/2°). The torsional stiffness of the teeter bearing
was ascertuined at -40°F as well as at room temperaturc. The results
of the stiffness tests indicuted compliance with bearing design
specifications.

Fatipue Testing

The teeter bearings had been desipned with methodology developed

for much smaller bearings used in the helleopter industry, and those
used in the oil industry thut require application of low stress Low
mobion design. Because of u luck of test date and expericnee on
beering: of the MOD=2 slue, as well as the fuct that the 1ire require-
ment was well beyond even helicopter oxperience, it wus declded that
a futipgue test was requireds  Tn addition, this test provided data
for maintenunce and ingpeetion procedures.  Speetrum testing for the
200 x 10 eyele cquivalent of the desipn life (30 yours) would be
out of the question since the operating rotational frequency 1o

Lieb epme A roview of the operating loads und teeter angle spectrum
indicated that, at best, bearing testing with applled loads of' rated
drive torque londs in combination with n Lime varying rotor weipght
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lond an well o o rotation to maximum teoter motion (£6,57 to the
teetor ptops) applied for @ x 10" eyelop would expone the boarlng to
nn equivalent 30 your 1life,

The Lot bearing wan honvily instrumented, uning h atraln gogen on
the inner hub to moapure tangontlal and rodinl ptralnn,  Thermocouplon
wore loentod at 8 soleeted placen In the boaring rubber ap well ap on
Lhe Inner hub.  Instrumentation on the Jond applleation arms, in
conjunctlon with digplacement transducers, were usged to determine

Lhe Lorstlonal and radinl spring rates of the boaring., The test sete
up Ls shown In Figure 11,

Throughout the testling, the radial spring rote did not vary at all,

and the torsional spring rate had reduced % by the end of the test,
well below the 20% fuilure criterion set by the bearing gupplier.
Stabilized temperatures in the rubber were approximately 150°F with-
out fen cooling, and 135°F with cooling. Design operating temperatures
will be well below the no-fan colling temperature becuuse design
operating teeter angles are of the order of o 4o ¥2 1/2°, not the

6 1/2° continuous oscillation sustoined during the bearing fatigue
test.

Hydraulic Regervoir

The hydraulic reservoir is a tank located on the low speed shaft,
providing storage for the hydraulic fluid necessary to power the blade
pitch control. The fact that it is located on the low speed shaft
eliminates the need for a hydraulic slip ring. However, it did
require u special type of attachment structure so that it maintains
constant orientation with the fixed system. Thus fluid is extracted
from Lhe reservoir from a fixed part of the tank.

T4 wus determined that an operational test was necessary to evaluate
(1) fluid sloshing at various fluid levels, (b) air entrainment in the
fluid and its effect on buik modulus, (c) adequacy of the sealing
system, (d) adequacy of the fluid quantity indicating system, and

(¢) adequacy of the venting system, fluid return, end pump intake
provisions.

The toest rescervoir was a specially designed cylindrical 30 gullon tank
having & clear anerylic plastic outer shell, which in turn was rigidly
mounted to a rotating tixture (Figare 12). The axis of the reservoir
and the rotution uxis of the fixture werc parallel and separated by
30 inches. The test reservolr contained a system ol baftles mountoed
on beurings and weipghted so that the buttles maintoined an upright
position during rotation of the outer shell aund test rixture.  The
resorvolr vent und pump supply tubes were attached to longitudinal
balfles. The hydraulie cirenit included a flow motoer, circulating
pump, and an accumalator for applying rlow surges in the system
return tine,

Pest date was primarily in the form of photographs, vivual obuservations,
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and Labuloabion of bulk modulup meanurements,  Obporvalion of alr
enteatoment and the laek of a oqulaeont pump for collection of waler

= and diet resultod tn depten ehanges Lo the produetlon ayntom,  The
? productton vepervoler To now Lrannfon mounbod, withonb Tnternal baffies,
A roturn Tine dCtuser han hieen Tneorporated Lo reduce tarbulenee

and noeatton,  The bulk modulas remadned cpnentindly conplant. Lhronpghe
oul. the et and Ctuld sloshing won within timltn up Lo 20 RPPM (opornt-
Loy RPM Go 17.0),

N donrbox, Bock Lo Baek Tept

Pl igne Tost g

N The epleyelie gemrbox seleebed for the MOD=2 ubilised an existing
e deslen concepl bul 14s Lorque transmi b ing capability was improved by
b 2004 and The new doslen 1ite was thirly years.  Beenuse the capabilities
. extension war boyond the curvent sltato=of=the-nrt, o qualitication
e Lest was deemed necossary Lo verify predicted periormance parametoers,

The gelected bost method was o back=to-back test in which lwo complete
ponrbotes and their lubrication systoems would be conncebled in order

Lo tmpose the high fupul torques of the operating wind turbine (1M pure
L3)e  Uhe high spoed oulpul shatte were connected via way oft o torsion
bar, while the Lorque reactions were throueh Lthe tow speed shat't

: Clanges, as both low speed shatt Mlanges were Licd togethers The

w torston bar preload was varied throughout the test to provide simulated
drive line power variations in operation. A drive motor was connected
to the output. shatl of one of Lhe gearboxes, providing the rotational
spead contbrol,  The gearg off oae off Lhe boxes were stealn gaged Lo
monitor Lthe tooth streasses Lhrougshout Lhe propram,

e, Pable o provides the spectrum of operating conditions simulated in

o this Lost program.  During the test program, it wag determined that

o ponr Looth bending stresses were well below AGMA predictions.  Slight

— modifieations to the first stuge helical pears Jead correction angle

Y had Lo be made, and it should be noted that had a tfull toad test not

' been conductod, such o defieiconey would have pgone unnoticed, |
Dot meacsurements off pear Leain efticieney, gearbox breakaway Lorque,

T noise lovels and vibration characteristics were made throughout the

tont,

Ac o rosull of the back=to=back Lost program, the tatipue vating of' the
ponrbox was substantintod up to 159% o desipn raled Lorque.

o Vibeat ion Survey

» Kunninges o Lthe pearbox at sevo torque duringg Lhe Dick=Lowback Toad
g Ltesh, o rapid builtdup ot horisontal vibration al Phoo outputl. RUM was
expericenceds The sysbem ran smootlily ap Lo JHO0 KM with Lhe wp-
plication ot only 150 ot vated torque, 1L was determined that the




pearbox third stage planot passage froquency waps regonant with the
teat atand yaw/loteral nntural Irequency, At low torque levels,

the third atage planets and sun of thig gearbox are frece to move off
their rotnting conter, causing unbalaonce at the planct pagoage
I'requeney,

The gearbox mount lateral stiffness was determined from subsequent,
Lestu,  Anulysis of the gearbox as installed in the MOD-2 nacaelle
predieted natural frequencles well in cxcess of 2600 RPM. Therefore
no mount vibratlon problem nt planct passage frequency was expected.

Thls wan gsubsequently confirmed in Integration testing of the installed
goeurbox.

TABLE 2
LOAD~-ROTATIONAL SPEED SPECTRUM
GEARBOX BACK-TO~BACK TESTING

TORQUE (%) RPM(Z) TIME (HOURS)

0 50 1
0 100 1
15 100 1
ks 100 1
5 100 10
110 100 10
155 100 100

0 130 0.5

INTEGRATED SYSTEM TESTING OF COMPONENTS

Pitch Control System

During preliminary design, it was recognized that a test program was
hecessary for the evaluation of the blade pitch control system, end
to end, prior to wind turbine system evaluation in the field. The
assembly of the nacelle, including the complete drive train and the
nacelle control unit (NCU) was planned to be completed well in advance
of the rotor. Therefore it was necessary to design and fabricate

a rotor simulator to be attached to the first nacelle-drive so that the
pitch control could be functionally evaluated against a rotor load.
The rotor simulator also permitted the rotation of the drive system
at various RPM to ussess electronic control through the rotor slip
ring and hydraulic system functions under centrifugal loading., A
field toest unit (FTU) provided the means to input electrical signals
which would gimulate data gsensed by those wind turbine sensors to
which the control system would respond (wind speed, rotor speed, and
yaw position).

Normal und emergency shutdown as well as normal operations werc simula-
ted and several control system hardware deficicncies were observed:

(1) 2 valve in the rotor hydraulic control manifold leaked, and (b)
nocontrol system gervo  valve malfunctioned, Subsequent redesipns
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replaced both valves with more relliable components. All control
system responses to simulated operating loads werc verified,

Piteh Control Rotor/WTS

The pitch control system was ground tested on the rotor and later
during system integration testing with the nacelle and tower. The
ground tests with the rotor (rotor stand-alone) were performed with
the rotor in cradle supports with the blade tips free to move. The
objective of the rotor stand-alone tests was to demonstrate that the
pitch system design modifications, introduced to resolve hydraulic
and electrical anomalies uncovered during the rotor simulator tests,
were properly integrated into the wind turbine system. These tests
also provided the opportunity to test the pitch control system with
final hardware modifications including actuators, spindles and blade
tips. The dynamics tests included emergency feather rate, controlled
rate, blade standoff and position error and frequency response tests.
All pitch system test requirements were met during rotor stand-
elone testing or illustrated by the frequency response test results
shown in Figure 1b4.

The same series of pitch control system tests were repeated with
the rotor installed on the nacelle, during integration testing.

All system tests were successfully completed and compared favorably
with stand-alone results shown in Figure 14,

Modal Survey

Modal survey testing of wind turbine systems and their components is
an important part of the design and testing process. The modal survey
is an effective way to insure that the wind turbine subsystems meet
performance expectations.

After evaluating alternative testing techniques, it was concluded that
the MCD-2 modal survey would be conducted with the rotor and nacelle
installed on the tower in the operational configuration. The
advantages were that the system modes and damping would be measured
directly, including all coupling mechanisms which were hard to model.

The testing approach selected involved the use of a HP 5451B Modal
Analysis System (similar to the one used for the modal analysis of
MOD-0). The test technique involved impacting the wind turbine at a
prescribed point with a 1000 1b. instrumented ram and recording the
responses of fixed accelerometers. The impact load transient and the
response signals were simultaneously recorded and fed into the HP 5451B
MAS to determine mode shapes, frequencies, and damping. The overall
technique is based on the use of digital processing and the Fast
Fourier Transform (FFT) to obtain transfer function data and then uge
of a least-squared error estimator to identify modal properties from
the transfer function data.
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A spoetally destipned 1000 b, ram wos Instrumented with a foree
transducer In its head.  The ram won awung from the gin pole used for
MOD=2 creetion and alloved Lo fmpact o blade Lip,  To Insure a
proper Impaet, the ram was constrained to follow a cable, through

the conter ot Lthe targetl dine,

To exeite the significant modes of interest, the impact force must

be of sutrticient mapnitude and duration. The ram was calibrated belore
Lhe modal survey by varying the stitfness of the ram impact head
(intorchangable foam rubber pudu) and varying the awing length to
develop approximatoely 1000 1b, with 200 ms duration.

The modal frequencies and damping resulting from the modal survey are
shown in Table 3. The data is a direct output of the HP S451B Fourier
Analyser System with the exception of chordwise bending, nacelle pitch
and drive-train torsion modes which were determined by supplemental
means.,

The data gothered during the MOD-2 modal survey tests verificd the
achicvement of required system design frequencies. In particular, the
drive train, tower and blade modes were identified and shown to

meet system tfrequency placement and separation.  The measured

damping provided assurance that design damping assumptions were reason-
able,

TARLE 3
MOD= MODAL SURVEY RESULTS

Froq. (D) Damping (%)

Mode Pred. Moas. Meas.
Toctor 0.1k _—— —
Drive Train Torgion 0. ho 045 B
Tower Bending Fore/Art 1.4 1.03 1.0
Tower Bending Luteral 1.7 1,08 h,o
Flap Bending Sym. 3.00 3.30 0, 3
Chord Bending Sym. (SRR SUN B —————
Plap Bonding Antisym. APRIEN 0.4 1.0h
Flap Rending Ond Sym, FPA 9,0 0.8
Nacelle Piteh 8.3

SUMMARY AND CONCLUSIONS

A serien of tests have been conducted in support ot Mob- wind turbine
component development. For the most part, these substant tated the
goundness o the particular component desipne tach test wong conduct od
on o sehedule sueh that the results could be incorporated into the
design detail of the specitie component s The obJeetive of the tost
progeams variod, but could be included Inoone of the rollowing
entegorica: (1) vericieation of analytical prediction methods, ()
provide datia for desien of the component , (3 veritical ion oft 1o

(TN
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prodiotion, () voririeation of statie strength capabhility, (5) asseoss
eritical load paths, and (0) tunctilonal verifiecation,  The component.
and Integrated system tosts desevibed in this paper had one of or
combinations off these obJeetlives,

Component, tosting wan vital to the development off the MOD=D wind turbine
systoem beeauge the tegts provided early visibility to desipn problems
and provided the data required to develop sound design solutions.

The design deficiecncies brought to light by these tests were

pramptly corrected, thereby avoiding costly retrofits during the
checkout and acceptance tests ot the system.  MOD=-0 checkout and
acceptance phases have proceeded on a faster schedule than anticipated,
and is for the most part duc to lhe component and integrated systom
testing deseribed in this paper.

NOMENCLATURE
¢ = (Constunt
K = Jtress Intensity, Ksi
Kmax = Maximum Stress Intonsity of the Specific Load Cyele ‘
(Sum of Steady and Alternating Stresses), Ksi 1
Kol = Maximum Stress Intensity in the Spectrum of Stresses, Kol '
Kth = Stress Intensity Threshold (8tress Below Which Damage is
Not. Produced), Ksi ,
! = kxponent
Ar = Pressure Differential Across Panel, psi
R = Stress Ratio, Minimum Stroess/Maximum Stress
da/dn = (rack Growth Rate in Inches/Cyele
1 = One Halt of Crack Length, Iuches
m = Kxponent
it = Airtlow, in Cubic Feot per Mimute (8t'd Conditions)
n = kxponent
t = Plate Thickness, ITaches
o = gross Arca Blress in Plate, Kei
L
i
(AT .
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e Each bar represents a test data point

® Except as noted the test material was A533
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FIGURE 3. CORRELATIQN OF TEST AND PREDICTED RESULTS

e Model derived from spectrum load test resulits
® Model is good for all A grade steels

® Model applicable to all wind turbine spectra

Crack growth model
« Accounts for threshold effects
* Accounts for ratardation effects
* Predicts constant amplitude data

KTH —

Log stress intensity

10

dafdn =3 x 1070 (1-R) 24 (K0 13 (K /K ) 20 For K > K

da/dn = 0 For K € K¢h

Log spectra
FIGURE 4. FATIGUE ALLOWABLE MODEL
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FIGURE 5. CRACK DETECTION SYSTEM CAPABILITY FOR MOD-2
BLADE STAT/ION 360 BASED ON A FLOW

Load
Critical area

with induced Speclmen@ ;
Critical area with E {

induced flaw Load Speclmcn@
1
TEST DATA
® Fillet ares stress (psi) 18,000 18,200
@ [Initial flaw length (in.) 0.248 0.234
® Predicted fatigue life 17,000,000 17,000,000
Cycles Cycles
® Test Specimen Lile 18,853,764 21,161,277
Cycles Cycles

INSTALLATION
IN TEST MACHINE

FIGURE 6. ROTOR BLADE FIELD JOINT TEST
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FIGURE 7. BLADE STA TIC BUCKL/NG TEST
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