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1. Introduction

1.1. Purpose

The National Wind Technology Center (NWTC) in Golden, Colorado has been operating the Unsteady

Aerodynamics Experiment since 1987 to better understand the unsteady aerodynamics and structural responses of

horizontal-axis wind turbines. The Unsteady Aerodynamics Experiment (UAE) was built using a Grumman WS-33

wind turbine.  The original Grumman wind turbine has been modified and extensively instrumented for data

acquisition and control.

The experiment began as a three-bladed, downwind, rigid turbine.  Recently, the NWTC has completed the

design, construction, and a limited amount of field testing on a two-bladed hub for the experiment.  The NWTC

plans to run the two-bladed rotor in the NASA NFAC (National Full-Scale Aerodynamics Complex) 80 ft by 120 ft

wind tunnel to collect aerodynamic and structural response data.

The purpose of this document is to describe the UAE turbine and present the anticipated loads during wind

tunnel testing. This document compliments a stress analysis document, an inspections requirements document, and a

testing procedures document.

1.2. Scope

This document presents the loads anticipated during NFAC testing of the Unsteady Aerodynamics Experiment.

The UAE turbine was designed to withstand 144 mph (64 m/s) wind gusts when parked in the field. The turbine has

been field tested in winds up to 94 mph (42 m/s) in the three-bladed configuration and in winds up to 74 mph (33

m/s) in the two-bladed configuration.

The objective of this document is to establish the loads that will be observed during NFAC testing. We used

dynamic simulations to predict the wind tunnel loads.  The dynamic simulations were performed using the

commercial dynamics software ADAMS.  These simulations were verified  using measured field data.

We are currently compiling the UAE NFAC test plan.  At this time, we intend to test only the two-bladed hub in

the NFAC. Thus, only the two-bladed hub is discussed in this document. The two-bladed hub can operate in rigid

and teetering modes.  We have collected field data for the teetering mode only.  We are presently preparing to field

test the rigid operating mode.  We have run ADAMS simulations for both the teetered and rigid modes.  The

teetered mode results in more extreme loads.  Thus, this document focuses on the extreme loads from the teetered

configuration.

This document also presents the basic wind turbine specifications, diagrams of the wind turbine layout, and

descriptions of the major load paths.  The justifications for classifying each component as structurally critical or

non-critical to operator and NFAC safety is presented in the accompanying stress analysis document.
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2. Technical description of the WTGS

In this section I present the basic wind turbine specifications such as rated power, rotor diameter, number of

blades, and hub height.  I also include figures showing the layout of the machine, the primary load paths, and the

major system components.

2.1. Basic specifications

The UAE turbine was built from a Grumman Wind Stream 33 wind turbine. The Grumman WS 33 is three-

bladed, down-wind, free-yaw, turbine with full span pitch capability.  We (NWTC) have recently designed and built

a two-bladed teetering hub to fit the Grumman nacelle.

Figure 2.1 presents the major system components of the wind turbine. The turbine has been extensively

instrumented.  The boom assembly attaches to the hub assembly and holds most of the instrumentation and data

acquisition equipment  We have designed and built a special set of blades for the experiment, the black blade (called

blade #3) has been instrumented with 155 surface-pressure taps and five leading edge probes.  A camera is also

mounted at the root of blade #3.

Figure 2.1:  Major system components
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2.1.1. Blades

The two-bladed hub and the three-bladed hub use the same blades.  We have installed three different sets of

blades (Phases I, II, and III) on the Unsteady Aerodynamics Experiment three-bladed hub.  These blades sets have

varying twist and taper characteristics.  Each set of blades includes an instrumented blade.  The instrumented blades

have various transducers and mounting fixtures on and inside the blade.  The two-bladed hub has been run with only

the phase III blades. Figure 2.2 lists the basic blade properties.

The blades were designed and built by Composite Engineering in Concord, Massachusetts.  Composite

engineering used a numerical code developed by Edward Van Dusen and Forrest Stoddard to determine the blade

deflections and local strain at any specified position on the blade.   They used the code to estimate the stresses in the

spar and skin with the blades parked flapwise to 108 mph winds.  The results of this simulation are presented in the

accompanying stress analysis document.  Detailed design and analysis information for the phase III blades can be

found in the design report written by Composite Engineering [1].

Figure 2.2:   Blade structural properties.

Material/Construction Braided carbon fiber spar, fiberglass skin

Blade length (from center of rotation) 16.5 ft

Blade length (from pitch shaft) 14.8 ft

Blade mass (instrumented blade) 111.5 lb

Center of mass position (from pitch shaft) 5.58 ft

2.1.2. Two-bladed hub assembly

Figure 2.3 shows the components that make up the two-bladed hub assembly in the teetering

configuration and Figure 2.5 lists some of the specifications for the hub. The two-bladed hub can be run as

a rigid hub or a teetering hub. The term “teetering” refers to the rotor’s ability to pivot about the teeter pin

like a playground seesaw.

The teeter hardlink is used to link both halves of the hub together in the teetering and rigid modes.

The teeter hardlink consists of a force sensor, two lengths of hex stock, and two spherical rod ends. The

two hex stock lengths are tapped at each end to serve as turnbuckles.  The turnbuckles allow us to adjust the

coning angle of the blades.

To configure the turbine for rigid operation, the teeter dampers are removed and replaced with

damper hardlinks (see Figure 2.4).  The hardlinks are made from one piece of hex stock which is tapped at

each end to serve as a turnbuckle.  The turnbuckle allows us to pre-tension the teeter hardlink and remove

any bearing slop from the teeter hardlink.

The hub has 9° of free teeter range (±4.5° from the nominal 3.5° cone angle).  If the free teeter range

is exceeded, the teeter dampers absorb the excess teeter energy.
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The blades are pitched independently via a servo motor, gearhead, and a spur gear assembly.  Limit

switches and hardstops are used to limit the blade pitch angle from -15° to 95° (90° is feathered into the

wind).

Figure 2.3: Two-bladed hub components (teetering configuration).
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Hex bar

Studs

Figure 2.4:  Damper hardlink.
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Figure 2.5: Two-bladed hub specifications.

Diameter 32.8 ft

Number of blades 2

Rotational speed 72 RPM

Tilt angle -1°

Cone angle Variable

(3.5° Nominal)

Hub height 56.8 ft

Complete hub mass (no blades) 300 lb

New boom mass 250 lb

Direction of rotation Clockwise (when viewed from downwind)

Free teeter range

(With BC1C damper installed)

4.5°

Damped teeter range

(With BC1C damper installed)

3.2°

Teeter damper type Jarrett elastomeric dampers model #’s BC1C (small damper) or

BC1B (large damper)

2.1.3. Boom assembly

The old boom assembly is shown in Figure 2.6.  An aluminum tube near the rod end recently failed on this

assembly.  We have since redesigned the boom assembly.  The new boom assembly is shown in Figure 2.7.

 The new boom weighs 325 lb fully equipped--approximately 75 lb less than the old boom. Most of the

weight reduction is due to moving a 50 lb pressure canister from the boom into the nacelle. The new boom was

made by welding 15-5 PH stainless bar.  The center of gravity is 42.5” from the teeterpin axis. The boom is rigidly

mounted to the hub shaft using the spacer and the boom mount.  The boom rotates but does not teeter with the rotor.

The boom is attached to the boom mount using 5/16-18 bolts.

A camera is attached to the end of the boom for flow visualization of the instrumented blade.  The best flow

visualization can be performed during nighttime operation using the lights on the boom.  The other instrumentation

on the boom is used to control the pressure taps, camera, and servo pitch motors.  There are three large boxes bolted

to the boom at four locations. Each box weighs approximately 40 lbs. The boxes for the new boom were reinforced

to eliminate the nylon strap used to secure the boxes to the old boom.
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Figure 2.6:  Old boom assembly.

Camera

Power
box

Boom
mount

PCM
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Figure 2.7:  New boom assembly.
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2.1.4. Tower and Nacelle assembly

Figure 2.8 presents the primary tower and nacelle components. The turbine is currently mounted on a 50’

tower. We are building a shorter tower for the NFAC tests.  The yaw shaft is fixed in the tower top.  A four-point

contact bearing (a turntable bearing) allows the nacelle to pivot on the yaw shaft.

The drive train is largely unchanged from the original Grumman configuration.  The rotor operates at a

nominal 72 RPM.   The low-speed shaft torque is transferred through a 25.13:1 gearbox to the high-speed shaft

which is connected to the generator. The specifications for the nacelle are listed in Figure 2.9.

Figure 2.8: Tower and nacelle components.

Figure 2.9: Nacelle component specifications.

Gearbox type and ratio 25.13:1 Parallel shaft

Mechanical brake torque rating 80 ft-lb

Rate of brake application 2 sec

Location of brake (e.g., high or low speed shaft) HSS

Brake actuation system Electro mechanical

Generator rating 14.7 hp (19.8 kW)
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Figure 2.10:  Tower and Nacelle properties.

Tower mass ~3000 lb

Nacelle mass ~3200 lb

Rotor, Nacelle, & Tower center of

mass position

13.2 in from tower axis

Guy wire specifications ¼” Extra high strength guy wire

 6,650 lb breaking strength

2.2. Major load paths

The primary load paths are presented here to help identify the critical components and determine the loads on

those components.

2.2.1. Torque load path

The torque produced by the rotor is carried to the generator and tower as shown below in Figure 2.11.  The

critical components in this load path are the blades, pitch shafts, hub assembly, teeterpin, hub shaft, and low speed

shaft.

Figure 2.11:  Edgewise load path (rotor torque).
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2.2.2. Thrust load path

The thrust produced by the rotor is carried to the tower as shown below in Figure 2.12. The hardlink is

compressed during the thrust loading to resist the blade flap-wise moments. The thrust is carried through the low

speed shaft to the main bearings.  The main bearings are self aligning. The upwind main bearing is a tapered roller

bearing which transmits radial and thrust loads to the mainframe. The mainframe carries the thrust load to the

mainframe mount, bedplate, yaw bearing and finally to the tower.

The critical components in the thrust load path are the blades, pitch shafts, hardlink, teeterpin, hub shaft,

low speed shaft, upwind LSS bearing mount, and the tower assembly (yaw bearing, yaw shaft, tower, and tower

foundation).  These components are analyzed in the stress analysis document.

Figure 2.12:  Blade thrust load path.
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2.2.3. Teeter impact and parked blade load path

Figure 2.13 below illustrates the load path during a teeter impact (the lower blade is shown impacting in

Figure 2.13) and the load path during parked blade testing.

During the teeter impact shown in Figure 2.13, the inertia of the lower blade is transmitted through the

hardlink to the upper hub structure.  Similarly, during parked blade testing, the lower blade (blade 1) points toward

the ground.  The upper blade (blade 3) is subject to faster winds than the lower blade which causes the lower blade

to press against the teeter damper.

The thrust on the upper blade is transferred to the low speed shaft through a force couple between the teeter

dampers and the teeterpin clamp.  The bending moment produced on the low speed shaft is resisted by the low speed

shaft bearings. The main bearings are self aligning. The upwind main bearing is a tapered roller bearing which

transmits radial and thrust loads to the mainframe.  The downwind bearing transmits only radial loads to the

mainframe.

The critical components in the load path are the blades, pitch shafts, hardlink, teeterpin, hub shaft, low

speed shaft, main bearings, teeter dampers, and the tower assembly.
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Figure 2.13:  Teeter impact & parked blade load path.
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2.2.4. Boom support load path

The boom is subjected to gravitational and inertial loads.  The boom bars transfers these loads to the

boom mount.  The boom mount transfers the loads to the spacer and hub shaft.  The hub shaft carries the

loads to the low speed shaft and main bearings. The mainframe carries these loads to the mainframe mount,

bedplate, yaw bearing and finally to the tower.

The boom is bolted to the boom mount using four 5/16” grade 8 bolts at each flange each.  The boom

mount is fastened to the spacer using eight 5/8”-11 UNC bolts.  The spacer and teeter pin are fastened to

the hub shaft using eight ½”-20 UNF bolts.  The critical components in the boom assembly are flange

welds, the three boom bars, the boom mount, the hub shaft, and all the fasteners mentioned above.

Figure 2.14:  Boom support load path.
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3. Load prediction

We anticipate that the wind tunnel loads will differ significantly from the field loads because of the reduced

turbulence in the tunnel. Thus we used a mechanical system simulation software called ADAMS to predict the loads

during NFAC testing. We retrieved loads from the ADAMS simulations at the blade roots, the LSS, yaw shaft, hub

shaft boom mount, and the guy wires  (see Figure 3.1).  We chose these locations because they lie near or on critical

components.  I resolved the loads at other critical locations using vector mechanics.

LSS (15.264” upwind of the teeterpin axis)

Boom mount (8.386”
downwind of the teetepin aixs)

Hub shaft (.060” upwind of the teeterpin axis)

Hardlink

Teeter dampers Yaw shaft (27.500”
below the LSS axis)

Figure 3.1:  Locations at which ADAMS loads were obtained.
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3.1. Load and position instrumentation.

The load and position parameters measured on the Unsteady Aerodynamics Experiment turbine are listed in Table

3.1 and Table 3.3.  The following two sections provide some explanation of the instrumentation used to make these

measurements.

3.1.1. Strain gages, accelerometers, and load cells

Strain gages, accelerometers, and load cells are used to measure bending moments, accelerations, and forces in

both the rotating and non-rotating environments (see Table 3.1 and Table 3.3).  I have highlighted those channels

with bolt type which must be monitored to perform a safe test.  The limits for these component are presented in

Blade flap and edge bending moments are recorded from strain gages mounted at the root (8.6% span) of each

blade.  Strain gages on the low-speed shaft measure bending about two axes and torque. The LSS has strain gauges

located approximately 3” upwind of the downwind main bearing.  The downwind main bearing is a spherical roller

bearing which can only support radial loads.  Thus the bending moments on the LSS propagate past this bearing to

the LSS strain gauges.

A load cell is used to measure yaw moment when the yaw brake is applied.  A relatively constant yaw angle and

non-zero, fluctuating, yaw moment indicate the yaw brake is engaged during data acquisition.  Accelerometers are

placed in the nacelle to determine yaw, pitch, and fore-aft motion.

Accelerometers are also used in the tips of each blade to measure acceleration in the flap and edge

directions. Load cells placed inside the teeter dampers record the forces applied during teeter impacts.  A

tension/compression load cell in the link between the blades measures the force between the blades.

The strain gages measuring root flap and edge loads are applied to the steel pitch shaft adjacent to the blade

attachment location.  The pitch shaft is reduced to a uniform, cylindrical, 80 mm diameter at 8.6% span, the location

where the strain gages are applied.  The uniform, cylindrical region eliminates geometry effects to facilitate accurate

measurement of flap and edge bending moments.  This cylindrical section of the blade root is illustrated in Figure

3.2.

Table 3.1:  Strain gages, accelerometers, and load cells
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Channel Description Limits
201 Accelerometer Blade 1-Flap -
203 Accelerometer Blade 1-Edge -
209 Accelerometer Blade 3-Flap -
211 Accelerometer Blade 3-Edge -
223 Strain Teeter Link Force 38.6 kN compression

33.8 kN tension
225 Strain Blade 1 Root Flap Bending -
227 Strain Blade 1 Root Edge Bending -
229 Strain Blade 1 Teeter Damper Force 40 kN
231 Strain Blade 3 Teeter Damper Force 40 kN
233 Strain Blade 3 Root Flap Bending 
235 Strain Blade 3 Root Edge Bending 
237 Strain X-X LSS Bending 
239 Strain Y-Y LSS Bending 
241 Strain LSS Torque 5.1 kN-m
336 Nacelle Accelerometer Yaw -
338 Nacelle Accelerometer Fore-Aft -
340 Nacelle Accelerometer Pitch -
342 Nacelle Yaw Moment -
813 LSS Thrust -

10.6 kN-m combined

10.8 kN-m combined

Table 3.2:  Critical Components and Load Limits.

Figure 3.2:  Pitch shaft strain gauge placement
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3.1.2. Position, power, and time instrumentation

Gear-driven, BEI model R-25 and RAS-25 optical absolute position encoders are used to measure yaw position,

pitch angle, blade teeter angle, and rotor azimuth position.  The yaw position encoder is located near the yaw brake.

The rotor azimuth encoder is located in the nacelle on the low-speed shaft.  Each blade is provided with an encoder

for pitch angle measurement.

Individual blade flap angles are obtained with an encoder on either side of the teeter pin with an 8:1 gear

ratio to improve the accuracy of the small angle measurements.  Although the blade cone angle is set at 3.417°

downwind, flexibility in the linkage permits slight fluctuation in this angle.

Generator power is monitored using an Ohio Semitronics, Inc., (OSI) power watt transducer during all

phases of testing. A time code generator provided a signal to which all of the PCM streams are synchronized.

Table 3.2.:  Position, power, and time instrumentation

Channel Description Units
251 Digital Blade 1 Teeter Angle deg
253 Digital Blade 1 Pitch deg
255 Digital Blade 3 Teeter Angle deg
257 Digital Blade 3 Pitch deg
332 Generator Power kW
349 Blade 3 Azimuth Angle deg
351 Yaw Angle deg
353 Clock - Day day
355 Clock - Hour hour
357 Clock - Minute minute
359 Clock - Second second
361 Clock - Millisecond msec

3.2. Load prediction procedure

ADAMS is a widely-used mechanical system simulation software from Mechanical Dynamics Inc.  It

enables the development of  "virtual prototypes," realistically simulating the full-motion behavior of complex

mechanical systems [2].  While ADAMS is capable of simulating the dynamic behavior of mechanical structures it

does not have built in features for calculating the aerodynamics of a wind turbine.  The aerodynamics are calculated

by the AeroDyn aerodynamics subroutines developed at the University of Utah.  These subroutines are linked with

the ADAMS solver routines to produce a code that can simulate the aeroelastic behavior of the turbine.  ADAMS

solves the dynamic equations of motion for the system and AeroDyn calculates the aerodynamic loading on the

turbine due to wind input and dynamic motions of the turbine.

ADAMS allows for very general modeling of structures.  A wind turbine model may have several hundred

degrees of freedom, including flexibility in the tower, drive train, and blades.  The aerodynamic routines are based

on blade element momentum theory and include effects such as unsteady aerodynamics, dynamic stall, and skew

wake effects.  Combined these codes represent the current state of the art in wind turbine dynamic simulation.

The turbine model used in these simulations was developed from extensive tests performed on the turbine

in the three bladed configuration.  Modal tests were performed on the tower alone, the tower and nacelle
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combination, the instrumented blade, and one uninstrumented blade.  The nacelle and major components in the

nacelle were weighed.  A bifilar pendulum test was performed to determine the nacelle mass moments of inertia.

Blades were weighed to determine mass and center of gravity location.  Guy wire tensions were estimated from

vibration frequencies.   From these measurements an ADAMS model was developed and tuned to match the values

measured from testing.

The current two bladed configuration uses most of the components from the three bladed configuration,

only the rotor hub was changed.   The ADAMS model was updated to represent the current two bladed configuration

and additional tuning of parameters particular to this configuration was performed using operating data.

Considerable effort has gone into the development of this model of the UAE.  At present the model represents the

configuration operated at the NWTC.  For operation in the NASA Ames wind tunnel a shorter tower will be used.

3.2.1. Validation of the ADAMS model

We used field data (data set number 503028) to tune and validate the ADAMS model.  We tuned the model by

changing parameters such as the teeter damper response, teeter bearing friction, and component stiffnesses. The

primary responses we used to tune the ADAMS model are the blade edgwise moments, blade flapwise moments,

and the hardlink forces.  We have extensive field data for these loads.  Figure 3.3, Figure 3.4,  and Figure 3.5 present

the comparison of these loads with field data.  The minimum, maximum, mean, and standard deviations for each

time series are presented in Figure 3.6 for comparison.  These comparisons show good correlation between

maximums and minimum values for each time series.
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Figure 3.3:  Comparison of blade root edgewise moments for ADAMS and field loads.

Blade Root Flapwise Moment Comparision
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Figure 3.4:  Comparison of blade root flapwise moments for ADAMS and field loads.
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Figure 3.5:  Comparison of hardlink forces for ADAMS and field loads.

Figure 3.6:  Comparison of the summarry staticstics for the ADAMS simulations and field data.

ADAMS
Simulation

UAE
Measured

Data

Hardlink force (lb)

Mean -1,666 -1,437

Standard Deviation 399 457

Minimum -3,242 -3,053

Maximum -532 503

Flapwise moment
(ft-lb)

Mean 699 650

Standard Deviation 311 390

Minimum -468 -839

Maximum 2,018 2,020

Edgewise moment
(ft-lb)

Mean 470 438

Standard Deviation 653 628

Minimum -1,126 -858

Maximum 2,085 1,800

3.3. NFAC load cases

This section discusses the load cases and turbine configuration we will test in the NFAC.  We will test only the

two-bladed hub in the NFAC. We will operate the turbine in both the rigid and teetering modes. We simulated both

the rigid and the teetering modes using ADAMS.  The simulations revealed that the teetered simulation resulted in

significantly higher loads than the rigid configuration.  Section 3.3.1 discusses the results of these simulations in

more detail.

We will perform all NFAC turbine testing using the newly fabricated, twisted, tapered chord,  Phase VI blades.

The previous simulations and field experiments were run using the phase V twisted, constant chord blades which

were damaged during a field experiment. Time constraints forced me to use the extreme loads from the Phase V
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ADAMS simulations which were performed for the 1st draft of this document.  The justification for this deviation is

presented in section 3.3.2.

3.3.1. Comparison of rigid configuration and teetered configuration extreme loads.

We simulated both the rigid and the teetering modes using ADAMS.  The simulations indicate that the teetering

mode results in more extreme loads than the rigid mode.  The higher loads are caused by teeter impacts when the

turbine is locked in the off-yaw condition in fast winds.

Figure 3.7 lists the extreme loads for the teetered and rigid configurations for the 0° to 180° varied yaw load

case (the time series plots for these simulations are presented in Appendix B).  From Figure 3.7, it is evident that the

teetering simulations result in more extreme loads.  The teetering configuration lead to higher peak loads on every

component except the for the blade root Fz force (blade centrifugal load).  Thus, I conservatively only used the

extreme loads from the teetering hub simulations the stress analysis document.

Figure 3.7:  Extreme loads for the teetered and rigid 0°°°° to 180°°°° load cases.
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3.3.2. Comparison of Phase V simulation and Phase VI simulation extreme

teetering loads.

We performed the stress analysis using the extreme loads from the Phase V ADAMS simulations.  We used

these loads rather than the more recent Phase VI results because much of the stress analyses had already been

performed using the Phase V results.

To justify this conservative assumption, we compared a relatively encompassing load case (the 0° to 180°

varied yaw load case) for the Phase VI blades and phase V blades.  The results of these simulations are shown in

Figure 3.8.

From Figure 3.8., it is evident that the Phase V simulations results in more extreme loads on most components.

Thus, I conservatively only used the Phase V extreme loads in the stress analysis document.  I addressed the few

cases where the Phase VI loads were higher than the Phase V loads in the stress analysis document.

Constant Chord Blades (Phase V) vs. Tapered Chord Blades (Phase IV) 
for the 0 to 180 Yaw Sweep, Teetered Load Case
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Figure 3.8:  Extreme loads for the Phase V and Phase VI simulations.

3.3.3. Extreme load cases.

In this section, I present the load cases which are likely to cause high loads during the NFAC tests.  These load

cases are listed in Figure 3.9 and discussed in the following sections.  The peak load magnitudes for these cases are

presented in Figure 3.10.
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Figure 3.9 :  Simulated load cases.

Load case Wind conditions Other conditions

Parked blade test 40 m/s

Yaw = 0°

Pitch –20° to 60°

Turbine not operating,
rigid rotor,
instrumented blade
positioned vertical

Varied yaw angle testing 0-25 m/s

0° to 180° and

0° to -135° yaw angles

.565° / sec

turn table rate

Yaw release testing 25 m/s 90° & -90° releases

Emergency shut down 25 m/s Blades feather @60°/s
while rotor & yaw
brakes engage

Tower drag 40 m/s Present during all load
cases
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Figure 3.10:  Peak loads and reactions for each load case.

Component
Coord
system

Load Case

Parked
blade

0 to 180
varied
Yaw

0 to -180
varied Yaw

 90 deg
Yaw
release

-90 deg
Yaw
release

Emergency
shut down

Blade root Fx (lb) Blade 515 1,768 1,731 397 526 287

Blade root Fy (lb) Blade 188 565 426 330 327 469

Blade root Fz (lb) Blade 200 2,505 2,426 2,296 2,568 4,493

Blade root Mx (ft-lb) Blade 1,518 4,667 3,064 2,467 2,696 3,642

Blade root My (ft-lb) Blade 4,239 9,758 9,139 3,201 3,672 2,650

Blade root Mz (ft-lb) Blade 31 234 249 210 206 169

Yaw shaft Fx (lb) Nacelle 756 955 1,181 970 906 803

Yaw shaft Fy (lb) Nacelle 317 273 402 669 380 180

Yaw shaft Fz (lb) Nacelle 4,059 5,376 5,043 4,317 4,349 4,076

Yaw shaft Mx (ft-lb) Nacelle 4,805 4,092 3,529 3,454 2,872 3,016

Yaw shaft My (ft-lb) Nacelle 9,400 13,249 16,031 8,493 11,796 6,565

Yaw shaft Mz (ft-lb) Nacelle 1,673 7,696 8,260 410 112 15

LSS Fx (lb) Nacelle 683 1,768 1,539 787 775 641

LSS Fy (lb) Nacelle 295 1,273 1,057 447 335 66

LSS Fz (lb) Nacelle 1,626 3,156 2,583 1,875 1,973 1,596

LSS Mx (ft-lb) Nacelle 3,801 3,605 3,612 2,352 2,394 2,497

LSS My (ft-lb) Nacelle 6,142 8,889 13,027 4,545 7,989 3,574

LSS Mz (ft-lb) Nacelle 771 5,417 4,552 1,399 1,949 422

Hub Shaft Fx (lb) Hub 2,480 8,221 8,585 2,954 3,353 642

Hub Shaft Fy (lb) Hub 305 1,869 1,544 449 529 75

Hub Shaft Fz (lb) Hub 2,205 2,978 4,498 1,774 2,693 1,504

Hub Shaft Mx (ft-lb)

(torque)
Hub 3,808 3,613 3,630 2,352 2,399 2,496

Hub Shaft My (ft-lb)

(teeter)
Hub 2,301 4,289 4,881 2,628 3,389 2,006

Hub Shaft Mz (ft-lb)

(blade pitch)
Hub 503 2,155 2,031 969 1,076 447

Boom Fx (lb) Hub 18 182 181 248 176 40

Boom Fy (lb) Hub 19 559 490 676 158 84

Boom Fz (lb) Hub 421 1,071 1,013 637 675 459
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Boom Mx (ft-lb) Hub 16 350 184 442 149 88

Boom My (ft-lb) Hub 1,249 3,414 3,146 1,932 2,080 1,381

Boom Mz (ft-lb) Hub 58 1,919 1,652 606 494 272

Teeter damper (lb) - 2,077 8,867 9,291 2,468 3,086 0

Hardlink (lb) - 5,861 9,062 8,792 5,544 5,832 4,716

3.3.3.1. Parked blade test

This test is run in the rigid rotor configuration. The instrumented blade (blade #3) is parked vertical with

the turbine yawed at 0°.  The rotor and yaw brake is engaged and Blade #3 is pitched from -20° to 60° in 45 mph (20

m/s) mph and 90 mph (40 m/s) winds.

We simulated this test using ADAMS.  We performed the simulation using the teetered rotor configuration

rather than the rigid rotor configuration because the rigid configuration has not been validated yet.  This difference is

unlikely to have a significant effect on the loads because the rotor is parked.

In the simulation, we varied the yaw angle sinosoidly with time from -20° to 60° and back to -20°.  The

peak load magnitudes from this test are listed in Figure 3.10. The time series values for the loads in the hub shaft,

blade root, yaw shaft, hardlink, and teeter dampers are presented in Appendix B.

3.3.3.2. Varied yaw angle tests

These tests begin with the machine yawed at 0° with the yaw brake locked.  We will yaw the wind turbine

to various yaw angles by rotating the wind tunnel turn table at its fastest rate (.56°/sec).  We will collect data at these

yaw angles during wind speeds up to 56 mph (25 m/s).

We simulated the varied yaw angle tests using ADAMS.  We simulated the test into two parts: 0° to 180°

and 0 to -180° tests.  In the simulations, we slowly changed the wind direction (at .56°/sec) from 0° to 180° (or 0° to

-180°) with the yaw brake engaged.

Figure 3.10 lists the peak load magnitudes for this load case. The time series plots for the loads are

presented in Appendix B.

3.3.3.3. Yaw release tests

These tests consists of rotating the turn table until the nacelle is yawed  90° or -90° to the wind.  Once the

turbine is yawed, we release the yaw brake and allow the wind to return the turbine to the 0° yaw position. We

simulated these tests using ADAMS.   The peak load magnitudes for this test are listed in Figure 3.10. The time

series values are presented in Appendix B.
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3.3.3.4. Emergency shut down

In this load case, the generator is disconnected, the blades are then pitched to feather at 30° per second, and

the rotor brake is simultaneously engaged. We simulated this load condition in ADAMS in 56 mph winds at a Yaw

angle of 0°.  The peak loads from this test are listed in Figure 3.10. The time series values for the loads in the hub

shaft, blade root, yaw shaft, hardlink, and teeter dampers are presented in Appendix B.

3.3.3.5. Tower drag

Tower drag will be present in all of the load cases. However, the affect of the drag only affects the stress

analysis of the tower assembly. The peak tower drag occurs during parked blade testing of 40 m/s.   The tower

drag was not included in the ADAMS simulations.  The drag  per foot of tower length was calculated using the

formula

2

2
d

d
dCF ρν

=

Where

v = peak wind speed = 40 m/s = 131.2 ft/s

ρ =air density = .00239 sl/ft3

d = tower diameter = 1.33 & 2.0 ft

Cd = Coefficient of drag = .36 & .43  [3]

The drag and the resulting reactions at the tower base are presented in Table 3.3.

Table 3.3:  Tower drag forces and reactions.

Tower section Length (ft) Drag (lb/ft) Total drag

(ft)

Tower base

bending

moment (ft-lb)

16" pipe 25 10.5 263 6090

24" pipe 10.7 12.8 137 733
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4. Summary of results

Figure 4.1 presents the peak load magnitudes from the ADAMS simulation plots in Appendix B. The

calculated reactions at the tower base are also included in Figure 4.1.   These reactions were calculated using a

free body diagram which included the only the yaw shaft loads; the tower drag loads are accounted for in the

following line.

The load magnitudes rather than the load values are listed because in the stress analysis document, I assume

the loads always point in the worst case direction.

Figure 4.1:  Peak load magnitudes for each component.

Component Coordinate system Max Load case

Blade root

Fx (lb) Blade 1,768 0 to 180

Fy (lb) Blade 565 0 to 180

Fz (lb) Blade 4,493 Emergency shut down

Mx (ft-lb) Blade 9,758 0 to 180

My (ft-lb) Blade 9,139 0 to 180

Mz (ft-lb) Blade 249 0 to -180

Yaw shaft

Fx (lb) Nacelle 1,181 0 to -180

Fy (lb) Nacelle 669 Yaw release 90

Fz (lb) Nacelle 5,376 0 to 180

Mx (ft-lb) Nacelle 4,805 Parked blade

My (ft-lb) Nacelle 16,031 0 to -180

Mz (ft-lb) Nacelle 8,260 0 to -180

LSS

Fx (lb) Nacelle 1,768 0 to 180

Fy (lb) Nacelle 1,273 0 to 180

Fz (lb) Nacelle 3,156 0 to 180

Mx (ft-lb) Nacelle 3,801 Parked blade

My (ft-lb) Nacelle 13,027 0 to -180

Mz (ft-lb) Nacelle 5,417 0 to 180

Hub shaft

Fx (lb) Hub 8,585 0 to -180
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Fy (lb) Hub 1,869 0 to 180

Fz (lb) Hub 4,498 0 to -180

Mx (ft-lb) Hub 3,808 Parked blade

My (ft-lb) Hub 4,881 0 to -180

Mz (ft-lb) Hub 2,155 0 to 180

Boom

Fx (lb) Hub 248 Yaw release 90

Fy (lb) Hub 676 Yaw release 90

Fz (lb) Hub 1,071 0 to 180

Mx (ft-lb) Hub 442 Yaw release 90

My (ft-lb) Hub 3,414 0 to 180

Mz (ft-lb) Hub 1,919 0 to 180

Teeter damper (lb) - 9,291 0 to -180

Hardlink (lb) - 9,062 0 to 180

Tower Base

Fx (lb) Nacelle 1,181 -

Fy (lb) Nacelle 669 -

Fz (lb) Nacelle 5,376 -

Mx (ft-lb) Nacelle 49,665 -

My (ft-lb) Nacelle 41,464 -

Mz (ft-lb) Nacelle 8,260 -

Peak tower base reactions accounting for
tower drag

Bending Nacelle 71,173

Shear Nacelle 1,776
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5. Appendix A:  Coordinate systems.

Co-ordinate systems for the blades, hub, nacelle, tower, and any other applicable component are defined to

permit a clear understanding of the direction and location of the loads.

Figure 5.1: Blade coordinate system (shown with turbine facing upwind) [4].

zb

yb

xb

wind

zb axis coaxial with pitching axis or ¼ chord
line.

yb axis parallel to the chord line at 70 per cent of
the blade radius, and passing through the
blade flange.

xb axis positive direction for positive lift
completing the right hand system.
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Figure 5.2: Hub coordinate system (shown with turbine facing upwind).

zn

yn

xn xn axis – parallel to the main shaft axis of rotation.

yn axis – in the horizontal plane extending from the
origin located at the intersection of xn and the
tower center line.

zn axis – completes the right hand coordinate system.

Wind

Figure 5.3 Nacelle coordinate system (shown with turbine facing upwind).

zh
yh

xh

xh axis – parallel to the main shaft axis of rotation.

zh axis – parallel to the rotor disk plane and nominally
pointing in the direction of the zb axis of blade 1.

yh axis – parallel to the rotor disk plane completing the right
hand coordinate system.

Wind
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Figure 5.4 Tower coordinate system.

F:\Jasons\NASA Ames documentation\Loads document\Appendix B.doc

zt

yt

xt

zt axis - along the tower axis or centerline with

positive direction upwards.

xt, yt axes - fixed in the horizontal plane to form

a right hand coordinate system.
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