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1.0 SUMMARY

This report documents the work accomplished during the Concept Design and Pre-
liminary Design phases of NASA Contract DEN 3-2. These phases were desi?nated
the Task II Analyses and Design phases of the MOD-2 Wind Turbine System (WTS)
project.

The MOD-2 WTS project is a 36 month effort for the analyses, design, fabrica-
tion, assembly and installation of a wind turbine system configured for minimum
cost of electricity in a region with a 14 mph average yearly wind at a 30 foot
reference height. The wind turbine described in this report which meets these
objectives has a 300 foot diameter rotor with the center of rotation 200 feet
above the ground. The system generates electricity when the steady wind speed
at hub height (200 feet) exceeds 14 mph. At 27.5 mph and higher (at hub height)
the wind turbine produces the rated power of 2500 kW. Above 45 mph (at hub height)
the system is shut down to avoid high operating load conditions. The annual
energy output at a site with a 14 mph average wind speed referenced to 30 feet
height (20 mph at the hub) is nearly 10 million kWh. This energy output com-
bined with an estimated 1C0th production unit turnkey cost of $1,720,000 results
in a predicted cost of electricity of 3.3¢/kWh.

The features and characteristics of the MOD-2 WTS evolved from a series of trade
studies, inputs from NASA and several electric utility companies, and other
analyses. Major features include an upwind rotor with a teetering hub and partial
span pitch control; a planetary, light weight step-up gearbox driving a synchronous
gererator; and a low natural frequency (soft) steel shell tower.

Supporting analyses and test data used in the design studies are presented.
Methodology to assure accuracy of such analyses and data are included. Production
and censtruction methods and development tests are reported to show the method

by which BEC will assure that the specified design will perform as predicted,

and that it will meet the maintenance and reliability standards established.

1-1



2.0 INTRODUCTION

Wind energy systems have been used for centuries as a source of energy for man.
At times considerable interest in developing large wind-driven electrical gen-
erating systems has existed. However, interest in these systems declined be-
cause they were not cost competitive with the fossil fuel systems in use. These
efforts were also generally privately financed and suffered from the lack of a
sustained research and development effort.

Recent shortages in our energy supplies coupled with the increasing costs of
fossil fuels have forced the nation to reassess all forms of energy including
wind power. The Department of Energy, the NASA Lewis Research Center, and Boeing
Engineering and Construction (BEC) are engaged jointly in the development of a
multi-megawatt wind turbine system (WTS) designated as MOD-2. The goal of the
MOD-2 project is to produce a wind powered electrical generating system for
utility application which is economically competitive with conventional power
generating equipment. This goal specifically requires that the cost of elec-
tricity for the one-hundredth production unit does not exceed 4¢/kWh when the
Tzchi:e is working at a site where the average mean wind at a 30 foot height is
mph.

Task II of the contract consisted of concept design wherein many design configuration
studies were performed to establish the configuration for least cost of electricity,
and the nreliminary design of the selected configuration wherein the subsystems

were refined through design, cost,and failure mode and effect analyses.

To arrive at the configuration described in section 3.0, BEC evolved a baseline
design and then performed many trade studies, sensitivity studies, failure mode
and effect analyses, and consulted with several utility companies. These

studies and how they were used to evolve the final configuration are reported in
section 4.0. Supporting analyses such as structural, weights, cost, performance,
safety, reliability, maintainability, and producibility are described in section
5.0. Manufacturing, assembly and test activities and plans are recorded in
section 6.0. During these studies, emphasis was placed on utilizing design

information and test data from other NASA/DOE Wind Turbine programs, such as
MOD-0 and MOD-0A.
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3.0 SYSTEM DESCRIPTION

This section describes the MOD-2 yTS(Hind Turbine System)as it stands at the
completion of the Task II preliminary design phase of the project.

The current configuration evolved from 2 series of trade studies and sensi-
tivity studies coupled with inputs from NASA, several utilities, and the re-
sults of a Failure Mode and Effects Analysis (FMEA). These studies resulted
in a system optimized for a minimum cost of electricity while maintaining
compatibility with current utility networks and meeting the safety, relia-
bility and logistics requirements as described in section 5.4 of this report.

3.1 GENERAL ARRANGEMENT AND CHARACTERISTICS

The general arrangement and characteristics of the current WTS configuration
are shown in Figure 3-1. It is designed for operation at sites where the annual
average wind speed is 14 mph measured at 30 feet (20 mph @ hub height). The
system generates electricity when the wind speed at hub height (200 feet)
exceeds 14 mph. At 27.5 mph and higher (at hub height), the system produces

the rated power of 2500 kW. Above 45 mph (at hub height), the system is shut
down to avoid high operating load conditions. The annual energy output at a
site with a 14 mph average wind speed is nearly 10 million kWh. This energy
output combined with an estimated 100th production unit turnkey cost of $1,720,000
(in 1977 dollars) results in a predicted cost of electricity of 3.3¢/kWh at the
bus bar. Ouring operation, the wind turbine is tied to the utilities power
grid through standard transmission lines.

The WTS is a horizontal axis machine utilizing a 300 foot diameter partial

span control, upwind rotor. The rotor's center of rotation is 200 feet above
ground Tevel. It is coupled to the low speed shaft through an elastomeric
teeter bearing. A 2500 kW synchronous generator is driven via.a step-up
planetary gear box and "soft" quill shaft. The generator, gearbox, hydraulic
systems, electronic controls and other support equipment are enclosed in a
nacelle mounted atop a cylindrical steel tower. The nacelle can be yawed )
(rotated) to keep the rotor oriented correctly into the wind as the wind direction
changes. A hydraulic pitch control system is used to control the position of
the movable rotor tips. The movable rotor tips are used to obtain the rated
rotational speed of 17.5 rpm, and to maintain the proper power output at wind
speeds above rated wind speed (27.5 mph @ hub).

The WTS is contrglled by an electronic microprocessor. The microprocessor is
designed to allow unattended operation of the WTS at a remote site. The micro-
processor monitors wind conditions and the operational status of the wind tur-
bine. Equipment failures result in automatic shutdown of the WTS. The systems
status is monitored at the utility substation, from which maintenance crews are
dispatched as needed.
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Rated power 2,500 KW
Rotor diameter 300 ft
Rotor type Teetered - tip control
Rotor orientation Upwind
Rotor airfoil NACA 230XX
Rated wind @ hub 275 mph
Cut-off wind speed @ hub 45 mph
Rotor tip speed 275 ft/sec
Rotor rpm 175
Generator rpm 1,800
Generator type Synchronous
Gear box Compact planetary oear
Hub height 200 f¢
Tower Softshell type
Pitch control Hy-raulic
Yaw control Hydrauiic
Electronic control Microprocessor
System power coefficient 0.382

Figure 3-1. MOD-2-107 Configuration Features & Characteristics
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3.2 SUBSYSTEM DESIGN

This section describes the basic subsystems of the wind turbine. It is divided
into rotor, drive train, nacelle, tower/foundation, electronic control and elec-
trical power system sections. The operation of each subsystem, its function,
and the basis for selection of its particular characteristics are presented.

3.2.17 Rotor

The MOD~2 WTS has a steel, two bladed, teetering, tip control type rotor with
continuous carry through structure at the hub. It utilizes a NACA 230XX series
airfoil rotating at 17.5 rpm (275 ft/sec tip speed). The basic construction
is a welded steel shell with steel spar members. These characteristics

were chosen primarily on the basis of the trade studies that are presented in
section 4.2.2 of this report.

As shown in Figure 3-2, the rotor is divided into three primary sections: the
tip, the mid-section, and the hub section. The tip (outer 30%) is rotated
with respect to the remainder of the blade to control rotor speed and power.
The tip and mid-sections are the working portions of the bladz. The hub
section is attached to the mid-section with a field splice and is a transition
from an airfoil cross-section to an oval cross-section.

—T™C
14
j—3mc

dmer tp

Figure 3-2. Rotor Blade Configuration

Each tip is controlled by means of a hydraulic actuator mounted on the blade
mid section adjacent to the tip section as shown in Figure 3-3. The flow con-
trol to the actuators is governed by a signal from the automatic control system
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to servo valves. The position of the tips is monitored by position transducers
and fed back to the contro! system. The normal rate of rotation of blade tips
is from 0.1 to 1 degree per second.

In the event of a major system failure, the actuators drive the blade tips to
the feathered position at rates of 4 to 3 degrees per second (depending on
actuator position), using energy stored in separate hydraulic accumulators.

The pitch rates are such that under any failure mode no overspeed will exceed
15% of normal rpm. Redundancy is provided by the ability of either one cf the
operating actuators to shut down the system should one actuator become in-
operative. Locks are provided to hold the blade tips in the feathered position
when the hydraulic system is depressurized.

The blade tip section with the spindle assembly and the hydraulic actuator are
attached to the blade mid section as a unit (Figure 3-3). The attachment is
made by 6 bolts for ease of assembly and removal. Either blade tip can be
removed independently from the W'S. The spindle protrudes into the blade mid
section in a way to provide a load path for centrifugal and bending moments.
Tapered rings at the outboard rib and a close tolerence bushing at the inboard
rib assure a tight fit between the spindle sleeve and the mid-section of the
rotor. The bearings are lubricated by a long-life grease.

Biade mid section

Blade tip pitch travel
100 degrees . ——.

Extended (feathered) actuator

Blade tip section

: $ > inboard spindle bearing
\
‘&. Outboard spindle bearing housing

x »,N X
Assembly bolt flange W { E

Figure 3-3. Tip Spindle Installation

Spindle
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The pitch control hydraulic system consists of an electrical motor driven pump,
reservoir, accumulators, filters, heat exchangers, control valves, associated
plumbing and actuators. Hydraulic comnonents not located in the blade are
installed on and rmtate with, the low speed shaft (Figure 3-4). Electrical
power and control signals are transferred from the nacelle electric power and
control unit by brushes ard a slin ring assembly.

Because the hydraulic system is located in a rotating environment, special
attention has been extended to design for this environment. The components

on th2 low speed shaft are exposec %) approxima'.ely 1.3 g's and the reservoir
has been tested in this enviromment with .0 adverse effects. The blade tip
control actuator, rotating in an 11 g environment, has been selected with
oversize rod and piston bearings, and is in the retracted position when exposed
to this environment.

Teouw bewring

Figure 34. Pitch Control Hydraulics

The attachment of the rotor to the low speed shaft is by a teeter type bearing,
which minimizes the one per revoiution blade flapwise loads and the effects of
small unsymmetric gusts, resulting in reduced fatigue loads. The teeter motion
takes place in two elastomeric radial bearings which also transmit the rotor
output torque into the rotor (low speed) shaft (Figure 3-5). The use of the
elastomeric bearings eliminates lubrication requirements and prevents fretting
that would be likely to occur if roller bearings were used. The elastomeric
bearings consist of concentric alternate layers of sheet steel and rubber

bonded together forming a package that is highiy flexible in torsion and has



sufficient radial load capability. Trade studies outlined in section 4.2.2.2
of the report showed that use of the teeter hub in place of rigidly mounted
blades not only reduces the weight of the rotor assembly but also the tower
and nacelle weights, thus reducing fabrication and material ccsts.

Stops are provided to limit teeter motion to + 5 degrees. A teeter brake is
orcvided to prevent rocking when the rotor is in the standby mode, and to
dampen teeter excursions during starting and stopping. During erection, the
rotor, with teeter beirings and upwind end of the low speed shaft installed,
can be lifted in one piece and bolted in place at the low speed shaft dolt
flange.

Blade center section

Teeter shaft

Figure 3-5. Teeter Bearing Installation

The entire rotor assembly is sealed, to allow use of a flow type crack detec-
tion system. The occurence of a significant crack in the rotor structure will
result in WTS shutdown. This crack detection system is further described in
section 4.2.2.8

3.2.2 Drive Train
The drive train subassembly ccnsists of a low speed shaft, quill shaft, gearbox,

high speed shaft, couplings, rotsor parking brake, and generator. These major
components are shown in Figure 3-6.
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Figure 3-6. Drive Train

The large diameter low speed shaft transfers the rutor forces into the nacelle
structure through the two shaft support bearings. The forward bearing supports
the radial load while the aft bearing transfers both thrust and radial loads
to the nacelle. The rotor torque is transmitted to the gearbox through the
"soft" quill shaft. The purpose of the softness is to reduce the two per revo-
lution rotor torque fatigue effects at the gearbox and to improve the quality
of the generator output. The shaft designs were optimized through the trade
studies described in section 4.2.3.2 of this report.

A 103:1 step-uz of rpm from 17.5 to 1800 rpm is provided by a three stage
epicyclic gearbox, which is smaller, lighter in weight, less expensive, more
efficient and more tolerant to support defiections than a parallel shaft type
gearbox with a similar rating. The trades involved between the epicyclic and
parallel shaft gear boxes are fully described in section 4.2.3.1. The low
weight of the gearbox (39,000 1bs) enhances the overall design of the suppor-
ting structure. It is flexibly mounted to the nacelle to reduce the effect
of nacelle deflections on gear loads. Maintenance is enhanced by the small
size of the gearbox; major repairs can be accomplished in the nacelle.

The generator is a synchronous electrical generator, rated at 2500 kW. The
unit is an open frame, drip proof, four salient pole hrushless machine that
operates at 1800 rpm and has a shaft mounted exciter. This generator was
chosen as a result of the trade studies described in section 4.2.4.1.

The rotor parking brake prevents rotor rotation when the WTS is not running.
This prevents gearbox damage due tc rotation witnout Tubrication. The braking
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mechanism consists of a disc mounted on the high speed shaft and a spring
actuated brake attached to the generator frame. The brake is disengaged by
an electrically actuated hydraulic valve and engaged by spring force when the
electrical circuit is open. The disc utilizes a replaceable element to mini-
mize maintenance time in the event of brake disc wear.

As a result of the FIMEA and maintainability studies a positive mechanical
‘ock mechanism is incorporated in the high speed shaft. This prevents rotation
of .ind turbine during maintenaice periods.

3.2.3. Nacelle

The nacelle houses the major _.bsystems of the MOD-2 WTS such as the drive
train, generator with its accessories, yaw bearing and drive, and associated
hydraulic systems for pitch and yaw contrel as is shown in Figure 3-7. Other
equipment in the nacelle includes generator cooling air ducts, gearbox oil
cooling radiators, maintenance lighting fixtures and wall piugs, electronics
cooling and heating system, general nacelle air circulatirg system, fire
protection equipment, and maintenance provisions equipment.

Figure 3-7. Nacelle Equipment Installstion

Its primary functions are to provide a rigid mounting platform for the system
components. react to rotor loads and provide environmental protection for the
components.

3-8



The nacelle structure is of welded steel truss construction. Its primary
dimensions are: 36.8 feet long, 9.3 feet high, and 11.3 feet wide. The top
and sides are sheathed with corrugated steel sheets, and the floor is steel
safety plate. A central floor hatch provides normal access from the tower,
while hatches at either end provide emergency egress by means of a non-
powered emergency man-lowering device. This general nacelle configuration
was chosen as a result of the studies discussed in section 4.2.5.2 of this
report.

Other primary considerations in the design of the nacelle were maintainability
and safety. The MOD-2 design utilizes two overhead monorails for equipment
handling. One of these extends through a large door in the downwind side of
the nacelle. It can be used in conjunction with a portable hoist to raise
equipment from the ground. There are also large overhead hatches for the
installation or removal of large pieces of equipment. Care has been taken to
allow sufficient room for maintenance procedures to occur within the nacelle.

Safety features of the nacelle are the integral fire extinguisher system, the
emergency hatches and lowering devices, the ability to remove an injured per-
son on a stretcher, and the positive mechanical shaft locking

device. In addition, there is a nacelle intrusion alamm which will shut down
the WTS should a person inadvertently enter the nacelle with the WTS operating.

The nacelle also houses the yaw drive system. The yaw system connects the

nacelle to the tower as is shown in Figure 3-8. [t rotates the rotor and nacelle
into the wind at a rate of 1/4 degree per second, and holds them in position as
commanded by the yaw control system. All rotor and nacelle loads are transferred
to the tower through the yaw bearing which is of a crossed roller configuration with
an internal ring gear. The raceway diameter is approximately 120 inches in

order to handle the large overturning moments and to reict to the rotor torque.

Proper nacelle orientation to the wind is maintained by the yaw control system.

The control system utilizes a wind sensor to determine wind direction. To allow for
the short period, wide directional variations cosmon at low wind speeds, the yaw
control system uses a 25.6 second average to determine wind direction. The control
system then provides commands to the yaw drive system with the gcal of maintaining
orientation within + 7 degrees of the wind direction to minimize energy loses. If
the average deviation over an approximate 5 minute period exceeds + 7 degrees, the
control system will initiate yaw drive to align the nacelle with the wind vector.

If the yaw error, averaged over a 2 minute period, exceeds 20 degrees, the machine
is automatically shut down.

The yaw drive system operates at 2000 psi and consists of an electric motor,
hydrualic pump, heat exchanger, reservoir, accumulators, filters, and the
necessary valves and tubing. These drive a hydraulic motor which runs a pinion
meshing with the gear on the inner race of the yaw bearing. The drive pinion
and shaft are protected from overload and subsequent mechanical damage by a
shear pir arrangement. The hydraulic drive system was chosen on the basis of
the trade study discussed in section 4.2.5.1 of this report.

A hydraulic brake is applied to provide damping during yaw motion. The
requirements for this brake were cetermined in the study described in section
4.2.5.3. An additional six brakes hold the nacelle from inadvertent yawing
due to wind loads during "no yaw" operation. The yaw brake calipers are
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spring actuated and hydraulically released through the yaw drive hydraulic
system. This is a failsafe feature assuring that the brakes are applied if
there is a hydraulic failure. The brake disc has a replaceabie element to
minimize maintenance time if there should be excessive wear. A weather
shield surrounding the yaw drive system provides both weather protection and
a platform rrom which yaw brake and bearing maintenance can be performed.

Figure 3-8. Yaw Drive installation

3.2.4 Tower/Foundation and Facility Layout

The nacelle assembly is supported by a 193 foot tall cylindrical welded

steel tower. The tower is 10 feet in diameter with a base section flaring

to 21 feet in diameter at the ground. It is bolted to a foundation of rein-
forced concrete. In normal soil conditions, a buried octagonal stepped foun-
dation configuration will be used as shown in Figure 3-9.

The tower is designed to have a low natural bending frequency (approximately
1.3 per rotor revolution) to reduce the alternating rotor loads transmitted

to the tower. This tower concept was chosen after consideration of several

other concepts as discussed in section 4.2.6 of this report, and as a result
of vendor inputs concerning welded vs. bolted construction.
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Figure 3-9. Tower/Foundation

The tower contains an internal 1ift to provide transportation from the ground
to nacelle. The lift ends at a platform near the top of the tower, with final
nacelle access by a ladder as shown in Figure 3-8. A ladder with safety rail
runs the entire height of the tower to allow access in the event of a lift
failure. The power cable runs from the electrical slip ring at the top of the
tower, down the tower side to the bus tie contactor urit located on a separate
concrete pad external to the tower (Figure 3-10). A step-up transformer is
also located on this pad. Additional elecirical and control equipment is
located in the tower base. The power cable limes are buried from the tower to
the utility connection at the transformer pad.

3.2.5 Electronic Control System

The control system provides the sensing, computation, and commands necessary
for unattended operation of the WTS as shown in Figure 3-11.

The controller is a microprocessor which is located in the nacelle control
unit and initiates start-up of the WTs when the wind speed is within pre-
scribed limits. After start-up, it computes blade pitch and nacelle yaw
commands to maximize the power output for varying wind conditions. Continuous
monitoring of wind conditions, rpm, power and equipment status is also pro-
v1d§d by the microprocessor which will shut down the WTS for out-of-toierance
conditions.

3-N



2i-t

| /- Elect. equip. foundation

i

A

Gin pole tag anchor

Gi le back ste cho N
n pole stay anchor Contr
) 7~
) Girt pols wind s*~p anchor foundation
180 11
Gin pole base foundation
- Gin pole winch foundation %01t
fo—— 145 1 —
Prevailing wind ! \ L
— - { —-=— Z-axis 400 #¢
|
-— .
Access road 0 ¢ ".""‘__..
E;w—Comtmctlon power terminsl
o 3
Rotor maint.
\  foundations
180 ft \
Gin pole tag anchor \
Gin pole back stay anchor 30 ft
' ! \
El ft —-l et 20 ¢ \\
200 & - 85 ft - 100 ft ———e \
¢ Y-axis ‘)4
400 ft

Figure 3-10. Facility Layout




el | B ng

o Position command

¢ Pump commends Nacelle ]
ot
- -1
® Swhn 1 Emergency |
® Tip positions ! swrdown | © Wind velocity/direction
' 1
e _
® Auto sync enable
& Commaends J © Bus tie contactor command
-
® Deta - * Swus
£ |2
Sf {o
. ®
Ground Hemot
control wlliey
units control pow—

Figure 3-11. Control System Block Diagram

A control panel and CRT terminal are located in the tower bgse to provide
operating and fault data displays and manual control for maintenance. A
remote CRT terminal at the utility substation will provide display and
lTimited WTS controls.

The WTS is protected from computer system failure by an independent failsafe
shutdown system. The failsafe system also provides sensor redundancy on
critical components, and initiates shutdown independent of the primary con-
trol system when necessary. The design of the failsafe system was governed
by the results of the FMEA.

The control software for the microprocessor occupies approximately 12

thousand bytes of programmable read-only memory with an additional four
thousand bytes of random access memory for operating and history data storage.
The software control cycle is accomplished at a rate of 10 Hertz to provide

a One Hertz response digital feedback control to the blade pitch system. In
addition, each program cycle also samples all sensors, schedules the proper
operating mode, and generates commands as required to control nacelle position
with respect to (he wind.
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3.2.6 Electrical Power System

The WTS electrical power system is designed to deliver power to a utility
transmission network. The system consists of the electrical equipment re-
quired for the generation, conditioning and distribution of electrical

power to the utility and within the WTS as shown in Figure 3-12. In normal
operation the generator receives its power in the form of torque at synchronous
speed from the gearbox. Electrical power at appropriate voltage is delivered
at a utility interface point which is the output side of a fused manual dis-
connect swiich located at the foot of the tower. Once the WTS and the utility
are elactrically connected, the existence of the tie will automatically result
in generator voltage and frequency control since the utility power grid is
effectively an infinite bus to the WTS. Thus constant generator and rotor rpm
will be maintained.

£ Synchronous
gﬂs&VA 08 PF goeas e 1
4160V 3060~ : .
| Excioar ._._O__. 208/120 : '
Controt| . 25KVA :
Fisld 3060~ H .
Generstor current : “
cirowit reley Naithiad s
bres 48V DCy— Promction devices 208/120 Vol
Nacsile 2160V & control systam joed ioads
ow e e e e e e
Jower o .
Base Facitity 43V DC :mm devices
Bus tis critical loads
cantactor | e
3 Batwry o .‘;
Uninssrruptable
4180V :
ey F——— ,%i_gnx_____ RS 1. [C JUT— .
ov L 3125KVA  Fusmd : : . D :
. . ' : '
8KV swinch ;%!‘ : : 490V l 208/120 * '
or : : T i 5KVA ! :
o8 required : : 3p60~ H
' H .
.........................
manusl 480 Vol 208/120 Vol
wwritch loads loads

Figure 3-12. Electrical Power System Block Diagram

The MOD-2 electrical power system employs a four pole synchronous generator
containing an integral brushless exciter. It is a 3 phase, 60 Hertz, 4160 v
volt generator rated to provide 3125 KVA at 0.8 power factor, i.e. 2500 kW,
at altitudes to 7,000 feet, or temperatures to 50 degrees C. This generator
choice is based upon the results of the trade studies outlined in section
4.2.4 of this report, and the requirement for operation at altitudes to 7000
feet above sea level. Excitation control is provided to maintain proper
voltage prior to synchronization with the utility and to provide a constant
power factor output afterwards. Protective relays are provided to guard
against potential electrical faults, out-of-tolerance performance, or
equipment failures.
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These relays will detact over-voltage, loss of excitation, underfrequency,
overcurrent, reverse phase sequence, reverse power and differential current,
and will protect the system by inhibiting synchronization, directing the
control system to shut down or, if required, trip the generator circuit
breaker. The operation of these protective relays was gcoverned in part

by the results of the FMEA.

Power is delivered to the utility transmission line through a bus tie con-
tactor. Its operation is controlled by automatic synchronization equipment,
located at the tower base. Accessory power for operation, control and main-
tenance is obtained from the utility or generator output dependinc on the
operating mode, and is internally conditioned to appropriate voltage levels.
A battery, floating across a charger, provides an uninterruptable power
supply for operation of protective devices and critical loads. The use of
a battery resulted from the trade studies in section 4.2.4. The results of
the FMEA also contributed to the design of the uninterruptable power supply
system.

3.3 SYSTEM PERFORMANCE

The performance of the MOD-2 WTS is specified by its system efficiency curve,
its power and energy output distributions, and its annual energy output.

The efficiency of the MOD-2 WTS is described by a nondimensional number known as
the power coefficient. Physically, the power coefficient is that fraction

of the wind's kinetic energy passing through the rotor disk which 1s converted
into electrical energy.

The system power coefficient for the MOD-2 WTS is shown in Figure 3-13. As
indicated on the figure, the system power ccefficient is derived from the
rotor power coefficient and the efficiencies of the drive train and electrical
subsystems. These subsystem efficiencies are discussed in more detail in
section 5.3. Also indicated on Figure 3-13 is a rated power line for 2500

kW at sea level standard conditions.
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Figure 3 13. Cp Versus Wind Speed — Sea Level STD
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The system efficiency curve can be translated into a power distribution curve
when the atmospheric density is given. A derivation of this atmospheric
density for specific site ambient conditions is discussed in section 4.4.2.

The MOD-2 system power output distribution is shown in Figure 3-14 for standard
temperature at sea level and 7000 foot altitude. The cut-in, rated and cut-out
wind speeds are also indicated on this figure. The rated wind speed is
predicated upon use of a 2500 kW generator. The cut-in and cut-out wind

speeds w?re selected in a trade study which is discussed in section 4.4.1.2

and 4.4.1.3.
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T
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Figure 3-14. System Power Output Versus Wind Speed

The energy output frequency distribution for the MOD-Z WTS is derived by com-
bining the output power distribution curve with the wind frequency distribution
for a given site. The energy output frequency distribution for the MOD-2 WTS

is shown in Figure 3-15 for sea level standard conditions. The associated wind
frequency distribution is presented in Figure 3-16. The wind frequency distribu-
tion was specified by the NASA for MOD-2 design (see Appendix B, Specifications
and Constraints). It represents a typical wind environment for potential wind
turbine sites. The frequency distribution is typical of a site with a mean wind
speed of 14 mph at an altitude of 30 feet and was used for optimization of the
WTS characteristics. Following specific site selection, any new wind data for
the site will be evaluated for possible impact on design or operating constraints.

The area under the curve is indicative of the time the WTS spends in different
operating regimes. Approximately 59% of the time the WTS experiences winds
between cut-in (14 mph) and rated (27.5 mph), while 18% of the time the wind
speed is between rated and cut-out (45 mph). The remaining time (23%) the
wind turbine experiences either winds too light or too strong for operation.
Of this idle time, most occurs due to lTow wind speeds.

The annual energy output of the MOD-2 WTS is obtained by integrating the energy
frequency distribution between the cut-in and cut-out wind speeds. For the
MOD-2 WTS the total annual energy is 9,750,000 kWh, including the 0.967 system
availability discussed in section 5.4.2. The MOD-2 WTS derives 61% of its
enerqy when operating between the cut-in and rated wind speeds, whiie 39% of the
annual energy is derived when operating above rated wind speed.
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3.4 MWEIGHT

Table 3-1 presents the weight breakdown at the completion cf the

Task II period. The weights are estimates based on either preliminary
design drawings, or vendor (catalog) weight estimates. Each drawing is
broken into its separate components for which weights are estimated. This
information is used as data for a computer program which determines the
overall group weights as presented in the table. This weight information is
used for both component design and cost estimation. As the cost of the WTS
is closely related to its weight, any significant weight changes are care-
fully examined to insure they are required to meet the design requirements.

Jable 3-1. Tier 111 Weight Report

Geroup Eigsnent Weight {loe)
a1 Bilsde 100,38
@2 Hub 62722
3 Pisch convwrol __1.500
4143 Rotor subsssembly 160,567
81 Lo speed shaft + besvings 22,006
62 Quill shaft + coupling 9483
53 Qewbox 39,000
54 i spesd shatt + coupling 800
66 Rotor brake system 280
56 Lubrication sysam 6,654
§7 Genarator 17,000
1327 Drive wrain 9882
()] Nacelle structure 33,680
[ ] Yow drive 17,742
[ ] Rotor suppory structure 7,162
[ Environmental Control + firs 20
[ ] Cabling + slectrical facilities 645
[ 7 nstruments + controls 680
[ Gen. accy. unit 2,500
6168 Nacelle 43279
n Tower 24858
n Cabie instaliation 4,130
n Cable tramsition 500
2 Linhining promction 300
nn Tower subsssambly 251,468
AT
41.74 Total sbove foundastion 680,204

3.5 ODESIGN ENVIRONMENT

To insure the structural integrity of the MOD-2 WTS and its ability to ooerate

in adverse environmental conditions, the design environment was defined as

shown in Table 3-2. Most of the design environment was defined in Exhibit B (see
Appendix B) of the contract. Some elements of the environment resulted from Boeing
derived additions to Exhibit B. The environmental criteria considers both the
g20-physical environment, and environments induced upon the WTS by each of its
subsystems (i.e. vibration, electromagnetic, etc). The gust criteria contained
within the wind criteria was developed by Boeing and NA} to ailow c:lculation

of the gusts effects on fatigue life. Previous gust models had been discrete
which did not allow determining their effect on fatigue life.
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Tabile 3-2. WTS Design Environment

Transportation Storage installation Operational
Duration 3 weeks 3 months 30 years
{2104 he/yr standby)
(6662 hr;yr pwr opn)
Wind Exhibit 8 Exhibit 8 Exhibn 8
Shock & vibration | Exhibit B Exhibit B Exhibit B
Temperature Same as operational Same as opesational 40°F (40°C) 10 120°F
{48.9°C) ambient air
Solar radiation Same as operational Same as operational 363 BTUIftznn', 4 hrs daily
6 months annually
Lightning Negligible Negligible Exhibit B
Rain Same a5 operational Same as operational 4 inches/ hour
Hail 1.0 inch dia. 50 Ib/cu. ft. 10 inch dia., 50 ib/cu. ft. 1.0 inch dia., 50 ib/cu. ft.
132 ft/sec. vel. {applicable 66.6 ft/sec. vel, (applicable | 66.6 ft/sec. vel. (horiz. &
to shipping containers) to storage containers) vertical surfaces)
ice {glaze) 2 0 inches thickness 2.0 inches thickness 2.0 inches thickness
60 lbs/cu. ft. (applicable 60 Ibs/cu. ft. (applicable 60 lbs/cu. ft. ( on ail
to shipping containers) to storage containess) external surfaces)
Snow 41 lbs/sq. ft. {shipping 41 ibs/sq.ft. {storage Biade: 21 lbs/sg. ft.
containers) containers) Nacelle: 41 lbs/sq. ft.
Humidity Same ax operational Same as operational Exposure 2quivalent to
Sand/Dust i MIL-STD-2198B for exposed
Salt Spray ; ot sheltered ground
Fungus ‘ equipment, as applicable
Fauna Exposurz to insects Same as transportation Same as transporzation plus
4 ib. birds at 35 mph for
stationary surfaces above
150 fr.
Noise Negligible Negligible Negligible
Seismic Exhibit 8 Exhibit B Exhibit 8
Atltitude Same as operational Same as operational Sea level to 7000 ft.
3.6 COST

Estimated 100th orouuction unit costs for the MOD-2 WTS are summarized in

Figure 3-17.

The turnkey estimates include all costs associated with the

manufacture, assembly and installation of the WTS. The manufacturing costs

are based upon a dedicated high rate production facility as discussed in
The spares and operations and maintenance cost ground rules
are presented in section 5.5.4,

section 5.5.3.
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furnkev account Cost
1.0 Site preparstion $162.000
20 Transportation 29000
30 Erection 137,000 The cost estimating ground rules are as follows :
40 Rotor 329,000 ©® All costs are in mid 1977 dollars
60 Drive rain 379,000 ® Costs are fully burdened and ¢ 10% fee is included
6.0 Nacsile 184,000 ©® Costs of instaliation and operstion sre based on 8 Z5 unit fam
70 an‘vu 271 000 © Rate of instaliation is one WTS per month per farm
80 Immdunqs 35,000 © Sites are generally flat with few natural obstacles snd soil
8.A. Non-recusting 35,000 is essily prepared for founcation (land cost not included)
9.0 Total initial cost $1.561 000 @ Transportation costs are besed on rail and truck transpoit over
Fee (10%) 156,000 8 distance of 1,000 miles
Totel turnkey $1,717.000
10.0 Annual operations and $15,000
meintenance

Figure 3-17. 100th Production Unit Costs

The 25 unit farm has a total ratad power of 62.5 M. Each unit contains a step-
Jp transformer that increases the generator output voltage to 69 kV for trans-
mission. Costs beyond the step-up transformer are not included in the turnkey
costs.

3.6.1 Cost of Electricity

The primary objective in the development of MOD-2 WIS is to orovide a WIS that
produces energy at a cost of electricity under 4¢/kWh basad on 1977 cost fore-
casts. The total cost of the MOD-2 WTS of $1,720,000 toggther with the 0 & M
costs of $15,000 and an annual energy output of 9.75 x 10° kWh results in

a projected cost of electricity of 3.3¢/kdh. This is based upon a levelized
fixed charge rate apprcach as presented in section 5.5.5.

3-20



4.0 SYSTEM DEVELOPMENT

This section documents: (1) the initial MOD-2 requirements, (2) the
approach used to optimize the WIS design, and (3) the work accomplished to
evolve the MOD-2 configuration described in section 3.0.

The general approach employed to optimize and define the configuration is shown
in rigure 4-1. The process started with a set of requirements specified by
NASA (Exhibit B of the contract). A baseline configuration was defined to-
gether with its cost, performance and weight. A production scenario was
established and a farm of 25 MOD-2 units was defined as a basis for the cost
analyses. Site ground rules and a2 maintenance and operations scenaric was
established.

Desiagn trade studies were identified based upon their criticality to the
system's performance and cost. Applicable subsystem or systems designs

were prepared for these selected studies and appropriate structural analyses
were conducted. Design iterations were performed as a result of the structyral
analyses and the final configurations were then analyzed for weight, performance
and cost and then compared to the baseline or other trade configurations. The
final configuration was selected on the basis of the lowest cost of electricity,
personnel safety and program risk.

Gther related efforts that had a major influence on the final design described
in section 3.0 were the sensitivity analyses applied to the specifications
(4.4), the failure mode and effects analyses {4.5), the inputs from utility
company consultants {4.6), and the varicus anaiytic, test and operational data
obtained from NASA/DOE

4.1 OBJECTIVES AND REQUIREMENTS

A1l design and trade studies have been basad on the specifications and constraints as
given in Exhibit B of the contract (see Appendix B). The majority of these specifica-
tions together with additional major criteria developed coincident with the

studies are summarized in Table 4-1. Examples of the additional or refined

criteria deve'dped are the new wind profile expressions and the qust criteria
discussed further in sections 5.1.5. All criteria developed was thoroughly

explored for the effect on cost, safety and programmatic risk.

4.2 TRADE STUCIES

Engineering effort during the concept design phase of the program was directed
primarily toward coaducting and evaluating numerous trade studies. The ob-
jective of this effort was to optimize system performance to obtain least cost

of electricity prior to proceeding with the detail development and design phases
of the program. As a result of these studies, several basic concept chanqes were
made to the oriqginal proposal configuraticr, such as: change to an all steel
welded rotor: change to an upwind rotor; change to a teetered rotor; and change
to partial span pitch control system.

In the presentation of these studies, the objective has been to adopt a stand-
ard format and to compare to an initial baseline configquration whenever possible.
As the concept design phase progressed, the trade studies incorporporated changes
to the baseline. Some of the studies have been carried to the levei which
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Table 4-1. MOD-2 Objectives and Requirements

Cost

Power Output (3 phase,60 HZ)
Rotor Orientation

Weight and Dimensional (Transport)
Finish Duration

Cut-in/Ra ted/Cut-out Wind Speed
Color and Identification Markings
Rotor Diameter

Environmental

Mear Yearly Wind Speed at Site
Wind Gradient

Wind Speed Duration

Gust Criteria

Altitude

Lightning Model

Seismic

Temperature range

Other (rain, hail, snow, etc)
Max. Design Wind

pafety

Fail Safe {Unattended)

Fire Detaction

Site Security System

Hazard Protection

Network and Turbine Protection
Self Protection in Emergency
Obstruction Marking and tighting

Dperations & Maintenance

Tools, Vehicles
Automatic/Manual Operation
Availability
Remote/unattended Control
Data Systems Channels
Maintenance C(Concept

Cost of Electricity

Units in Farmm

Production Rate

Fixed Charge Rate

Cost of Elect. Equation Specified
Site Definition

Transport Distance

Requirement/Objective Value
sign Requirements
Service Life 30 years

Meaa-watt range
Horizontal Axis
Yes

Yes

14/27. 5/45 wph
Yes

2 300 feet

14 mph at 30 Tt
Yariable Power Law
Meibull

Yes

0-7000 ft

Yes

Yes

-400 F. to 1200 F.
Yes

120 mph at 30 ft.

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Commercial
Yes

.90 Minimum
Yes

<190

Yes

Under 4¢/kWh
25

Yes

.18

Yes

Yes

1000 miles
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presents the effect of a subsystem change on the total WTS configuration and on
the resulting C.0.E. Some studies, where the results showed a conclusive trend
of optimization, were evaluated only to the subsystem level. For all studies,
the results are presented in terms that are most appropriate to the particular
study. Each study, if not compared to the initial baseline described below,
had a consistent set of basic criteria and therefore the results and conclusions

are valid. The trade studies described in this section (4.2) are listed in
Table 4-2.

Table 4-2. Trade Study Summary

SUBJECT REFERENCE PARAGRAPH
Two vs Three Blade Rotor 4.2.2.1
Teetered vs Rigid Rotor Bl

timm Rotor Speed
artial vs Full Span Rotor Control
Tuminum vs Steel Tip
irfoil Geometry
lade Material and Configuration Studies
Crack Detection System
rack Stopping Design
tal vs Composite Rotor
Upwind vs Dowowind Rotor
Tip to Ground Clearance
Tilted vs Non-tilted Rotor
Epicyclic vs Parallel Shaft Gearbox
Shaft Cunfiguration Studies
Generator Selection
Selection of the Diesel Driven Generator
Location of the Generator Circuit Breaker
Wiring Transfer Across the Yaw Bearing
Electric vs Hydraulic Yaw Drive
Nacelle Configuration Studies
Yaw Stiffness Requirements
Soft vs Stiff Tower
Soft vs Soft-soft Tower
Braced vs Conical Base
Transition Section
Machine Size Optimization
Analog vs Microprocessor
Muitiplexer, Ground Computer vs Nacelle
Microprocessor

»
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.
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4.2.1 Trade Study Baseline

In general, the initial baseline for the trade studies was the origir.tal
proposal configuration, updated to reflect more accurate cost and weight data.
Figures 4-2 and Tables 4-3, 4-4 and 4-5 illustrate this baseline configuration,

features, weights, and costs.
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Rated power
Rated wind at hub
Mean wind 2t 30 f1
Rotor tip speed
Rotor rpm
Generstor rpm

fe—70 ft=f
Figure 4-2. Trade Study Baseline Configuration

Table 4-3. Trade Study Baseline Features

and Characteristics
RATED POWER 2500 KN
ROTOR ORIENTATION DO IND
ROTOR DIAMETER 300 FEET
ROTOR BLADE MATERIAL  STEEL/PAPER HONEYCOMB
RATED MIND @ W8 28 WPH
MEAX NIND @ 30 FEET 14 WPM
DESIGN WIND @ W8 20 WM
ROTOR TIP SPEED 275 FT/SEC
ROTOR RPM 17.5
GENERATOR RPM 1800
GENERATOR TYPE SYNCHROMOUS ;
GEAR BOX STEPUP RATIO 102.8
GEAR BOX TYPE 3-STAGE PLANETARY
WUB HEIGHT 200 FEET
TOMER STEEL (SHELL) TYPE
CAPACITY FACTOR 0.37
DESIGN C, 1.0
DESIGN TIP SPEED RATIO 9.4
WAX. SYSTEM POWER COEF. .38 [

4-5
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Table 44. Trade Study Baseline Weights

{RoTOR 177,000
BLADE (2) 104,000
HUB 53,000
HINGE (4} 20,000
DRIVE TRAIN 111,000
GEAR BOX & SUPPORT 70,000
GENERATOR 16,000
MECHANISM & SHAFTS 25,000
TURN TABLE 33,000
NACELLE STRUCTURE & ENCLOSURE 35,000
TOWER 300,000
656,000#

Table 4-5. Trade Study Baseline Production Costs (100th Unit)

ELEMENT (10%)
1. SITE PREPARATION 153
2. TRANSPORTATION (1000 mi) 40
3. ERECTION & CHECKOUT 197
4. ROTOR SUBASSEMBLY 268
5. DRIVE TRAIN 462
6. NACELLE SUBASSEMBLY 216
7. TOWER SUBASSEMBLY 201
1 8. INITIAL SPARE PARTS 20
9. TOTAL INITIAL COST 1,557
10. ANNUAL OPERATION & 20
MAINTENANCE COST

Where other than the above configuration was used as a comparison baseline,
the actual baseline used s appropriately described as part of the
following individual study descriptions.
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4.2.2 Rotor

This section reports the results of trade studies conducted to evaluate
alternative rotor configurations and characteristics.

4.2.2.1 Two V.S. Three Blade Rotor

The MOD-2 two blade rotor configuration is described in Section 3.2.1. This
trade study provided the basis for selection of the number of blades.

OBJECTIVE: The objective of this study was to determine whether the increased
energy captured by a 3-blade rotor due to its higher rotor efficiency was off-
set by the added cost of the third blade and a more complex hub.

The blades were assumed to be of identical planform for both 2-blade and 3-blade
rotors, with plate gages and weights adjusted to agree with the respective loads.
The hub was reconfigured for the 3-blade rotor and a splice added for shipment
considerations. Both hubs were of the fixed or rigid type.

The yaw drive, braking systems, and drive train were resized in accordance
with the loads and rotor rpm. Other WIS components were assumed to be unaffected.

RESULTS: It was determined that the increased energy output of the 3-blade
rotor is more than offset by the increased system cost, such that the cost of
energy is higher for the 3-blade system.

The net system cost increase resulted primarily from a 3-blade rotor being more
complex and the requirement for a higher ratio gearbox.

The essential parameters effecting the 2 or 3 blade rotor trade study are shown
in Table 4-6.

Table 4-6. Essential Parameters Affecting Rotor Weight

2 Blade 3 Blade
™ Rotor Diameter, ft. 300 300
Generator Rating, kW 2500 2500
Solidity .030 .045
Rotor rpm 17.6 14.4
Tip speed, f.p.s. 275 225
Bending Moment, ft. 1b. X 1073
(p = -200, R/r = .156)
Flapwise Steady -13.78 -9.66
Alternating 6.77 5.6
Chordwise Steady -.997 -.408
Alternating 17.29 16.6
Resulting Weight, 1b.
Single Blade 52,000 48,000
Total Rotor 177,000 262,000

The increased performance of the 3-blade configuration as shown in Figure 4-3
is 2.5%.
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Figure 4-3. Blade Number Performance E ffect
SUMMARY: Table 4-7 summarizes this study.
Table 4-7. Summmary - Effect of Number of Blades
Configuration
Criteria Remarks
2 blade 3 blade
Rotor diameter . ft 300 300 50 ft ground clearance used for both cases
System CP max 380 396
Yaw system cost. $ 85,000 72,000 3 blade system requires smaller drive & brakes
Rotor cost, $ 268,000 371,000 3 biade hub requires splices for shipping
Drive train cost, $ 462,000 538,000 3 blade configuration requires larger gearbox
Systemn cost - 100th unit, $ 1557000 1,723,000
Operations & maintenance 20 000 22,000
cost per year, $
Energy out, kwh per year 8,686,000 8.890,000 Factored to account for downtime
Cost of electricity, ¢ /kwh - Adds .28

CONCLUSIONS: The increased energy output of a 3-blade rotor is more than off-
set by increased costs for a wind turbine of size and capacity similar to the

MOD-2.
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4.2.2.2 Teetered VS Rigid Rotor

The term "teetering” refers to the addition of one degree of freedom to rotor
restraint, such that the rotor is free to teeter in and out of the disk plane.
Flapwise alternating bending moments from gust and other transient loads are

reduced by this method. Three studies were undertaken which dealt with the
teetering concept.

OBJECTIVE: The objective of the first study was to compare the cost of
electricity of a WTS which incorporated the teetering method of rotor restraint
to one rigidly restrained. The second study compared various methods of stopping
the rotor at the limits of the teeter angle. The third study compared roller,
plain, and elastomeric bearings for the teeter hinge.

RESULTS: Loads-Significant percentage reductions in system loads, particularly
alternating loads, are experienced with teetering as shown in Figure 4-4.

Teetering rotor results in
-=— |oad increase Load decrease —e—
Blade flap t/R=0 11

=157
Blade chord t/R=0
Qutbd hinge Px Loads in percent
Py 5C] = Steady

5 = Alternating
z | —

inbd Px X
1 Z ~=— Wind
Py 5 7

Y
Pz 139

Rotor hub £ RS
) %SNNNSQ Wind 45 mph at 20° Yaw
Fy

Fz 14

Mx
Mz 310

Nacelle yaw Radiai

Thrust

Overturning

") 23

A T 88

Brake torque Mx RN RN ;
A R R R

Drive torque Mx

Figure 4-4. 'Load Change Summary

Tower Stiffness - Tower wall thickness reductions are possible because the stiff-
ness designed tower reacts the teetered rotor as though the rotor weight were
lumped at the center of rotation. Reductions are shown in Figure 4-5.
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o L 1 ] | |

0 .25 50 75 100 125
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(Upwind - fixed & teetering rotor)

Figure 4-5 . Tower Design

Weight - Significant reductions are possible in the fatigue designed areas of the
rotor, the stiffness designed tower, and the yaw drive as shown in Table 4-8.

Table 4-8. Weight Comparison (Teetering Versus Fixed)

Teetering Results

ITEM Increased Weight, 1b. | Decreased Weight, 1b.
Blades (2) 10,000
Hub 9,068
Rotor Shaft 2,926
Control System 1,513
Nacelle 7,960
Yaw System 11,027
Tower 27,600

Total +4,439 -65,655 !

Total weight reduction = 61,216 1b.

Table 4-9 summarizes teetering vs fixed hub rotor study.
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Table 4-9. Trade Study Summary - Teetering Versus Fixed Hub Rotor

Fixed rotor Teetering rotor Remarks
Design complexity Baseline More complex Wel) within state-of-the-art
Ereciion Similar
‘(ransportation Baseline $1900 reduction Per thousand miles
Weight Baseline 61,000 ib lighter Due to reduced loads
Annual energy - kwh Same
Hardware cost Baseline $66.800 reduction
Reliability Baseline 10% reduction MTBF For blades & hub only
Maintainability $20,000 $20.200 Per year
Safety Similar
Technical risk Baseline Lower e e |
Cost of electricity Baseline .14/kw r reduction ‘

CONCLUSION: Basea on the reduced cost of energy the teetered rotor concept
offers the best design for a large wind turbine system.

TEETER STOP STUDY RESULTS: Various methods were investigated to minimize the
loads induced by teeter stop contact. The methods included hard or high spring
rate bumper stops, 4 configurations of springs, hydraulic dampers, and friction
brakes. Friction brakes combined with bumper stops at the travel 1imits dis-

played the least technical and design impact on the rotor. Table 4-10 summarizes
this study.

Table 4-10. Teeter Stop Study Summary

Rigid Spring Damper Brake Remarks
Design complexity cg;a;ltex Average | Average Average
Weight iibs) 400 600 - 3,600 750 900
Damging None Littfe Viscous Friction
Cost$ | 3200 | 3385 | 4700 4,600
| eamensnce Tool required by ke
Mainainability | ogy ol nsiyiomaned oo, |maintengnce “
Techmical rise____| gty | Gauses, T ROUNAT | Lowest i | fgaks proves oevin
Rotor design impact jbg:: hf’g;d "?f’p';‘gt iﬁ\zpﬁa& "kg:"m
(‘?g,},"{pe,;‘,"g’,’ s;g:\ksed ) Traveis stop-to-stop tﬁ‘;}ﬂﬁ,‘,g
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CONCLUSION: The friction brake is the bes: concept for minimizing teeter
stopping loads due to-lower loads and comparable cost.

TEETER BEARING STUDY RESULTS

Roller, plain, and elastomeric bearings were compared for use in connecting
Twenty four bearing characteristics

the teetering rotor to the drive shaft.
were compared as shown in Table 4-11.

Table 4-11. Teeter Bearings Comparison

Characteristic Roller Plain Elastomeric

1. Requires lubrication Yes Yes No

2.  Lube distribution problem Yes Yes No

3. Requires Jube seal Yes Yes No

4. Requires environmental seal Yes Yes Sun & oil shieid
5. Ages in sunshine Seal ages Seal ages Yes

6. Temperature extremes Lube affected | Lube affected Stiff when cold
1.  Compression set No No Yes
L[ Fretting corrosion Yes Dep on jube dist | No

§. Brinnelli -3 Yes No No_

10. Failure detection Noise Measure clearance! Visual crumbs
11. Shape and finish of mating parts critical for inst'l Yes Yes No

12. Alignment critical for even loading Yes No No

13. Inner face rotation No Yes No

14. Outer race rotation No Ng_ No

15. Interface fabrication risks (rework or scrap mating parts) | High - Medium Low

16. Requires preloading Yes No No

17. Axial motions detrimental to bearing Yes No No

18. Breakout torque No Yes No

19. Centering spring rate No Yes Yes

20. Field replacement difficulty Most Medium Least

21. Operational experience Yes Yes Yes

2. Distribution of bearing material 300" 360" Where required

23. Pricing per set (bearings only) $8.,000 $17,600 $8,000 - 11,000
24. Cleanliness Good Good Bad

The teeter bearing study is summarized irn Table 4-12.




Figure 4-12. Teeter Bearings Study Summary

Roller Plain Elastomeric Remarks
Design onmplexity Critical fits Mast parts Least complex Roller & plain bearings
& alignment require lube systems and
seals
Erection (installation) Most difficuit Most parts Least difficult Roller brng requires
interference fit &
_ axial preload
Cost $ {brngs only) 8000 17,600 8000 - 11,000
Life Limited by Jube | Limited by lube Best life capacity
problems problems
Maintainabil‘ty Most difficutt Difficul: Least difficult Elastomeric requires no
lube, easiest ta inspect,
easiest to replace
Technica! risk AlKnownpumkw* Known problems | Heliocopter experience
CONCLUSION: The elastomeric bearing is the best bearing for the teeter hinge

due to less complexity and maintenance costs, ease of erection, and long life.

4.2.2.3 Optimum Rotor Speed

The MOD-2 rotor speed is 17.5 rpm.
speed selecticn.

0BJECTIVE:

This trade study provided the basis for this

The objective and purpose of this study was to determine whether

the cost of electricity could be reduced if the WTS operated at higher speeds.
Although the available annual energy was less for operating at higher speeds
{see Figure 4-6) it .s felt that a possible reduced cost of electricity could

result because of the lower drive torque.

were 17.5, 19, and 20.5 rpm.

RESULTS:

The results of this study are described belaw:

The three rotor speeds considered

Rotor - The weight of the rotor was reduced (-2,100 Ibs. and -4,420

1bs. for the 19 and 20.5 rpm speeds respectively).

This was caused by the

beneficial effects of the blade centrifugal forces reducing the compression

buickling loads.




8.3

8.2t

m E[m. 8‘1 -
oM x 106
8.0+

7.91
7.8¢
{V_l | L
17 18 19
ROTOR SPEED. RPN
Figure 4-6 Annual Energy Versus Rotor Speed
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i
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Orive Train - The low speed shaft, quill chaft and gear box were lighter (8,400
Ibs. for 19 rpm and 14,000 1bs. for 20.5 rpm). The lighter weights were due
primarily to the reduced torque at the higher speeds and a stiffer quill shaft.
No weight change was identified for the generator.

Nacelle - The lighter rotor, low speed shaft, quill shaft and gear box prcduced

smaller ioads into the nacelle structure. Additionally, the shorter quill shaft
allowed the length of the nacelle to be reduced. These caused the weight of the
nacelle to be reduced by 6,000 pounds for the 19 rpm speed and by 10,000 pounds

for the 20.5 rpm speed.

Tower - The higher speeds required & stiffer tower to be designed. The tower
weight increased by 24,500 and 44,300 pounds for the 19 and 20.5 rpm roter speeds
respectively.

Foundat.on - The foundation volume was (educed by 5i cubic yards for each of the
higher speeds.

Energy output - The available annual ene was 1.1% less for the 19 rpm and
5.0% iess ‘or the 20.5 rpm rotor speeds. (See Figure 4-6)

Costs - The costs of the wind turbine systems were reduced by $20,400 and $34,100
for the 19 rpm and 20.5 rpm speeds respectiveiy. This cost reduction was not
enough te offset the reduced winc energy available for operating at the higher
speeds. Combining the energy available and the cost reductions, no change

in COE resulted for tne 19 rpm speed and a COE increase of .12¢/kwWh for the 20.5
rEm.
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STUDY SUMMARY:

19 RPM 20.5 RPM
WEIGHT, LBS. + 8,000 +16,400
cosT, § -20,400 -34,100
ANNUAL ENERGY, % - 1.1 - 5.0
COST OF ELECTRICITY, ¢/kWH 0 +.12

CONCLUSION: No change in rotor rpm was recommended for the MOD-2 because
there was no cost advantage offered by higher rpm.

4.2.2.4 Partial vs Full Span Rotor Control

The tip control trade study was conducted to evaluate a rotor which s fixed
in pitch over most of its length. The outer tip only is capable of pitching
for startup, shutdown, speed control, and gust attenuation.

OBJECTIVE: The objective of this trade studv was to compare the cost of energy
of a system with full blade span pitch control with one incorporating partial
span pitch control. Two data points, 20% of span and 40% of span were selected

for study.

RESULTS: Design Requirements - The ability to startup in low wind speed using
partial span blades were compared to full span startup as shown in Figure 4-7.

~— 14 mph wird @ hub full span — 14 mph wind @ hub 20% span
— 40% span 4 — 14 mph wind @ hub 40% span

12 =2,
Rotor speed rpm : ::

AHJJ‘.,‘_._’JE

Time, mun

Figure 4-7.  Startup Characteristics
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It was established that partial span startup could be accomplished with minimum
dwell time in the critical frequency range of the tower. Similarly, capability
was established for normal and emergency shutdown without detrimental overspeeding
of the rotor, and for ability to maintain synchronization. Relative annual
energy]uas determined to be .995 for 40% and .985 for 20% compared to full span
control.

Rotor - Considerable design simplification is possible with partial span by
using carry-through structure in the nub area (See Figure 4-8).

CIXED PORTION //

CENTER SECTION

N N

R L 3PAN PITCH CONTROL MTS PARTIAL SPAN PITCH CONTROL TS

Figure 4-8. Configuration Comparison

The pitch control system is also simplified since the loads and resulting
mechanism envelope are considerably reduced and the location is moved to the

rotational interface. (See Figure 4-9).
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Figure 4-9. Pitch Control Camparison

Significant rotor weight reduction resulted from the reduction in high wind
bending moments,elimination of the hinge overlap areas near the root, and a
more efficient chordwise bending section in the root . -ea.

(See Figure 4-10).
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Figure 4-10. Parked Blade Loads
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Drive Train and Nacelle - Design simplification of the teetering mechanism is
possible with partial span control since straight-through hub structure permits
essier attachments. However, a more flexible quill shaft is necessary to
attenuate coriolis loads because of the increase in teeter angle excursion of
the partial span blade. A longer quill shaft was required for the partial span
to satisfy stiffness requirements which resulted in a longer nacelle. A longer
nacelle to house a longer quill shaft was a necessary item for the partial span
concept.

Tower - A lighter tower is possible with a partial span rotor since weight of
structure aloft is reduced.

The trade study is summarized in Table 4-13.

Table 4-13. Partial Versus Full Span Control Sunmaty

PARTINL SPAM o—

et ST MR
DESIGN COMPLEXITY | BASELINE LESS CONPLEX 108
ERECTHON BASELINE | SAFER INSIALLATIONROTOR 10 SHAFT
TRARSTORTATION  [BASELINE | 86,600 LesS | 86,700 sy |Lfas 2SR MIGHT
VEIGHT BASELINE | 81,500 LBS LESS | 83,900 185 LESS

P LERGIIS [N EUCESS &

NRIAL ENERGY - wibe [BASELINE |  1.STLESS ST LESS
RELIABILITY foaseLing | MECLTGIBLE 1 WECTGIBE
PINTAIMBILITY  [saseLing | $500/YR INCR. | 3500/ YR TRCR.
SAFETY MSELINE | SwE SWE
TECWICAL RISK | BASELINE PWRGIMAL STAR
COST OF TLECTRICTYY, | pasy o u | <31 $/xiln L 37¢/5Wh
/ety geiclion | FouCTion |

CONCLUSION: The partial span control concept provides a lower cost of
electricity for a large wind turbine system. A 30% span tip control is best
because of the rarginal startup capability of smaller control spans.

4.2.2.5 Aluminum vs Steel Tip

OBJECTIVE: The objective of the study was to determine if weight and cost
could be saved by making the MOD-2 wind turbine blade tip out of aluminum.

RESULTS: Initial loads indicated that most of the tip was buckling critical,
and that an aluminum tip would save both weight and cost. However, a re-
evaluation of the wind environment indicated a large part of the blade tip to
be fatigue critical. A weight and cost study using the new loads was performed
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giving the following results:
e Weight Saved Over Steel - 600 pounds

e Cost Difference

Aluminum Material Added Cost $23,000
Aluminum Fabrication-Saving $-7,000

Additional Cost for Aluminum...$16,000

CONCLUSION:

For a typical tip blade section, the allowable stress of a buckling critical
aluminum structure is about 2/3 that of a steel structure. Therefore, the
weight of the aluminum buckling critical structure is about 1/z that of steel.
For the same fatigue loading spectrum, the allowable stress for aluminum is
about 1/3 that of a steel structure resulting in structures of approximately
equal weight.

In addition, the use of the aluminum tip would require development work on
the aluminum structure in addition to the development on the steel structure.
Therefore, the steel tip was considered best at this time for the M0OD-2 WTS.

4.2.2.6 Airfoil Geometry

OBJECTIVE: A trade study was conducted to optimize the airfoil shape for the
MOD-2 rotor.

RESULTS: As noted in Section 3.2.1, the NACA 23CXX airfoils were selected for the
baseline trade study rotor. The initial portion of this study was directed toward
the selection of a second airfoil shape to be used in rotor design.

The airfoil families considered for the second airfoil snape were the standard
NACA 44XX airfoils, modified NACA 44XX airfoils, and modified NACA 430XX air-
foils. Profiles for the twenty-one percent thick members of these airfoil
families are illustrated in Figure 4-i1. The profile of the NACA 23021 airfoil
is also shown for comparison. Note that the modified airfoil families were
designed with blunt trailing edges. In addition, the NACA 430XX airfoils were
modified near the leading edge to remove surface concavities.



WACA 2302}
(Basel ine)

Mod. NACA 43021 Fod. NACA 421

Figure 4-11. Profiles of Candidate Airfoil Shapes

A parametric comparison of the four airfoil families is presented in Table
4-14. The indicated parameters are considered relevant to airfoil selection
for rotors designed to operate in the windmill state. As a result of this
comparison, the modified NACA 430XX airfoils were selected as the second
airfoil shape.

Table 4-14. Parametric Airfoil Comparison

PARAMETER NACA NACA NACA NACA
430XX 230XX 44XX 44X
(L.E. & T.E. Mod.) (T.E. Mod.)
Cqg@Cy=1.0 .0138 .0147 .0140 .0162
Stall Margin (@ Cy= 1.0 8 Deg. 6 Deg. 8 Deg. 8 Deg.
Stall Characteristic T.E. L.E. T.E. T.E.
Blunt T.E. Yes No Yes No
Potential Buckling
Problems No No Yes Yes
Effect of Roughness [> 2 1 3 4
Premature T.E.
Separation Min. Moderate Minor Major
Cr (Aero Center) -0.035 -0.01 -0.08 -0.08

> Smallest numbers have the least effect on aerodynamic performance
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The Modified NACA 430XX airfoils were then used to design an alternate rotor.

The initial design approach retained the solidity ( o = 0.030) of the baseline
rotor. The resulting alternate rotor was found to produce two percent more

power at the design point than the baseline rotor. However, this rotor optimized
at a rotor speed of 15.9 rpm, while the baseline rotor speed was 17.5 rpm.
Because the rpm decrease impacted other system components, the alternate rotor
was redesigned by trading solidity for rotor speed. The final alternate

rotor, which optimized at a solidity of 0.025, sti)ll produced two percent more
power at the design point than the basaiine rotor. The design parameters for

the baseline and alternate rotors are compared in Table 4-15.

Table 4-15. Comparison of Rotor Designs

Rotor Configuration
Jesign Farameters Baseline Alternate
Airfoil Shape NACA 230xx Mod. NACA 430xx
Diameter 300 ft. 300 ft.
Design Velocity 20 mph 20 mph
Rotor Speed 17.5 rpm 17.5 rpm
Solidity (o ) 0.030 0.025
Taper Ratio 3.0 4.0
Twist ! 8.0 Deg. 6.0 Deg

The two rotor designs were subjected to further analysis. For example, the
alternate rotor using the modified NACA 430XX airfoils was found to produce
only 0.1% more energy than the baseline rotor using the NACA 230XX airfoils.
Also, for identical operating conditicns, the alternate rotor was found to
operate at higher load levels over the baseiine. As a result, the blade
weight would increase to obtain the same fatigue and buckling margins.

CONCLUSION: Based on the results of this study, the NACA 230XX airfoils were
selected as most suitable for the MOD-2 rotor.

4.2.2.7 Blade Material and Configuration Studies

The current all-steel blade design configuration is described in Section 3.2.1.
The rotor weight affects the weight and cost of many other items in the wind
turbine system; therefore, the minimum rotor weight shculd correspond to the
lowest wind turbine system cost.

OBJECTIVE: The objective of the study was to determine a rotor construction
such that the cost of electricity is minimized.

RESULTS: Airfoil characteristics such as airfoil type, thickness, taper,
twist, planform area, and tip speed determine the blade configuration. Some
of these are discussed in section 4.2.2.6 (Airfoil Geometry). Within

the constraints of the blade geometry, additional trade studies were made to
select the spar and trailing edge materials and designs.
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To select the optimum blade design, a steel "D spar was examined in combina-
tion with 24 different concepts for the trailing edge in sufficient detail to
evaluate the cost, weight, and technical risk. Table 4-16

shows relative merits of the eight most prominent design candidates.

Table 4-16. Preliminary Evaluation of Trailing Edge Concepts

NUNBER OF
oo | PR Jseconarr] ATECSE RESULTS OF STUDY
BASIC CONFIG PARAMETER [PARAMETER |conf [GURATIONS | COST | WETGHT [TECHRTCATURTAER]
INVESTIGATED | (O€ST) | (BEST) | RISK | (B3
STEEL FACED SANDWICH  |STRUCTURAL FRAME 5 $70,000 | 8s00s | High | mo
ALY FACED SANONICH  [STRUCTURAL  SHELL i) $75 000 | ‘44008 | WiGH | M0
NON- | TWO AUX. .
CORRUGATED PAKELS cnnroaall SRS 3 $57 oco| saos | HiGn | no
STEEL/PLYW00O LAMIKATE [STRUCTURAL FRAME 1 $50 000 | 70004 {MODERATE| MO
ALUM/PLYWI00 (AMINATE [STRUCTURAL| FRAME | ! $77 000] 3000# IMODERATE| MO
i
. NON- ;
FOMM FILLED BLOCKS O 1 rRave 1 $35 000 | 32000 |MODERATE| MO
FOAM FILLED F/5 FAIR NON— ' 2
OA FILLED F/5 FAIRING | MOV | sugLl | $36000{ 2800¢ | (oW | YeS
STEEL PLATE MELDMENT  [STRUCTURAY  SHELL 3 sa7000(162508 | tow | ves
TOTAL 26

Two of these, a foam-filled fiberglass fairing and a steel plate weldment, were
selected for a more detailed comparison with the baseline, a steel skinned
honeycomb or foam filled panel construction. The three configuration candidates
are shown in Figure 4-12.
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N
WELDED PLATE T.E. FIBERGLASS WRAPPED FOAM
® WEIGHT 59,000 © BLADE WEIGHT €9,200

STEEL SKIN HONEYCOMB OR FOAM SANDWICH
® BLADE WEiGHT 65,300

Figure 4-12. Blade Configuration Candidates

Table 4-17 shows a cost comparison for the three blade configurations, and
Table 4-18 gives the final trade study results.

Table 4-17. Cast Data Comparison (Two Blades)

MFG MATL 2 BLADES TOTAL

STEEL L.E. 55,520 161,812 217,332

T.E. 28,619 13,786 42,405

$84,139 $175,598 $259,737

STEEL SKIN L.E. 79,200 173,500 252,700
Honeycomb or

Foam Sandwich| T.E. 28,101 21,196 49,297

$107,301 $194,696 $301,997

WRAPPED FOAM | L.E. 89,750 175,648 265,398

T.E. 18,525 14,502 33,027

$108,275 $190,150 $298,425

Note: L.E. designates the "Leading Edge" or steel "D" spar and T.E. the
"Trailing Edge” or blade aft spar.
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Table 4-18. Trade Study Summary - Blade Design

ALL STEEL T.E.  [STEEL SKIN HONEYCOMB  PLASTIC T.t.
(STRUCTURAL ) OR FOAM CORE (NON= STRUCTURAL )

BLADE WEIGHT(PER BLADE) 55,000 # 65,300# 69,7004

MOST SIGNIFICANT FATIGUE OF D-SPAR | rov - oo

AN e FATIGUE OF D-SPAR | FATIGUE OF D-$PAR

MOST SIGNIFICANT BOND FAILURE & TOUCH UP OF PLASTIC

MAINTENANCE [TEM REPAINTING REPAINTING FINISH

TECHNICAL RISK LOW HIGH MEDLUM

DESIGN COMPLEXITY MEDIUM HIGH LOW

COST COMPARISON $260,000 $302,000 $298,000

CONCLUSIONS:

The results of this study show the all steel blade to be the

optimum design for large wind turbines similar t~ the MOD-2 WTS.

4.2.2.8 Crack Detection System

A major wind turbine system problem is rotor fatigue.

The MOD-2 rctor is

subjected to approximately 200,000,000 alternating stress cycles during its
Historically, structures of this type occasionally
develop fatigue cracks, initiating from either internal flaws or external

30 year design life.

damage.

Since rotor failures are both expensive and dangerous, some means

of detecting cracks prior to ultimate failure is desirable. Fail safe

structure, combined with frequent inspections, serves this purpose on air-

craft.

However, this type structure is excessively expensive for wind turbine

application and the large number of fatigue cycles requires very frequent and
Therefore, development of an automatic crack detection

costly inspections.

system was initiated.

OBJECTIVE:

The purpose of this study was to examine several potential fatigue

crack detection systems and, if possible, select one for further development.

RESULTS:

It was determined that a crack could be detected in a pressurized

blade by measuring either the airflow through the crack or the resulting

pressure drop in the blade.

The essential element in the system is the com-

parison of the pressure or flow in the two blades to minimize the effects

of ambient temperature changes.

A flow system was selected for further study

as it is less impacted by leaks and environment than a pressurized system.

In the proposed system, that was developed (see Figure 4-13) air is compressed
to 100 pounds per square inch {(psi), dried, and stored in a tank.

Air is bled out of the tank through a pressure regulator which maintains a one

psi pressure downstream of the tank.

through flowmeters into each of the two blades.
through fixed orifices,

The Tow pressure air is divided and fed
The air exits the blades
Relief valves protect the structure in case of mal-

function of the pressure regulator or plugging of the exit orifices.
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Figure 4-13. Blade Crack Detection System Block Diagram

The outputs of the flowmeters are compared. When the difference in flow exceeds
a predetermined amount, a signal is sent to the control system which then shuts
down the wind turbine.

The system has a threshold capability of detecting a 12 inch long crack in the
MOD-2 blade. There are approximately 28 days from the threshold time that a
crack can first be detected until the crack reaches a critical length of 30
inches {Figure 4-14).

Critical
crack(30in) 1.0 1.0 (.6185in2)
length Critical srea
0.8 / 10.8
0.6+ 40.6
Crack length Orifice area
Critical crack length Critical sres
. 1 H
04k ---" 2inchcrack . 04
1
]
L}
N
' /
02 _r” _Dewction capabitity 102
]
'
1
|
0 1 P 1 1 0
40 30 20 10 0
Days

Figure 4-14. Margin Between Detectable and Critical Crack Size
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The arrangement of the system for the MOD-2 wind turbine is showr in Figure
4-15.

Figure 4-15. Crack Detection System

COnCLUSION: The flow rate comparison system is best because it can detect a
crack 28 days in advance of complete failure, and it is less costly and has a
lower risk than a pressurized system or crack stopping design (section 4.2.2.9).

4.2.2.9 Crack Stopping Design

One way of reducinyg the probability of a blade failure is to incorporate crack
stoppers in the blade design.

OBJECTIVE: The purpose of this study was to examine techniques used for stooping
cracks and evaluating their use on the MOD-2 wind turbine blade.

RESULTS: The technique used to stop cracks is to divide the siin structure intoe
panels and use bolted joints at the edge of the panel where it is desired to
stop he crack. Some of the configurations studied are shown in Figure 4-16.
Crack stoppers are used on the edges ~f panels subject to high fatigue stresses.

The combination of welded and bclted structure is more costly to build than all-
welded structure. The bolted joints give rise to stress concentrations since
the welded structure tends to pick up more than its share of load. The combina-
tion of structure may be more susceptible to fatigue cracks than all-welded
structures. The cracks should stop at the bolted joints, but will result in
additional stress at these joints. This, in turn can result in a new crack
starting on the other side o’ the joint. The result is an extremely short
period required between inspections to ensure that a failure does not occur.

CONCLUSION: For the above reasons, a crack stopping systen is not consiZ:red
practical for wind turbine blades.
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Figure 4-16. Crack Stopping Approaches

4.2.2.10 Metal vs. Composite Rotor

The baseline rotor for MOD-2 is of welded steel construction. This trade study

evaluated the techrical, programmatic and economic comparison between the base-

line steel and a composite [fiberglass) rotor. The design and anaiysis leading

to the development of the composite rotor is provided in section 4.3. That data
is the basis for this comparison.

OBJECTIVE: The purpose of this study was to provide a technical, programmatic
and economic comparison of the two rotors with the objective of recommending
the appropriate blade concept for MOD-2.

RESULTS: The results of this trade study are provided in Tables 4-19 through
4-24.

CONCLUSION: As indicated in Tables 4-19 througnh 4-24, the
steel rotor is ¢ iluated as the more mature system with some additional devel-

opment requi ‘d for the composite rotor. The composite rotor configuration (sec.

is believed , be a good design for the MOD-2 system and when fully developed
may offer advantages in the scenario of quantity production.
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The primary reasons for recommending the continuation of the steel rotor as
baseline for MJD-2 are:

1) Less technical risk.
2) A more firm understanding of material properties and fabrication processes.

3) Oesign ~aturity - no impact on prototype program schedules.

Table 4-19. Rotor Comparison Technical

Stesl Composits
& Swel k< B
Mawrials: | © Steel - 100% ¢ Filament wound fiberglass 85.5%
® Layup fibergless 1%
Procens & Weld o Weld
& Adhesive bond
Joint design | ® Tension boits © _Sheer bolts snd adhasive

® Comprassion, fatigue, and joint | ® ARowsbles not fully verified by test

Aftowables verified by tast ® Apprecishle tamperature affect on
¢ Negligible temperature affect on allowsbies and b

sliowables and modulus
Evosion/UV { & Resistent ® Requires peint and L_E. boot
Corroslon. | ® Requirss primer snd paint © Fiborglan is resistant

o Matal parts require primer and peint

© Requires development of protection
systam

® Repeir minor damage

® Weld rapair of cracks © Repeir lightning damage

¢ Pgint

¢ Replace blade for major damage

Lightning ® Inherently resistant

Maintenance
® Paint

Table 4-20. Rotor Wewght Comparison - Pounds

Stesl rewme Composite rotor

Hub {emcluding tater brg.} €7, 36,620
inbaend binde nae 98,200
Outboand bisde 20.7%0 12,500
Hydraulics 746 740
Etecericnd 100 100
Pivat instalistion 7580 4,100
Actustors and Jacks L1 a0

ol rotor 1% 670 141,480
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Table 4-21. Rotor Comparison System

Weight - Pounds

Stnat reror Composite roter
Roter wesn ML
Deies toan 0 7.
Nassite Qe Qe
Towss w14 maen
Toul wyotem sa02w 3000

Table 4-22. Rotor Cast Comparison { 10Uth Production Unit) - Dollars

Stesl reter Compaske retor
Hub lomshading tester bry.) 157500 90,500
Inhaond binds 93300 127.000
Owthoard blede 285,708 29,200
Hydodica 6.008 6,000
Etwcwrical 4.700 4.700
Pivet butoliation 33.400 33,000
Acoustors ond focks 2,300 2300
Systam sost mpect (A S) - 13.000
Yool ni0 33600
Table 4-23. Rotor Maintenance Comparison
1TEM STEEL BLADE FIBERGLASS COMMINTS
Repalr revuivng Local epeint © @ S repair and toce! No difterence
from Bghtning strikes eorrosion - sutimersd ropaint 1o prevent U V. i Tosting of trergion
troquency: @ montie damege srd melsture fightning pretection
ponetrasion - estimated roquired 10 varity extent
froquency: § monthe of demege)
Repeirs resulting from Rifs tire will peretrate Rifte fire wilt penewrste No differencs
rifte fire outboend cactiens end Inbosrd sections end imbed
chip peint on inboasd sections n nwfecs. Will go through
<« riboard tecuions.
Proventative melntonancs nboerd secion - @ yesr Entire binde once svery A = $370 por yeer foms for
peiting orvad 16 yesrs tihergiese blede
Control Vgu - 4% years A
Average J lovollaed Average snnusl levelized
O & M cost = $830 O & M cont = $480
Trailwng sdgs repsiny —_— Local repeir - estimetsd A = $346 par year move for

ot once par § yesrs,
Aversgs anrvust cost = $345
(inchudes lost power and
fovelized O & M}

fioergless blsde
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Table 4-24. Rotor Trade Study Summary

Poremater Suel retar Compashe retsr Romerks
Retor waight Sossiing Lom 26,0008
Syemrs welght Sesiing Lam 27,0000
o Welded stodd Fiverghons chuk SHficuR o amems
Tachnical risk Weldad enel o Fhergh diowsbis since there s ittls spplicable
® Jolnt dmign long terw servies enperience
® Ragair lighwning dessage |  Fibarglons would requice retar
Mainterence Wiskl rapolr of | o Roploce T.E. sgeents | caplacement for mejor tnbd
S arocks o Pop winardosnys | binh damage
[~ Systars can e dmigned 0
Syvtom lmpect Sosaline Minae accapt covmposits redor with
-~m
Subsdule [—— 7% month siide Developmant testing ast yot
(Yot prototype) anmpiete for componite roter
> - :
(hl |~ \ Besaline Significont incresse o Equipmant and woling
r © Program delny
Rater recurving cost Bassline Possibis umall o Compesits s highly eusomemd
{00 wnit} decroses production preces
Systam turnkoy
Cast of glectricity Sessline Neglighle dil Serence

'

Nossmmendation: The welded swesi roter should be retaned as bassline for the MOD-2 WTS.

FIGURE 4-17 DELETED

4.2.2.11 Upwind Vs. Downwind Rotor

The current unwind rotor configuration is described in section 2.1. This trade
study provided the basis for the configuration selection.

OBJEFYIVE: The objective and purpese of this study was to compare the cost
of electricity as generated by an upwind rotor with that produced by a down-
wind arrangement. The power and loads generated by MOSTAB, under identical
wind conditions, served as the basis of the comparison.
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RESULTS:

Rotor - It was determined that the blade flapwise and chordwise bending moments
were slightly Tower with an upwind rotor as shown in Figure 4-18 and 4-19. The
blade loads were smaller for the upwind rotor because tower wake effects were
eliminated, allowing a total blade weight saving of 3000 1t.

Moment,
frdbs x 100

Azimuth, Gagrees
C 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
0 ¥ 1 1] t 1 ] 1 1 ¥ T ; 4 T T 1 LB T
2 /R = 30
o V. ., =45 mph
a 4 . wind
.; Upwind rotor Omm“m"
] 6
= Blade
S s *
<
Downwind rotor
g 10+~ /‘
3
a2k
14+
Blade down
Figure 4-18. Blade Flapwise Bending Mornent
10 - V/R = 30
8+ vwind =45 mph
¢ wind = -20° !
i i
4 + ~ Downwind rotor
2 -
0 L - H 1 i [ 1 i 1 i H i 1 — 1 A
/ 20 40 60 80 100 120 140 160 \\200 220 240 260 280 300 320 340
2 Azimuth, degrees ! \ /‘
4L g
H
3 Blade up
104+ ~,
-2
Blade down

Figure 4-19. Blade Chordwise Bending Moment
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Blade weight savings are illustrated in Figure 4-20. Nearly all the weight
saving occured between blade stations 528 and 948 as this was the area designed
by fatigue.

STA1000 STA 1368 A STA 948 STA §28 sTA 200 STA
] l q ' { ' sTAn

Y =
Y, 4

Figure 4-20. Weig/'it Saving Areas

Yaw Drive System - The loads were of nearly the same magnitude {a!though at
different wind velocities) as shown in Figuve 4-21. Therefore, configurations
were practicaily the same and were of 1like complexity 2nd cost, and dc not
impact the cosc of electricity.

18,0 —
sZ.QL
ja.qb
ATRODYNAMIC VAW
MOMENT s
(Ft. L8 1 107")
8.0}
a4 aNGLE e 20
6.4 JUST FACTOR {4 LUDED
4.9L j
= 1 @ 4 P A
5 g 3 30 R 30

WIND SPCED {MPH)

Figure 4-21. Yaw Torque Versus Wind Speed
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187 —“ /~ STIFFNESS DESIGN (SAME UPMIND AND DONMNTHD)
/

1 110 INCy DIA
CYUINDRICAL TOWER

CLETATION - FT
i g

~ FATIGUE
A OVINOD Y ar on
~FATIGUE |/ (SAME UPNIND
sof L/ (OOMMNIND AND DOWMMING }
ol 2 I ]
¢ .25 50 S L) 1.2

TOMER WALL THICKNESS - Th.
Figure 4-22. Tower Design Drivers

Tower - at the time of this study the structure was designed for torsionai
stiffness and therefore was of the same configuration whether upwind or down-
wind {Figyre 4-22). Thus,the cusi of eiectricity was not atfected. It should
be noted that the tower described ir section 3.2.4 is now designed by fatigue
and iinit joads. Howevar, thic did not change the validity of the subject
study nor of its coenclusions.

Naceile - The study indicated that the system loads were not sersitive to
urwind or downwind rotor location, because the tower shadow effect on hub
10acs vas minimal.

Wind Sensors - In an upwind rotor configurstion, this system may be wore
complex and it was estimated that a cost penalty of about S5000 cculd be
incurred.

Energs Cutput - The near elimination cf the tower waxe in an upwind rotcr
installation rasults ir a 2.6% increase in arnual energy c.tput,thus further
reducing the cost of electricity.

Costs - The upwind nlade cost 1s $3000 less than for the downwind configura-
tion but the upwinu wind sensor cost is S5000 more. This resulted in an
overall «7S cost increase of $2200; however, the rost of electricity was re-
duced tecause of the higher energy cutput of ihe upwind rator confijuration.

This trade study is surmarizeo. in Table 4-25.

3-133



Table 4-25. Upwind/Downwind Trade Study Summary

Upwind Downwind Remarks

Design complexity Same

Erection Same

Transportation Same

Weight Baseline 1.2% higher Higher fatigue loads downward

Annual enesgy output Baseline 2.6% lower Output increase with upwind rotor
because tower shadow is eliminated

Cost Baseline 0.1% lower 10Cth WTS costs $2,000 more (upwind)

Reliability Same

Maintainability Same

Safety Same

Technical risk Same

Cost of electricity Baseline IAdds Q.1¢/KWhr 2.6% less {upwind)

CONCL.USION: Based on the results of this study, it is concluded that the
upwind rotor location was superior for wind turbines of M0D-2 size as it
resuits in lower cost of electricity.

4.2.2.12 Tip to Ground Clearance

The current tower configuration provides a rotor tip to ground clearance of
50 feet. This trade study provided the basis for the selection of this
contiguration.

OBJECTIVE: The objective of this study was to compare the cost of electricity
generated using the baseline 50 foot rotor tip to ground clearance configuration
with that generated using 25 foot, 75 foot, and 160 foot rotor tip to ground
clearance configurations.

APPROACH: The two major factors that vary with rotor height and affect the

cost of electricity are the annual energy produced by the WTS and the initial
costs of the tower and foundation. Due to the effect of the wind gradient, an
increase in rotor height results in an increase in the annual energy produced by
the WiS. However, an increase in rotor hub height also results in an increase

in tower height and overturning moment at the tower base. Thus, the tower weight
and foundatior size increase rssults in higher initial costs of these two items.
The study aoproach was to design towers and foundations for 25 foot, 50 foot,

75 foot, and 00 foot rotor tip to grourd clearance configurations and to compare
the effect of the annual energy produced and the initial costs of these configurations
on the cost of electricity.

RESULTS: The study resulted in a slight increase in cost of electricity for
the 75 foot and 100 foot tip clearance configurations as compared to the 50
foot tip clearance baseline. The cost of electricity for the 25 foot tip
clearance and the 50 foot tip clearance configurations were essentially the
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same. However, the £0 foot tip clearance configuration was selected based on
a considerable increase ir power produced per year, resulting in less units
required to produce a specific power requirement. See Table 4-26 for a
sutmary of study result

Table 4-26. Rotor Tip to Ground Clearance Study

' Ground Cluaranch/ Tower Hewht
Criterip ! M N \ Hematky
- i Paseling Y ' -
! ss L 5 100030
Tower costs 181 (Q) ; -A7,100 . 0 53400 ‘ 113,100 Incresird conts propashiunal 19 & tower weght
Teampartation caat (8} {A) [] ‘ (] 1500 1 800 ticrpancs) tower 1128 S wesght tasidted in
wrratyd trugiung e0aty
- | - _ .
Sucowpustionconn (31 (8} | 10008 ! ) 20200 0 900 Highee towers enuire larser founations ilve 1s
: CreMct: e soiment
Erectsun cous ($) {A) 82 i (] 6500 14,000 tncreased tower parts, weight and heights epsuits
l : 0 tigihees ercttion costa
i R
1
Rotur conte 181 {A) 8,700 ‘ [] -2.600 j -3.900 Fatigue loads decrease with height
System cont - 100wt 181 65500 0 1900, 165200
ta) 3 ; :
“O:c_-;'m nd Mntensncy : [ ] I ] 4] -0 Mamtasnaipinny changes are seyhaable
cunts prv yeor (S (A} i : H
Naching pewer ceelficient (Cp) | - 008 ' [} 004 - [ 21 Roter Cop mcreawet tlue 10 16ri eristive change
(Rt ! : i witd weloc ty at haghur ruter nousins
Energy out (Kwh per vearl (3} | 353.4072 H ] 353400 ' 636 200
. 4 . -
i ¢ ; Q tngreases U Incresres Incleate ! uaer Ut Prom higher towers oftset
Canof ciectrcity (A | : Cleiawh [ TY by increawt 1 3em Gty
| i

CONCLUSION: The optimum tip to ground clearance for wind turbines the size of
MOD-2 is 50 feet.

4.2.2.13 Tilted Vs. Non-tilted Rotor

The MOD-2 WTS configuration has the rotor shaft positioned horizontally without
any tilt (section 3.0).

OBJECTIVE: The main purpose of this study was to assess the potential advan-
tages of a tilted rotor shaft, especially with respect to the resulting cost
of electricity. ‘

RESULTS: Figure 4-23 shows that the cost of electricity could be reduced
slightly for small angles of tilt. This is because the tilt allows less

nacelle overhang for constant blade to tower clearance. At higher angles of
tilt, the increased blade alternating flap loads cause higher rotor weight and
cgs§§i This increase, plus the lower energy output, soon negates any advantage
of tilt.
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C.O.E. - ¢/Wh

28R BB

Rotor tilt, degrees
Figure 4-23. Cost of electricity Versus Rotor Tilt

CONCLUSION: The non-tilted rotor will be maintained for MOD-2 at the present

time. The only significant advantage of small angles of tilt would be t i
blade clearance if it should be found necessary. 9 0 gain

4.2.3 Drive Train

This section reports the results of trade studies conducted to evaluate al-
ternative drive train configurations.

4.2.3.1 Epicyclic vs. Parallel Shaft Gearbox

This section reports the last of several trade studies conducted to select the
optimum gear box for the MOD-2 wind turbine.

OBJECTIVE: The objective of this trade study was to compare the relative
merits of a parallel shaft gearbox and an epicyclic type gearbox. They were
compared primarily with respect to cost of electricity and impact on other
WTS subsystems.

RESULTS: The two candidate gearboxes were the parallel shaft design by
Philadelphia Gear Company {USA) and the epicyclic gearbox by STAL LAVAL (Sweden).
The general features of each gear box and their effect on the W5 are shown in
Table 4-27. As is noted, the large size of the parallel shaft gear box re-
guires a much larger nacelle and its higher weight significantly increases the
weight of both the nacelle and tower. The selection matrix is shcwn in Table
4-28 and shows that the cost of electricity is 16% higher for the paralle]
gear box wind turbine configuration.
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Table 4-27. Comparison of

PARALLEL SHAFT

© PROVEN AS HIGH TORQUE DRIVE
© HEAVY AND LARGE
© M0D-1 CONCEPY
‘@ ANTI-FRICTION BEARINGS

® LONER BREAKANAY TORQUE

o FINITE LIFE
© REQUIRES TWO LW SPEED FLEX COUPLINGS

© VERTICALLY OFFSET SHAFTS GF Hlal
CONFIGURATION PERMIT HOLLOW SHAFT ACCESS

Alternative Gearbox Designs

COMPACT PLANETARY GEAR (C.P.6.)
O IMPROVEMENT OVER STOECKICH™ BESIGN

© PROTOTYPE C.P.G. TESTED SUCCESSFULLY

© 1/3 THE SIZE AND WEIGHT OF PARALLEL
SHAFT CONFLG.

© SLEEVE BEARINGS
® HIGHER BREAKANAY TORGUE

® LONG LITE (w1TH ADLMWATE
LUBRICATION)

© SOFT HOUNT CLIMINATES ONE LOW SPEED

O LOW CONFIGURATION SENSITIVE TO STRUCTURAL FLEX COUPLING AND FOUNRATION INFLUENCE

DEFLECTIONS OF FOUNDATIOM AND NACELLE

© FLEX LUBE CONNECIIUN REQ'D

Table 4-28. Philadelphia Versus Stal Laval Evaluation Sum mary

PHILADELPHIA GEAR

STAL-LAVAL REMARKS

L TEM
SYSTEM IMPACT BECAUSE OF STZE

FAVORABLE

RELIABILITY SAME

MAINTAINABILITY GEAR BOX FROM NACELLEICAN

|REQUTRES REMOVAL OF ALL MATNTENANCE WORK
FOR MAJOR REPAIR _ }IN MACELLE

BOTH SATISFACTORY

BE ACCOMPLISHED

SCHEDULE RISK DUE .
TECHNICAL RISK LEAST 10 NEW DEVELOPMENT BOTH BOXES NEW DESIGN

STAL-LAVAL NEW CONCEPT

PROCUREMENT SCHEDULE 52 WEEKS

56 WEEKS BOTII ACCEPTABLE

STAL-LAVAL REDUCES SYSTEM
WEIGNT (GEAR BOX) 115,000 LB 35,000 L8 WEIGHT 109,315 LBS
‘ STAL-LAVAL HAS HIGHER
ANNUAL ENERGY 8,911,224 wy 9,153,965 K EFFICIENCY
AL DUCCS
SYSTEM COE 3.89 ¢/xhn STAL-LAVAL REDUCES COE

3.34 ¢/xdu BY 0.55¢/xn
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CONCLUSION: For wind turbines *he size of the MOD-2 WTS,an epicyclic gearbox
is the optimum configuration.

4.2.3.2 Shaft Configuration Studies
4.2.3.2.1 Low Speed Shaft Configuration

The current low speed shaft configuration of the drive train is described in
section 3.2.2. This trade study provided the basis for the configuration selec-
tion; however,the study design may differ in certain details from that shown
in section 3.2.2.

OBJECTIVE: The purpose of this study was to compare alternate shaft support
systems for the rotor. Configurations studied are shown in Figure 4-24.

380D Quill shaft
Radial/thfu‘st b:_uingA_ ) / [ Gear box

), — o

94 0D~

S s o il Ll
e/

Shaft Rotating shaft configuration

hIER RO ML

~118 OD Radial/thrust bearing
Inplane bearing (radial, thrust. moments)

- -lrj

/L

Inplane bearing corfiguration Fixed shaft configuration (Baseline concept)

Figure 4-24. Low Speed Shaft Design

RESULTS/CONCLUSION: It was determined that the rotating shaft configuration
concept supported by the fixed and floating bearings was the best choice on
the basis of low cost and low weight. The study results are summarized ir
Table 4-29.
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Table 4-29. Study Summary - Alternative Shaft Support System

CONCEPT mowane | FUAENS eingp sy REMARKS

DESIGN COMPLEXITY SINILAR CObex  [SORSIERS SUATT. OEARING, PITCH SYSTEM:
pp— SINIUAR AT CORTTGURATIONS THSTALLED W NACELLE
TRAHSPORTATION $2500 | %1200 | s2100  [PER THousano miLES

o o | | e (G AON S 0
SHAFT ASSY COST $231,000 | $97,000 | $156,000

ANWAL ENERGY - KM SAME

RELIABILITY SneE

MAINTAIMABILITY NORL DIFFICILT [GEARINGS MOT ACCESSIBLE OM FIXED SHAFY
SAFETY SaE

TECANICAL RISK — LoER VoRwL | "ORE GRONTH CAPABILITY WITH ROTATING
TORSTONAL STIFFNESS SATISFACTORY

COST OF ELECTRICITY . ¢si |  ADOS 16 | SUBTRACTS [aaskLINE | Fixep swAFT BASELINE

4,.2.3.2.2 Hydraulic System Trades

The current pitch control hydraulic system design was developed after con-
sidering several factors as follows:

Emergency Feather - Being capable of reliably stopping the rotor in the case
of an emergency including a loss of power or a loss of elactrical control
was considered to be one of the most important design features of the pitch
control system. This required an auxiliary energy source independent of the
primary source. The choice of a compressed gas emergency hydraulic accumu-
lator was made. The hydraulic system also has the capability of controlling
the pitch rate toward the feather position without the benefit of the elec-
trical control system. Other methods, such as electrically-driven actuators
and mechanically driven actuators, could not meet both requirements reliably
and cost effectively.

System Stiffness - A tip controlled WTS requires a mechanism that has high
stiffness, low lost motion and high response. The hydraulically controlled
linear actuator met these requirements without undue costs.

Maintenance - Although many hydraulic systems have troublesome leakage
problems, the MOD-2 pitch hydraulic system is designed tc keep these to a
minimum. For example, no hydraulic swivel joint is used between the nacelle
and the rotating shaft. The hydraulic system is mounted to the shaft thus
avoiding the necessity of the swivel. The hydraulic reservoir has been
tested and found to function satisfactorily in the rotating environment.
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No transfer bearing is required with the M)D-2 system. Mounting the hydraulic
system on the low speed shaft eliminated the need for transferring tip motion
from fixed actuators in the nacelle to the rotating system.

4.2.3.2.3 Drive Train Shaft Alignment

The drive train flexible couplings are limited to the high speed shaft
and are defined in section 3.2.2.

OBJECTIVE: The purpose of the initial trade study was to determine the most
cost effective and compatible shaft couplings that would satisfy the alignment
requirements. Subsequent gearbox configuration decisions (sec 4.2.3.1) elimin-
ated the need for low speed shaft flexible couplings.

RESULTS/CONCLUSIONS: The coupling configuration trade study is summarized in

Table 4-30. Subsequent evaluations of high speed couplings ccnfirmed the
choice of flex-disc types based on cost and lack of lubrication maintenance.

Table 4-30. Shaft Alignment Couplings

GEAR TOOTH | DIAPHRAGH | FLEX PACK RENARKS 7
COMPLEXITY MosT LEAST (E:’g:mscﬁ) FLEX PACK STANDARD VERTOL DESIGN PRACTICE |
VEIGHT 14,000 # 1660 ¢ 80001 Dllﬂﬂm.ﬂ";[s NOT INCLUDE HUBS 10 ATTACH 10

COUPLING COST $72,000 $88,000 $34,000

RELIABILITY 6000 SETTER

MAINTAINABILITY REQ'D NONE NOKE
TECHNICAL RISK LoW HIGHER LOW FLEX PACK FAILURE MODE IS PROGRESSIVE 8 CAN BE SEEN

DURING PERIODIC "NSPECTION

4.2.3.2.4 Quill Shaft Stiffness Study

The current quill shaft configuration is described in section 3.2.2. This section
reports the results of studies condurted to optimize quill shaft torsional
stiffness.

OBJECTIVE: To minimize drive train torsional faticue problems and to maintain
steady electrical power output by isolating the gearbox and generator from
torsional oscillations of the rotor, which are caused by Coriolis accelera-
tions due to blade teetering and flapping.

RESULTS: The objective was met by using a "soft" quill shaft, which places
the rotor/generator torsional natural frequency at .5 per rev, which is well
below the torsional forcing frequency of 2 per rev. This limits the drive
train alternating torques at 2 per rev to less than + 10% of rated torque
under all operating conditions. This soft shaft configuration becomes essen-
tial with the choice of the teetering partial span rotor, due to its somewhat
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higher alternating shaft torques. The soft quill shaft is preferable tc a “luid
coupling, which has a substantial energy loss and therefore results in much
higher cost of electricity. A graphical comparison of drive train alter-
nating torques with a stiff quill shaft, fluid coupling and soft quill shaft
is shown in Figure 4-25. It was determined that a shaft torsional stiffness
of not greater than 2 x 108 in-1b/rad would satisfy the requirement. With
this stiffness requirement established, various quill shaft designs were
evaluated such as solid and hollow, high strength and low strength materials,
and with and without flexible couplings. Early configurations, where spring
rate was adjusted primarily as a function of quill shaft length, with an
equivalent change in nacelle length, were replaced with the present con-
figuration where the quill shaft was nested within the low speed shaft
assembly. The deletions of the flexible coupling (s) due to the choice of
gearbox (reference paragraph 4.2.3.1) simplified this portion of the drive
train design.

CONCLUSION: A "soft" quill shaft design was selected to satisfy dynamic
requirements of the MOD-2 drive system.

! v
3 -/'/ i 5
‘ 7 _1/ ‘
./‘ A Note: The 2/rev input alternating torque is 10%
Y of rated torque {1.1 x 10° ft-1d) at and
Tyt | owiur 0 above the rated wind speed (27.5 mph)
j".'//,"
, //,/’ |
/ / | et |
// d AT ICATIDN
7 7
< .//,:" ’,/"//V.‘
LS s
.//// 7 /'/ .
S, ey
- //’ LS
4 e E
A R ATTENUATION
e / 4
AV AR ,,_' o /,’ /" 91
oA R s ATTENUATION
sl e S
2/REY RESPONSE RESEGHSE SESPORSE
ALT. TIRQUE WITH STIFF wITH FLEID HITH SOFT
AT 18 GUilL SHAFT COUPLILG OLY GN%&SYWT

Figure 4-25. Response to 2/Rev Torsional Forcing Functions

4.2.4 tiectrical Power System

This section reports the results of trqi- studies which evaluated alternative
eiectrical power system characteristics.
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4.2.4.1 Generator Selection

As noted in section 3.0, a 4 pole, 1800 rpm, 4.16 kV synchronous generator
has been identified for use in the MOD-2 WTS. A high speed synchronous mach-
ine was selected after comparing it to induction and direct current machines
applied in a number of system configurations and operated at a variety of
speeds. Figure 4-26 illustrates the organization of the configurations
considered; it defines their relationship, and it identifies the major trade
studies conducted. Minor trade studies, not shown in the Figure, refined
some of the details of the final configuration.
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Figure 4-26. Generator Sefection Trade Studies

4.2.4.1.1 Direct vs. Geerbox Driven Generator

OBJECTIVE: The generator selected is coupled to a gearbox that increases the
17.5 rpm speed of the rotor to the 1800 rpm used by the generator. Elimina-
tion of the costly gearbox by directly driving a generator was considered. A
study was conducted to compare the cost of electricity as generated by systems
reflecting the two approaches.

RESULTS: As shown in Figure 4-26 two direct drive electrical system concepts
were explored and compared to the baseline design. In the first concept the
generator was designed to orovide a 60 Hertz output while driven at the Tow
rotor speed. Depending on exact speed, the generator could have up to 400
poles. A 2500 kW machine with this many poles could require a rotating field
up to 50 feet in diameter while its thickness need be less than one foot. A
pancake machine of this size and proportions would require a great deal of
material to structurally support the active electricai elemcnts.
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Weight and cost of the generator would be 20 to 40 times that of a conventioral
machine. Because the cost was so high, the concept was given no further consi-
deration. The second concept for a direct drive system was a more reasonably
proportioned pancake machine to generate low frequency to be rectified to direct
current and then inverted back to 60 Hertz power by a line commutated static device.
Figure 4-27 describes the power conversion component sizing for this type of direct
drive system which would be more reasonably sized at an increased rotor speed of
22.5 RPM. Two parts of this system are very high cost: the pancake generator

and the power conversion electronics. Either of these two electrical items would
cost more than a conventional gearbox. A trade study summary is provided on

Table 4-31. It became very clear during the study that to provide an output of
2500 kW with an input of 17.5 rpm would involve the use of an extremely costly
generator. At very low rotor speeds, the cost effective approach was to use a
gearbox and conventional generator.

CONCLUSION: The study concluded that the direct drive system wasnot eco-
nomically competitive with a conventional generator and gearbox.
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Figure 4-27. Direct Drive System
4.2.4.1.2 Direct vs. indirect Power 3enargtion

OBJECTIVE: Indirect Power Generation for this study was defined as the
generation of unregulated AC power and the use of a static inverter type

or device to condition the WIS cutput to 60 Hertz. Direct generation was
defined as use of a generator that provided a 60 Hertz output. The purpose

of the study was to compare the cost of electricity as generated by a variable
speed high efficiency rotor with that produced by a constant <peed rotor. By
permittirg variable speed the rotor could btz operated at closer to its maximum
aeradynamic efficiency at all wind velocities within the working range of the
M33-2 WTS. For the electrical power system to accept a variable speed at the
generator ,.aft,it was necessary to make provisions to convert its unregulated
output to 60 Hertz. Figure 4-27 illustrates functionally the two systems that
are compared and the method of providing a regulated output from an unregulated
generator.
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Table 4-31. Direct Drive Versus Gearbox Driven Generator Study Summary
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Figure 4-28. Indirect and Direct Power Generation Functional Block Diagram

RESULTS:
1.

speed rotor.

2. The resultant variabie speed electrical system could produce 3.0 percent

The study determined that for a 2500 kW output:

A variable speed rotor could capture 5.9 percent more energy than a constant

more energy than the equivalent constant speed system.
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3. Electrical equipment for the variable speed system would cecst $335,000
more (at hundredth unit) tnan that for the constant speed system.

4. The electrical system efficiency at rated output would be 90.8 percent
for the variable speed system as compared to 95.0 percent for the constant
speed system.

5. Over the life of the wind turbine system, in the wind spectrum defined,
variable speed operatior would increase the cost of electricity by more
than 0.57 ¢/kWh.

The results of this study are summarized on Table 4-32.

Table 4 32. Direct vs. indirect Power Trade Study Summary
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CONCLUSION: It was concluded that variable speed, or indirect power genera-
tion, when compared to constant speed direct power generation, was not cost
effective.

4.2.4.1.3 Induction vs. Synchronous Generators

OBJECTIVE: A synchronous generator will be used in the MOD-2 wind turbine.
However, an induction generator had the apparent advantage of simplicity, low cost
and desirable operating characteristics. To assist in making the choice between
the two generator types, a detailed trade study was conducted. The purpose of the
study was to identify the relative performance of the two types of ganerators,
their operational characteristics, and their cost. This effort was tc provige

a basis in fact to support the "common knowledge" that inductior generators are
simpler, cheaper, easier to control, and have better performance in wind gusts
than synchronous generators. The study used 2500 kW as an gutput for both

units. Typical induction generator characteristics are shown in Figure 4-29.
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RESULTS:
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Figure 4-28. Induction Generstor Characteristics - Typical Performance

Results of the study indicate that:

1. The inductiosn generator system must be closely engineered to fit each WIS
appiication because it has no effective contrels tc modify its operationai
performance as contrasted tc the synchronous generator which could be con-

trolled over a reasonable range of operating conditions. Controi re-
quirerents are shown in Table 4-33.
Table 4-33. Generator Control Requirements & Characteristics
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2. Operation of the induction generator is very simple while that of the

4.

synchronous generator is relatively complex. _However, the controls for
synchronous machines are well understood and in everyday use by the

utilities.

The act of paralleling an induction generator is very simple while that
for a synchronous mactine is complex. See Table 4-34.

Tabie 4-34. Paralleling with the Utily
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i
INRUSH CURRENT uPOM COM- N TONER FLow UPOR CLOSING INKUSH CORRENT LEVEL MAY
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REALTIVE-REQUIRED FOR
ROTOR MAGRETIZAT (0N
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TOR TTPE
RPN MUST 8F SULIGHTLY SENERATOR MUST RE EXCITED. ;|  SYNCHRTH00S GEN OPERATIGN
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-
RECOMNECTION AFTER ;NTER- SECORNECTION PEAUIRES i
RUPTION MIST 8T CELAYED SYNCHRONI ZATION i
FGR FIELD UECAY X
1

In wind gusts, both types of machines will deliver additional power until
either the wind velocity declines or the rotor blade pitch is adjusted. Ex-
treme gusts may cause the maximum torque limit of the generator to be exceeded.
Excessive torque into the induction generator wouid result in very high slip
and most Tikely an overspeed condition, while excessive torque into the syn-
chronous machine would cause poles to be slipped creating high fault current
conditions. In the induction generator, the maximum torque is a fixed value
established by the design of the machire whereas in a synchronous generator,
maximum torque may be controlled during operation by varing the excitation of
the rotor. In a somewhat similar manner, the power factor of the delivered
current will vary with the output of the generator. Again, the induction
generator has a fixed, designed-in characteristic while the output of the
Zynchronous machine may be varied by excitation control. See Tables 4-35 and
-36.

Tabie 4-35. Power Factor Correction & Control
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5.

Table 4-36. Wind Gust Response
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Efficiency of the machines was found o be quite similar.
the synchronous generator has about one-half percent advantage.

ference increases with reduction in load.

city is real but smali.

4-30.

At full load
The dif-
Impact on the cost of electri-

Efficiency characteristics are shown in Figure
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Figure 4-30. Generator Efficiency Characteristics

Induction Generators are less ccstly than synchtronous, but the difference

is absorbed by required associated equipment.
cost of the two systems is identical.
shown in Figure 4-31.

Cne
0f major concern is

For practical purposes the
assessment of equipment cost is
the need and high cost of a

reduced voltage starter to iimit induction generator inrush current.
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Figure 4-31. Equipment Differences and Costs

7. Speed controls are required for both types of units. Impact of the choice
of generator on the control system will be apparent only in its software.

The results of the trade study are summarized in Table 4-37.

Table 4-37. Induction Versus Synchronous Generator Trade Study Summary
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CONCLUSION: It was concluded that while the induction generator was mech-
anically simpler than the synchronous generator, the additional equipment re-
quired (i.e. capacitors, reduced voltage starters, etc.)made the system equally
or more complex. This added equipment also caused the loss of the apparent
cost and performance advantage.

As an additioral effort,a study was conducted to determine if an induction
generator could be used to reduce the need for a Quill Shaft in the MOD-2
WTS Drive Train. As a result of the stucy described below, it was concluded
that the use of an induction generator wi:h about 11% slip at full load would
permit the eiimination of a Quill Shaft, but that the use of a very high slip
machine of this type would cause a significant increase in the cost of elec-
tricity.

The study was initiated by estimating the speed-torque characteristics of the
induction generator and using them in the system simulation along with soft
and stiff quill shafts. More accurate generator characteristics were esta-
blished using the traditional equivalent circuit and 2500 kW machine circuit
parameters from the machine manufacturer. It was found that the normal induc-
ticn machine was much stiffer than anticipated. Slip at full load was 0.68%
for a speed of 1812 rpm and maximum torque occurred at 1859 rpm. Performance
of a high slip machine was calculated and found to be only a little better.
Its full load speed was only 1837 rpm and maximum torgue occurred at 1980 rpm.
It was concluded that an induction generator with the characteristics as de-
fined, and used with a stiff shaft, would produce excessive two-per-rev alter-
nating torques. Undesirable continuous blade pitch actuation would be re-
quired to provide acceptable system performance. Under these conditions the
use of an induction generator to replace a quill shaft was not cost effective
(See Table 4-38 and Figure 4-32).

Table 4-38. Summary - Induction Generator Versus Quill Shaft Study

@ BACKGROUND
® QUILL SHAFT DAMPENS 2 PER REV ALTERNATING TORGUES
® ALTERNATING TCROUE LIMIT IS + 10Z OF RATED TORGQUE
® TRANSHISSIRILITY MUST BE LIMITED TO 142

® STUDY RESULTS
® STANDARD INDUCTION GENERATQR- 0.7% SLIP, 117X TRANSMISSIBILITY
® HIGH SLIP INDUCTION GENERATOR: 3,0% SLIP, 31X TRANSMISSIBILITY
® 11% SLIP REQUIRED IN GENERATOR FOR ACCEPTABLE TRANSMISSIBILITY WITHOUT
QUILL SHAFT
© GENERATOR EFFICIENCY FALLS 92 BELOW STANDARD MACHINE
o (OE INCREASES 0.21¢/xWn (EXCLUDES ADDED GENERATOR COSTS)

® (ONCLUSIONS:
® [NDUCTION GENERATOR WITH 11T SLIP AND STIFF SHAFT CAN REPLACE SYNCHRONCUS
GENERATOR AND SOFT QUILL SHAFT
® 1055 CF GENERATOR EFFICIENCY CAUSES A SIGNIFICANT INCREASE IN COE

©® RECOMMENDATION
® TAIN SOFT QUILL SHAFT AND SYNCHRONOUS GENERATOR
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Figure 4-32. induction Generator Full Load Efficiency as a Function of Slip 3t Full Load

4.2.4.1.4 Generator Speed

OBJECTIVE/RESULTS: The initially proposed configuration of the MOD-2 WTS used

a 1200 rpm generator. A viable alternative is 1800 rpm. Choice of speed has an
impact on the generator, nigh speed drive train, and the gearbox. A 2500 kW
generator cperating at 1800 rpm costs approximately 10% less than a 1200 rpm
generator of the same capacity. The diameter of the four pole machine {1800 rpm)
is slightly less than that of the six pole unit (1200 rpm). In the drive train
an increase of speed at a constant 2500 kW load results in a proportional reduc-
tion in load torque. The gearbox reduction ratio increases from about 65:1 for
1200 rpm to about 100:1 for 1800 rpm; however, the gearbox cost does not change
appreciably.

CONCLUSIONS: It was concluded that because there was a cost and weight saving
the generator speed.should be changed from 1200 rpm to 1800 rpm.

4.2.4.1.5 Generator Voltage

The concern with generator voltage is associated with the economics of trans-
mitting the output of individual wind turbines to a common point where they
are summed and then transmitting the resulting block of power to the utility
tie point. Power losses in the transmission system, stability of operation,
and cost of the equipment to the tie point must be considered. Electrical
Jesign considered these concerns and evolved a configuration that may be
adapted to individual multi-unit installations efficiently and economicallv.
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The MOD-2 WTS generator will provide its rated output at 4160 Volts (4.16 kV).
This value was initially selected because it is the industry standard for
generators rated to provide 2500 kilowatts. Changes increase the generator
cost and may change its procurement lead time. Other than 4.16 kV, both 6.9

kV and 13.8 kV are identified as NEMA standard output voltages and generators
can be built with either of these outputs without increasing technical risk.
Use of 4.16 kV as the WTS generator voltage is highly restrictive because it
cannot be used to transmit 2500 KW for any significant distance. Practical
distances with it are considerably less than one mile. The 6.9 KV level is more
practical but again, the range is quite short. At two miles, the line losses
will be high and the high reactance of the line may cause operational stability
problems. The 13.8 KV level will permit transmission over reasonable distances
and is the practical upper limit for the generator output.

OBJECTIVE: A trade study was conducted to compare a system using a 4.16 KV
generator and 13.8 KV output transformer to a system using a 13.8 KV generator.
Elimination of the output transformer appeared attractive.

RESULTS: Information obtained trom vendors confirmed that 4.16 KV was the
standard voltage for a 2.5 MW geneiator and its cost would be about $50,250.
A 13.8 KV generator of the same capacity was non-standard. It would be
larger, heavier , and cost $76,380, or $26,130 more than the standard unit.
Weight would increase 4550 pounds from 15,250 to 19,800. The size would
increase slightly, and there would be minor size and weight growth in the
nacelle and tower. The cost of the output transformer is about $27,900.
Transformer costs vary as a function of KVA rating and over reasonable ranges
are relatively independent of input and output voltage levels. The cost of
the applicable electrical equipment is identified on Figure 4-33. The cost
of the 13.8 KV generator electrical equipment is only $1770 less than that of
the standard, and the costs associated with the enlarged nacelle and tower
are not listed.

CONCLUSION: Use of a wind turbine electrical power system configuration that
contains a power output transformer at the foot of the tower provides the
flexibility required for single unit and farm installations. The output vol-
tage of the transformer may be specified to accomodate the WTS usage. In the
baseline design a 69KV output voltage is specified to assure delivery of WTS
power to a utility transmission line rather than a distribution line. For
other single unit installations the output voltage can be specified to match
the power lines at or near the site. For multiple unit installations or farms
the WTS output voltage may be optimized for power transmission within the farm
and the farm output voltage set to match the utility lines. As :oted below,
this can be done at no cost disadv: - tage.

4.2.4.1.6 High Altitude Operation

OBJECTIVE: The purpose of this study was to evaluate high altitude operation
of a generator.

RESULTS: The capacity of a generator is limited by its maximum permissibie
temperature. This value is a function of the class of electrical insulation
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used in the machine's construction. The power output rating of a generator is
based on it reaching this limiting temperature with cooling air of a defined
maximum temperature at a given maximum altitude. A constant volume of air

flow is assumed.

UTILITY

PONER LINE
_____WIND TURBINE PARAMETERS
CONFIGURATION NOMENCLATURE BASELINE HIGH YOLTAGE GENERATION! LOW VOLTAGE GENERATION
GENERATOR VOLTAGE 4,16 KV 13.8 kv 4,16 kY
TS TRANSFORMER RATING 2.5 Wi, 0.8 PF NOT APPLICABLE 2.5 M. 0.8 PF
COST PER GENERATOR $50.25K $76.38K $50.25K
COST PER TRANSFORMER $27.90« HOT APPLICABLE $27.90K
TOTAL COST PER WIND TURBINE FOR $78.15¢ $76.38x $78.15¢
GENERATOR AMD TRANSFORMER

FARM PARAMETERS

WIND TURBINES PER FARM 1 4 4
FARM TRANSFORMER RATING NOT APPLICABLE 10 M 0.8 FF 10 w 0.8 PF
FARM TRANSFORMER COST NONE $63.24K $63,24K
I:AR:SQISSXOH LINF VOLTAGE WITHIN NOT APPLICABLE 13.8ky 13.8ky
WISS!ON LINE LENGTH WITHIN NONE 3,236 MILES 3,236 MILES
TRANSMISSION LINE COST WITHIN FARM NONE $24.27K $24.27K
TOTAL COST OF GENERATORS.
TRANSFORMERS AND TRANSMISSION LINES $78.15¢ $393.03x $4n00,11
FOR FARM
COST PER WIND TURBINE FOR $78.15K $98. 26K $100.03%
GENERATOR, TRANSFORMERS AND
TRANSMISSION LINES

(©) = GENERATUR
= TRANSFORMER

Figure 4-33. 4.16kV Versus 13.8kV Generators Cost Analysis

For commercial machines, the National Electrical Manufacturers Association

has saandardized the rating conditions as 50 degrees F (10°C) to 104 degrees

F (40°C), at altitudes up to 3300 feet (1000 meters). Operation of a standard
commercial machine at conditions beyond these 1imits requires that the machines’
power output be derated.

For generators of the MOD-2 size, the following derating factors may be used

for initial approximations. Final rating data must be provided by the generator
manufacturer.
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Derating for Ambient Temperature

- 10 Kk per degree F above 104°F or
- 18 KW per degree C above 40°C

Derating for Altitude

- 45 KW far each 1000 feet above 3300 v :z¢ or
- 15 KW for eacnh 100 meters above 1000 meters

Based on these two factors, a generator rated 2500 KW at t!i- tandard conditions
of 3300 feet altitude and 1059F ambient temperature would p.c ide only 2133

KW at 7000 feet and 1200F. Using 1209F at 7000 feet fails to recognize the
natural environment. The design temperature limits will be 1200F maximum at sea
level and decrease linearly to 959F at 7000 ft. Under these more realistic
conditions for temperature at altitude the standard nachine would have a rated
capacity of approximately 2333 kW at 7000 feet.

Data provided by a generator vendor indicated that the required 2500 kW rated
output can be provided at 7000 feet if the machine size was slightly increased.
Cost increase is negligibly small.

CONCLUSION: Based on the above information, it was concluded that a single
generator design should be employed for all WTS installations from sea level
to 7000 feet above sea level.

4.2.4.2 Deletion of the Diesel Driven Generator

OBJECTIVES: The baseline electrical power system propu: :d for the MOD-2 wind
turbine contained a diesel driven generastor. The diesel Jriven generator (DG)
functions to provide long duration ¢.and-by electrical powar to WTS auxiliary
equipment when power is not availelle from the WTS rotor driven generator or

from the utility. This loss of normal power could occur as a result of ulility
outages or faults on the transmission line connecting the WTS to the utility
infinite bus. The DG is an item of emergency equipment that can be automatically
started immediately after loss of the utility and run for as long as nheeded.

This study evaluated the need for a diesel driven generator.

RESULTS: A survey of the requirements of the WIS auxiliary equipment has not
identified any item of equipment that requires long duration standby power.
It was concluded that the fail-safe design employed in: h subsystem would
cause the controlled shut down and securing of the WTS - - the case of total
loss of electrical power. Continued absence of electrical power will not
degrade the equipment. It is expected that some ecuipment will cool below
its minimum operating temperature. After the utility connection is restored,
operation of the power generation system will have to be delayed while this
temperature sensitive equipment is heated to acceptable temperature limits.
This constraint appears reasonable.

Deletion of the DG from the electrical system will not eliminate a standby
power capability. Energy will continue to be available from the Uninterrup-
table Power Supply (UPS). As presently sized, this supply will provide 48

VDC from 50 amp-hour batteries. Loads on this supply are such that based on
an 8 hour rating, the battery can support the continuous load for over 8 hours.
If required, the size of this battery can be increased at low cost and without
any increase in the required maintenance time. To date, there is no indica-
tion the battery size will be required to change from the 50 AH size.
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Elimination of the DG was encouraged by the utilities. During Utility Techni-
cal Interchange meetings concern was expressed about the need for the DG.

They pointed out that it would require additional maintenance and would re-
quire periodic inspection by a fire inspector. They found this unattractive
and encouraged the development of a design that would not require a DG.

CONCLUSION: Based on the above assessment the diesel driven generator was
deleted from the MOD-2 design.

4.2.4.3 Location of the Generator Circuit Breaker
0BJECT: This study evaluates the location of the generator circuit breakers.

RESULTS: The generator circuit breaker (GCB) functions to prevent the gen-
erator from loading the drive train to a torque level that exceeds the capa-
city of the gear box. Excessive generator loads are possible during some
unusually high wird gusts and during some electrical fault situations.

Mounting the GCB in the nacelle puts it as close as practical to the genera-
tor terminals, wahich allows it 19 interrupt current to faults in the nacelle
downstream of the GCB, allows it to respond very rapidly to excescive currents,
orovides maximum assurance that faults can be isolated, permits 2arliest
detection of generator fauits, and reduces the number of circuils that must

be carried across the yaw bearing.

The 4.16 KV GCB functions to interrupt the 4.16 KV circuit from the generator
under all possible current levels. In doing this, it reduces the power out-
put of “he generator and the driving torque it requires to essentially zero.
Operation of the GCB is controlled by a standard complement of protective
releys which responds to the 4.16 XV power and current. These relays, which
operate on signals from current and potential transformers, are adjusted to
provide *he GCB with a trip signal when the monitored parameters indicate
that evcessive torque levels are approached.

The alternative to mounting the GCB in the naceile is to mount it an the
ground at the foot of the tower. This location infers that the generator
differential protection zone would include the path around the yaw bearing
and the 4.16 KV power cablass that extend from the aacelle to the foot of the
tower and then to the GCB equipment enclosure. A part of this path may be
underground. In the alternative GCB location, fault currents due to cable
failure would be reduced more slowly by removal of generator excitation
rather than by the direct opening of the 4.16 KV power feeders at the
generator terminals. An equipment enclosure for electrical power apparatus
would continue to be required in the nacelle. It would house the generator
excitation control apparatus, potential and currint instrumentation trans-
formers, and a number of protective relays.

CONCLUSION: The best locatior of the GCB is in the nacelle.
4.2.4.4 Wiring Transfer Across the Yaw Bearing

OBJECTIVE: A requirer._"t exists to transfer power, control, and siynal elec-
trical circuits from the rotatable nacelle to the stationary tower. Initially
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it was proposed to do this with flexible cables and te limit macelle rotation
to + 360 degrees from an index position. As a result of the study described
below the design was changed to slip rings rather than fiexible cables,and
the limits applied to nacelle rotation were eliminated.

RESULTS: Detailed prelimirary requirements defined a total of 64 individual
circuit paths between the nacelle and tower. Most critical design item was

a 350 MCM path for the flow of 2500 kW of 4160 volt, three phase 60 Hertz power.
Individual discussions with six different cable manufacturers provided a
unanimous recommendation that the high voltage power cables not be twisted.
Using the full height of the imwer, the cable twist would be at least plus
and minus two degrees per fucl of cable length. This would cause the cable
electrical insulation to fail after relatively few operational cycles. This
information plus the fact that the twisted cable would claim the space inside
the tower allocated *n the hoist caused twisted cables to be dropped from
further consideraticn.

Cable manufacturers indicated that controlled and limited bending of the high
voltage pov.er cables was acceptable. Life would be limited with no prediction
available for duration. Preliminary designs that exploited the bending concept
indicated that the cable must lay in a toroidal tray,thus limiting access to
the nacelle to an 80 inch diameter space in the center of the tower. The
movatle part of the cable would weigh in excess of a thousand pounds and
would have to be attached to a skid plate and a push plate. Not analyzed

was the impact of the magnetic field of the required coii configuration.
Concern existed about impact of the magnetic field on power line impedance,
mechanical properties during electrical faults, and of induction heating of
local structure. When compared with slip rings the bending cable configura-
tions were unattractive.

Slip rings are being used successfully in the MOD-0 and MOD-0A wind turbines and
are in the MOD-1 design. Technical risk for slip rings is low and relia-
bility has been demonstrated. Cost for slip rings is known. Fixed price
quotes, based on MOD-!1 experience, are available.

CONCLUSION: Based on the above assessment, the baseline design was revised
to delete flexible cables across the yaw bearing and to carry all circuits
through siip rings. This study is summarized in Table 4-39.

§4.2.5 Nacelle

This section shows the results of trade studies which evaluated alternative
nacelle configurations.

4.2.5.1 Electric Vs. Hydraulic Yaw Orive

OBJECTIVE: The subject trade study was conducted, comparing the baseline
hydraulic rotor driven yaw drive system (including caliper disk brakes) with
an electric motor and worm-gear drive system.

RESULTS/CONCLUSION: 1t wa. concluded that the hydraulic motor driven yaw
drive system offers t~ ~ “owing advantages over the electric motor and worm-

gear drive:
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Table 4-39. Summary - Circuit Transfer Across the Yaw Bearing

i

Twisted cable Couled cabile i

e i e

Shp 100 assanbly
i (Verucal) {Hontontail
l i Requizes cabsle suppeits Requires cabie tray.
; owd twul controlles at cabis suprart push plate,
i B0 1t uevals ard cabie Wrmenateon clamps D zvand feom snisting
! P - — NOOD -1 dorrgn
§ Desgn complensty Twtted hogh vollage cable Cable 10 e pushed wail wagh
H Aut recommended by csbla | ower 1.000-ibs
{ ; venday
i : —~=
: ; Uses space pesterred for Linzsts Naceils acanss hole © o Provsbes i quate and
i elevaror 10 0.1 dismetar | veavenmat Naceile sccess
H R iyvel wmd | Req quaihvicstion B No testong ¢ od
: . J i o
H Tost progeam quakilication testrg 1 vestng : " ii
— + . o
; Techmcai rk Very high Moderate i Qelatively low
i — = i
i Wasght spact i Hogh Haghwast ¢ Relgtvely tow
3 — —— ——} —_—
l— ! + - ; R ¥
: waanabel . Hugdy - expect hreqguant : Modwin - mspact ammi lube | Low - detaded procedure
: Man v 1 cable replacement T ki plate | svamishle
S B —— - B
. L ! ! - . Hegh - expersence s
Retishelity i Low \ Rlguirum v
‘ Consaigrand hoghust - i AMedrum  uses the mont :
Cont | duftocult to pradkic: wath | cabic snd mechenncal i Lowsit fined pruce Quota |
) i tontidence due 1o dengn | eguspment avadarie i
; ; risk mnl impact on elevator | __j

1. Lower cost {5103.000 less for 100tnh unit).
2. Smaller size, allowing smalier mounting plate and structure.

2. Retter Jocation and accessibility for maintenance of prime mover (motor-
pump} .

4. Will overrun safely without special precautions {slip clutches).
5. Higher stall tcraue - also may be stalled without damage.

The trade study was terminated and no further consideration was given to the
electric motor/worm-gear drive yaw system.

4.2.5.2 Nacelle (¢nfiquration Studies

Nacelle configuration is impacted by every major wind turbine eiement. Suc-
cessful integration of the nacelle requirements for support. access. hoisting,
maintenance, etc., 2ppears to be a do-inant factor in the successful

design and operation of a wind turbine system. Ac a result. 47 major layouts
were prepared during the evolution of the current MOD-2 nacelle conficuration,
Same of the more important trades associated with this evoiuticn are renorted
below.

0BJECTIVE: To develer a nacelle configuration that most efficiently inteagrates
the requirements discussed above.



RESULTS: The five concepts selected as baseline at different points in the
program are briefly summarized in Table 4-40. General arrangement views are
shown in Figures 4-34 through 4-39. Configuration 107 has been adopted for
the MOD-2 WTS.

Tabis 4 40. Bssoline Nacelie Configurstion Dete

Width-Height-Length Gearbox deight - Lbs

153 x 153 x 663 . Parallel Shart - 30,675
Wide

208 x 168 x 580 Parallel Shaft - 45,041
Tall

139 x 139 x 712 Parallel Shaft - 67,472
Wide

116 x 109 x 420 Para. ¢l Shaft - 30,362
Wide

132 x 112 x 442 Epicyclic 32,836

Three basic nacelle structural concepts were evaluated as shown in Table 4-41.

Table 441. Basic Necelle Concepts

Concept Weight - Lbs.| Comparative Cost
Truss 30,675 1.00
Heavy Bed Beam 32,875 2.06
Semi- monocoque 31,828 2.15

CONCLUSION: The truss concept was adopted because of lowest weight and cost.
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Figure 4-37. Nacelle Arrangement MOD-2 106
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Standerd stuuctursl tuhing, ASTM ASO1
Non standard tubing and beenng,
WPPOrt st tures fotricated with ASTM A38

Figure 4-39. Nacelle Structure MOD -2-107
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Nacelle Enclosure Studies: Several enclosure concepts were evaluated as shown
in Table 4-42.

Tabic 442, Comparisoa of Nacelle Enclosure Concepts

Skin Concept Weight - Lbs Comparative cost
Fiberglass - Integral Stiffener 13,355 1.72
Fiberglass - Bonded Stiffener 12,075 1.58
Corrugated Steel Skin 12,556 1.00
Sheet Steel - Brake Formed Strirngers 12,225 1.30

CONCLUSION: Corrugated steel skin was adopted on the basis of lowest hardware cost.

Rotor Bearing Support Studies: Several methods of supporting the rotor bearing
system were evaluated for structural weight effect on the nacelle as shown in
Table 4-43.

Table 4 43. Comparison of Nacelle/Rotor Bearings Support Concepts

Layout 3 Concept Weignt - Lbs
37 Single Forward Bearing 13,028
38 Live Shaft 7,856
39 Fixed Shaft 7,913 1

CONCLUSION: The live shaft system was adopted on the basis of lowest weigit,

Nacelle Joint Study: Steel fabricator provided comparative costs for the foilowing
types of structural joints (Figure 4-40):

COST 1.5 COST 2.0 LoST 1.0
A B c

Figure 440. Types of Structural Joints

QONCLUSION: The "C" type structural joint concept was selected and is being
incorporated into the detail design.
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4.2.5.3 Yaw Stiffness Requirements

The current hydraulic yaw drive system is described in section 3.2. This
study provided the basis for the definition of stiffness and brake torque
requirements.

0BJECTIVE: The objective of this study was to determine a cost-effective
yaw mechanism configuration having adequate stiffness to ensure optimum
efficiency of the WTS.

RESULTS: Analysis of the operating conditions indicated that the torques
applied to the yaw mechanism by the rotor had a predominant two per rev fre-
quency content, and a significant non-zero mean bias for both upwind and
downwind conditions. The system torsional frequency requirement was estab-
lished to avoid the predominant roter forcing frequency. To assure proper
placement of the coupled torsional frequency, requirements were estab-
lished for various uncoupled system frequencies as.shown in Table 4-44.

Table 444. Yaw Frequency Design Requirements

ITEM REQUIREMENT i

! Tower/Yaw System Fundamental coupled torsional frequency to
' be 2 2.3 per rev and free of resonance with
integers of rotor speed

Rigid Yaw System ! Uncoupled nacelle/mast nat. frequency to
! | be >7.0 per rev.
§ Rigid Nacelle & Tower | Yaw mech. torsional frequency to b2 > 15.0 :
: {Max. brake torque) | per rev.

Rigid Nacelle & Yaw " Tower torsional frequency to be >5.0 per rev.:
_System '

The yiw system brake requirement was established to hold the rotor without

slipping under all operating conditions to provide structural integrity across

the yaw interface and attain the yaw frequency reguirement. In addition, the brakes
hold the rot~r without stipping in winds in excess of cut-out sreed, in all rctor
and nacelle orientations, up to steady winds of 81 mph. iwove this wind speed, the
nacelle will slowly yaw (at a rate less than 3 rpm) to a downwind position.

This protects the yaw drive motor fr-m ¢2mage, while keeping blade loads to
acceptable le..”,. The predicted oscillating torques indicated the r=2d for

a yaw drive brake, applied while yawing, to assure that yaw osci.latiuns are
adeguately damped.

CONCLUSION: The MOD-2 yaw system structural stiffness requirements were deiired.
Anaiysis were cond cted which shuwed that th2 MOD-2 design, with 6 brakes providing
a torque of 432,000 ft-1b, met the stiffness requirement and did 1ot adversely
affect other s_ructural subsystems.
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4.2.6 Tower

This section reports the results of trade studies conducted to evaluate
alternative tower designs.

4.2.6.1 Soft vs Stiff Tower

The soft, monocogue shell tower of the WTS configuration, described in sections
3.0 and 3.2.4, was selected on the basis of this trade study. Although

the study was performed for a braced tubular tower and a downwind rotor, the
conclusions drawn from the results of the study are equally applicable to the
pure monocoque configuration and an upwind rotor shown in the above referenced
sections.

OBJECTIVE: The objective of this study was to compare the technical and
economic feasibility of the baseline soft tower configuration with that of a
stiff tower by examining the relative cost of electricity and the technical
risks associated with each concept. The study was conducted assuming 2
downwind rotor with baseline rotor weight of 177,000 1b and total elevated
system weight, tower excluded, of 356,000 1b.

RESULTS: Stiffness Requirements - The distinction between soft tower and stiff
tower is made on the basis of combined tower/system fundamental frequency relative
to that of the principal alternating hub forces which occur at two cycles per
revolution for the two-bladed rotor. The permissible frequency ranges

established for the fundamental bending mode were 1.3 to 1.5 cycles per revo-
lution for the soft tower, and 3.2 to 3.8 cycles per revolution for the stiff
tower. These ranges were selected to reduce dynamic amplification of the
principal 2 per revolution excitation force to acceptable limits, while still
avoiding other undesirabie frequencies at integral numbers of cycles per
revolution.

Tower Configurations - The tower configurations compared in the study are shown

in Figure 4-41. A monocoque shell design was selected for the soft tower because

of the slenderness required to achieve the low fundamental bending frequency

with minimum tower shadow effect on the downwind rotor. The truss configuration

was selected for the stiff tower design as the most efficient way to achieve

the much greater stiffness required without causing excessive wind blockage.

The truss tower configuration is of welded tubular construction to improve air

flow and minimize tower shadow effects. Both towers are designed by the stiff-
ness requirements and both towers meet all static and fatigue strength requirements.

Tower §hadow Effect - Blade flapwise bending moments for a complete rotor cycle
at maximum operating wind speed of 45 mph at hub height were obtained from the
MQSTAS computer program for both soft and stiff towers. The MOSTAS results,
Figure 4-42, show that the alternating blade Toads are 2°% higher for the stiff
tower due to increased wind blockage. This results in a 7% increase in rotor
yeight to satisfy the increased fatigue strength requirement, which in turn
increases the stiff tower weight by approximately 6% to maintain the same bending
and torsional frequencies.

Start-up/Shut-doyn Load Conditions - During shutdown the 2 per revolution rotor
load frequency will pass through the soft tower fundamental frequency. A
transient analysis was made to simulate this condition as follows:
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SOFT SMELL
9.2¢
CONSTRUCTION
T[] 12 sided Tude T
Steel, formed, welded
constant diameter 0-110"
Yariable Thickness
1.5
tatn = 0.50*
81 TOMER/SYSTEM Mﬂm 187

Bending 1.3 Per Rev

Torsion, Min 2.5 Per Rev
Ave, 3.8 Per Rev
Max. 5.1 Per Rev

TOWER WEIGHT
WT = 276,000 Tb.

STIFF TRUSS

4 Legged Truss
Welded Stee) Pipe
Min, Dfa. Standard
Pipe Sizes used to
Obtain Required
Stiffness

TOWER/SYSTEM FREQUENCY

Bending 3.2 Per Rev
Torsion, Min. 3.5 Per Rev
Ave. 5.1 Per Rev
Max. 6.7 Per Rev

TOMER NEIGHT
WY » 510,000 1b,

Figure 441. Tower Configurations

Blade flapwise bending 5
moment (107 ft4b)

10}

-1

Figure 4-42. Tower Shadow Blade Load Effect

Rotor azimuth, Cegrees
A 1?0 2‘40

Stiff tower

Downwind rotor
r/R= 30
V = 45 mph
¢ -0° i
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Rotor loads were assumed decoupled from tower response

Full RPM rotor loads were computed by MOSTAB for 45 mph wind at 20 degrees yaw
Rotor loads were assumed proportional to RPM during shutdown

Shutdown from full RPM was accomplished in 15 rotor cycles

1
2
3
4
5) Total linear system damping of 2.5% was assumed.

An exact solution of the above system for uniform deceleration resulted in a
maximum tower deflection of 2.6 inches, which is only 3 percent of the static
limit load tower deflection. Therefore, shutdown transient loads are considered
negligible.

The high speed startup problem is similar to the shutdown problem caused by 2

per revolution rotor loads crossing the soft tower resonant frequency. Normal
startup at 45 mph with one degree per second pitch rate will occur in approxi-
mately 15 rotor cycles. Therefore, maximum tower deflection will be approximately
the same as for the assumed shutdown case (2.6 inches) and the resulting

transient tower loads can be assumed negligible.

Low speed startup under certain wind conditions might conceivably cause
continuous idling with 2 per revolution rotor loads at or near tower resonance,
causing large tower oscillations to build up. This potential problem will be
solved by incorporating provisions in the startup control system to prevent
such continuous idling, and to limit startup transient loads to not greater
than those occuring during normal high speed startup.

A winc tunnel test was conducted on a 1/20 dynamically scaled model of the
soft tower configuration. This test proved the feasibility of the soft tower
because it verified the above analytical results. No significant tower
vibrat-on was noted during start-up or shut-down.

CONCLUSIONS: The results of the trade study, summarized in Table 4-45,indicate
that the baseline soft tower is technically and economically more feasible than
the stiff tower.

Table 4-45. Trade Study Summary - Soft Versus Stiff Tower

Concept Soft shell Stiff truss Remarks
Rotor weight 177,000 Ib 190,000 1b | Ditference due to tower shadow effect
Tower load amplification 10 18 Relative ioad magnitudes affect ing fatigue deisgn of tower
Tower weight 276,000 Ib 510,000 Ib Increased weight due to - .iffness requirement
Design complexity 44 pars 196 parts Startup control to prevent continuous idling at soft tower
Startup control resonance
Rotor cost $268,000 $288.000 Difference due to increased rotor weight
Tower cost $188,000 $578,000
Transportation $8,000 $15,000 Includes cost of additional rotor weight
Erection cost $22,000 $66,000
Annual energy out 1.000 099 1I?el:tlmz values based on greater tower shadow effect
or truss
Technical risk None Soft foundation
Weight growth
Cost of electricity Baseline Adds 1 &/kWh | Assumed same O & M costs

4-66




4.2.6.2 Soft vs Soft-soft Tower

A brief investigation was made into the feasibility of a soft-soft tower

with a fundamental system frequency of 0.8 cycles per revolution or less.

Such a tower design would permit greater attentuation of one per revolution
alternating loads caused by any dynamic imbalance in the rotor. It was found
that to meet both strength and flexibility requirements for this concept the
maximum tower diameter was 8 feet or less, depending on rotor speed and total
elevated weight. For the baseline rotor speed of 17.5 rpm the maximum tower
diameter was 7 feet. Such small tower diameters were not considered practical
for use with the desired internal 1ift and power lead configuration; therefore,
the soft-soft tower concept was rejected.

4.2.6.3 Braced vs Conical Base

Transferring ioads from the tower to the foundation requires a larger base than
that provided by the 120 inch tower diameter. The curr2nt tower configuration
utilizes a conical base to increase the tower diameter to 250 inchas. This
trade study provided the basis for the selection of this configuration.

OBJECTIVE: The objective of this study was to compare tower weight, foundation
volume, and technical risks of conical based towers with traced towers. Three
braced tower configurations with rotor tip to ground clearances of 50 feet,
37.5 feet and 25 feet, and three conical based tower configurations with these
same clearances were designed. These configurations are shown in Figure 4-43.

RESULTS: The technical risks associated with the braced tower configuration

are much greater than those associated with the conical based tower configuration.
The braced tower is structurally indeterminate and its foundation configuration
makes it susceptable to differential settlement. These two conditions make
prediction of the loads in the braces and foundation uncertain. The braces

cause the base plate shear reaction of the braced tower concepts to be sub-
stantially higher than the lateral input loads applied above the bracing.

However, the base plate shear reaction is not amplified with the conical based
tower configurations (Figure 4-44).

Conical based towers are widely used in standard practice for structures such
as water towers and chimneys which are designed to resist large overturning
moments.

The resulting tower weights and foundation concrete volumes for each of the
study configurations are plotted in Figure 4-45. The conical base tower
weight decreasad linearly with a decrease in rotor tip to ground clearance.
The braced tower weight decrease was not linear with rotor tip to ground clear-
ance, and its rate of decrease was less than the conical based configurations.
This was a result of the unfavorable geometry of the braces at the iower rotor
tip to ground clearances. The foundation concrete volume required for the
conical base configurations decreased linearly with decreasing rotor tip to
ground clearance while the foundation concrete volume required for the braced
configurations remained constant. This was again due to the unfavorable
geometry of the braces at the lower clearances. With a 25 foot rotor .ip to
ground clearance both tne tower weight and the concrete volume are less for
the conical base confiqurations.
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Field splice —— ——splice —— Field splice
EL 600" Brace -24” 0.D. x
0.969"" wall EL 450 Brace 24” 0.D. x Brace 24" O0.D. x
(4 places) 0.969" wall 1.531 wall (4 places)

(4 places)  EL 300”

>

GradeELO_L T ‘ ‘ -:

J L] J
144" (WP)J + 840" —e [— 760" —o= r.._ 720"
L-r‘ 270" (typ)
Rotor tip clearance 50 ft 375 H 25 ft
Tcwer bending freq. 1.3/rev 1.3/rev 1.3/rev
Tower torsional freq. 5.0/rev. max. 5.0/rev. max. 5.0/re:. max.
3.2/rev. min. 3.2/rev. min. 3.2/rev. min.

Figure 4-43. Study Configurations
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With a 37.5 foot rotor tip to ground clearan.2 both tower configurations weighed
approximately the same but the foundation for the conical base configuration
required less concrete. With a 50 foot rotor tip to ground clearance the bdraced
tower was lighter than the conical based tower and both configurations required
the same foundation concrete volume.

CONCLUSIONS: Based on results of this study the conical based tower configuration
was considgered best. The primary reason was the greater technical risks
associated with the braced tower configuration. Only at the 50 foot rotor tip

to ground clearance was the conical base tower found to be heavier than the

braced tower. It was concluded that even for this configuration the technical
risks, the complexity of the foundation, and the uncertainty of the loads
outweighed the benefit of a weight savings in the tower.

4.2.6.4 Transition Section

The selection of the conical base tower required the design of a cone to a
cylinder transition section. The initial tower configuration had an abrupt
transition section. A circular T-ring weighing approximately 2700 1bs. and

72 gussets weighing approximately 900 1bs. were required due to local stresses
produced by this abrupt transition. The selected tower configuration has a
hyperbolic shaped transition section which eliminates the abrupt cone to
cylinder transition. This greatly reduced the local discontinuity stresses
and eliminated the need for the ring and gussets, (Figure 4-46).

§ 1
i
| / Hil
Pl i o
b | L .
| q i/
! | \
| |
i | ki
! A
! HYPERBOLIC TRANSITION ABRUPT TRANSITION
SECTION (SELECTED) SECTION

Figure 446. Tower Cone to Cylinder Transition Selection
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4.2.7 Machine Size Optimization

The features and characteristics of the M0D-2 WTS are the result of extensive
conceptual and preliminary design studies. Thorough consideration has been
given to the sizing of the WTS for best economic performance in the specified
design wind characteristics. The programmatic goal of the MOD-2 project is to
produce a system which in production will minimize the cost of electricity (less
than 4¢/Kwh for the 100th production unit).

4.2.7.1 Approach

Figure 4-47 illustrates the approach to machine size optimization. In general,
the cost and performance of point designs were evaluated in depth. Fundamental
design relationships were formulated and empirical cost trends were fitted to the
point design data. The derived cost trends make use of the physical parameters
such as rotor diameter, torque, RPM, tip speed ratio, power output, design wind
velocity, structural loads and weight trends to arrive at system cost trends as

a function of rotor diameter, power rating, design wind velocity, etc.

The cost aigorithms thus developed were programmed with the annual energy output
program to yield the cost of electricity (COE) as a function of machine size para-
meters.,

Baseline
point design
. Alorithms
Costhweight o forcost&
! weight
A-1 COE versus Optim. machine
point design rotor size & —i| parameters for
- power output minimum COE
Parametric
performance
& energy output
A-n
point design

Figurs 4-47. Flow Chart for Selection of MOD-2 Optimum Parametric Size

The point designs for which detailed cost estimates were prepared are defined in
Table 4-46, and the blade-tower geometry is illustrated in Figure 4-48. Table

4-4 provides the point design cost analysis utilized in developing the cost trend
algorithms.
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Table 4-46. Cost Validation Design Matrix

o Rotor Power v Rotor Tip Rotor
Designaticn!  giameter rating ON r speed speed torque
fr KW mph rpm ft/s 10% inb
Baseline 300 2,500 20/28.2 175 75 132
Al 300 3,500 22.1/32.2 19.34 304 16.7
A-2 00 4,500 235/34.7 20.55 323 20.2
A-3 400 4,445 20/28.2 1313 275 3.3
A4 S00 6,945 20/28.2 1050 27% 61.1
6.945 kW
[ 4,445 kW
— 50:) ft
-— é X 400 ft
-
250 ft 300 ft
- L i
4 / I\ 1.2 / I\
A-3 A-4

Figure 4-48. Cost Validation Design Matrix
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Table 4-47. Pcint Design Cost Analysis (100th Unit)

($ Thousands)
Baseline A-1 A-2 A-3 A—4
1.0 Site preparation 153 153 153 280 450
2.0 Transportation 40 40 42 66
3.0 Erection 197 250 300 470
4.0 Rotor 268 296 314 731
5.0 Drive train 350 480 571 841
Generator 56 65 79 79 96
Gearbox 249 360 430 636
Shafting 45 55 62 126 3
6.0 Nacelle 216 275 314 463 §
Suucture 13 166 176 272 =Y
Yaw system 85 109 138 191 K
°
7.0 Tower 313 381 409 540 _§
8.0 Initial spares 20 23 32 52 §
[
9.0 Total turnkey costs 1,557 1.904 2,135 3.443 8
10.0 Annuasl O&M 20 25 28 37 .g

4.2.7.2 Cost Algorithms

The cost algoritams were developed for each of the major cost elements as discussed
in the following paragraphs. Table 4-48 is an alphabetical listing of all symbols
used for computer prog-amming.

4.2.7.2.1 Site Preparation

The site preparation cest is primarily that of yardwork and of the foundation.

The yardwork cost is assumed to be a function of yard size which is proportional
to the rotor disk area. The foundation cost depends primarily on the volume of
concrete which is a function of the overturning moment due to seismic loads. This
moment is a function of the tower height, tower bending frequency and the mass on
top of the tower. The tower bending frequency is a function of rotor RPM for a
given frequency separation. The resulting algorithm is:

.1 DIA
SIT = SITYW (%10%_)2 fSITE (M) (MR T (T 60
WMO 17.5 300

where WM = WR + WUN + WS + WB + WG +
+ WNGA + WNIC + WY + WYB +
+ WYBG

A1l weight equations are provided in section 4.2.7.3.
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TABLE 4-48

SYMBOLS FOR COST AND WEIGHT MODELS

A = rotor cost power exponent SIT
AF = availability factor SITF
AKWH = annual KWHR's SITYW
AOM = annual 0 & M cost SP
CF = capacity factor TOR
CL = 1lift coefficient TOW
COE = cost of electricity TRA
CP = rotor power coefficient vC/VCo
DIA = rotor diameter- LY
DRI = cost of drive train VR
EA = annual energy output vC
ERE = cost of erection WB
ES = specific energy WB0
FCR = cost carrying factor WG
FMAT = % of rotor material cost WGO
FMFG = % of rotor manufacturing cost ym
GBC = geartox cost WMO
GC = blade ground clearance WN
GEC = generator cost WNA
GR = gear step-up ratio WNAC
HT = tower (hub) height WNGA
IC = ipnitial cost of WIS WNIC
KE = baseline erection cost WR
KBX = program code number WRO
KGB = baseline gearbox cost WS
KNA = baseline nacelle cost WSH
KNGA = gener. accessory cost WSUM
KNI = nacelle instrum. cost WT
KPC = pitch control cost factor WTE
KRO = baseline rotor cost WTO
KS = spares cost factor WY
KSHT = baseline shafting cost WYB
KT = transportation cost factor WYBG
KT0 = baseline tower cost WYBGO
KW = kilowatt WYBD
LF = load facter WYDO
LM = tip speed ratio WYDS
AC = npacelle assembly cost

NACS = nacelle structure cost

NG = generator RPM

NR = rotor RPM

NRE = non-recurring cost

KRO = baseline rotor RPM

PS = specific power

ROT = rotor cost

SHC = shafting cost
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site preparation cost
foundation cost factor
yardwork cost factor
spares cost

rotor torque

tower cost
transportation cost
concrete volumeé ratio
design wind speed

rated wind speed

concrete volume

gearbox weight

baseline gearbox weight
generator weight
baseline generator weight
weight on top of tower
baseline wt. on top of tower
nacelle structure weight
baseline nacelle struct. weight
nacelle assembly weight
gener. accessory weight
nacelle instrum. weight
rotor weight

baseline rotor weight
shafting weight

baseline shafting weight
total WIS weight

tower weight

weight of electrical equipment
baseline tower weight
yaw mechanism weight

yaw brake weight

yaw bearing weight
baseline WYDG

baseline WYB

baseline WYDS

yaw drive system cost



4.2.7.2.2 Transportation

Transportation cost will ultimately be very much site dependent and the scenario
of truck and rail transport will be further refined. At this time, the transporta-
tion cost algorithm states $.05 per 1b per 1000 miles.

TRA = (.05) (NSUM)
4.2.7.2.3 Erection

The primary cost items in erection are the assembly and installation of the tower,
nacelle and rotor plus the cost of checkout, acceptance testing and specialized
equipment. A1l these items are driven by size and weight which are proportional
to the torque and inversely proportional to the design wind speed.

ERE = KE (zags) (%—M%%—)

4.2.7.2.4 Rotor

The rotor cost is the sum of material cost, manufacturing cost, and the pitch
control system cost.

Material cost will vary proportionally to the structural weight. As shown in
section 4.2.7.3 the weight varies with the ratio (_2 )3.4-2a X (Kw )2 -

300 2500
The manufacturing cost depends highly on the cost of welding and forming. Boeing
manufacturing statistical data shows welding cost for Vee double groove to be
proportional to the 1.77 power of the plate gauge. The plate gauge is pro-
portional to the diameter and the length of weld is also proportional to the
diameter. As shown in the weight expression, the weight (plate gauge) is also
a function of the power rating. Therefore, the manufacturing cost algorithm
is adjusted for po.er rating similar to the structural weight.

From point design cost analysis, it was found that material was approximately
37% and manufacturing 63% of the total structural cost. The pitch control
system cost was found to be 14.85% of the rotor structural cost.

The resulting algorithm is:

AT = (kh0) [ (PuAT) (33) M

)

2-5-——00 +
2.77-2 a
(FHFG) (355) e - ] (KPc)

where: KMAT = 0.37
KMFG = 0.63
KPc = .1485
KRO = baseline rotor cost
a = 0.4
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4.2.7.2.5 Drive Train
The drive train cost is the sum of three major subsystems, i.e.:
Generator

0
0 Gearbox with Tub systems
o Shafting with couplings and rotor brake

o Generator

The gener2tor cost trend expression correlates with actual vendor cost
data as shown in Figure 4-51.

GEC = 44.42 (kw) -898

o Gearbox

Gearbox cost is proportional to torque which is therefore expressed as:

GBC = KGB (sam=) (3557) (o)

This trend correlates with information from gearbox manufacturers as shown
in Figure 4-52.

0 Shaft with Couplings and Rotor Brake

The shafting and associated hardware is designed primarily by torque.
The exponents in the cost algorithms provide adjustments to correlate

with actual cost analysis of design points representing variations in power

rating and rotor diameter.

0.8 1.5
SHC = KSHT (s ) (A ) 77,20 )
2500 300 Vo
800 } shaft
i Parallel sha
100 Trend
g o b § 600 I Trend
3 80 3
; b ;‘% a00 - Epicyclic
2 60| 3
8 3
50 I 200 - Baseline
40 C
o‘l L A 1 2 i 1 [ £ L
0 1,000 2000 3000 4000 5000 T )
Rating, kW Torgue, in-Ib x 106
Figure 4-51. Generator Cost Figure 4-52. Gearbox Cost
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4.2.7.2.6 Nacelle

The nacelle cost includes the nacelle structure and the yaw system. The
instrumentation and generator accessory unit costs have been programmed into
the nacelle structure cost.

0 Structure

Based on the actual point design analysis, the following cost ratios
and principal cost drivers have been established.

COMPONENT % OF COST COST DRIVER
Bed Structure 42 Rotor torque 21% M)
Static mcment 21%
Shroud 3 Volume (2)
Rotor Support 19 Rotor Weight
Environmental Control 7 Volume (2)
Cabling 1 Power Rating (3)

Notes: (1) The effects of torque and static moment are of
approximately equal magnitude.

(2} Nacelle volume varies with DIA 2.5
(3) Include in the torque term
The resulting cost trend expression is:
DIA WR
vacs = kA [ .21 (300 (hpg) * -2 (i) (o) + 19 (i) +

+ .38 (366”) 2. ] + KNI + KNGA

where: KNA = baseline nacelle structure cost
WR = weight of rotor (see 4.2.7.3)
KNI = constant instrumentation cost

KNGA = constant generator accessory unit cost

0 Yaw System

The yaw system is subdivided into the drive system, the brake, and
the bearing. The cost trend of each subsystem is expressed as a
direct function of the subsystem weight. The weight expressions
(see section 4.2.7.3) are expressed as a function of the design
parameters.

YDS = YOO ( uzgg)

YOB = YBO ( :zgo)

(WYBG
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4.2.7.2.7 Tower

The tower cost expression includes the tower structure, electrical equipment
including slip rings, bus tie contactor and disconnect switch plus the cost

of the transformer and power cable. The tower structure is designed to a first
mode bending frequency below the two per rev forcing frequency of the rotor.
The bending stiffness requirement directly determines the weight and cost of
structure. The cost trend equation is therefore:

To = (K10) (AT (18 ) ( W}/’

where: 52,000 = constant electrical equipment
17 KW = transformer and power cabling

+ 52,000 + (17) (Kw)

4.2.7.2.8 Initial Spare Parts

Spares cost are expressed as a function of the total WTS hardware cost.
SP = KS (ROT + DRI + NAC + TOW)

Analysis for machine size optimization utilized KS = .0184.

4.2.7.2.9 Initial Turnkey Cost
IC = SIT + TRA + ERE + ROT + DRI + NAC + TOW + SP

4.2.7.2.10 Annual Operations and Maintenance

The cost trend expression assumes a 25 unit cluster of WIS with crew costs fixed
and some of the consumables vary with size.

AOM = 12,500 + 4500 (g%%) 2.85
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4.2.7.3 Weight Algorithms

The weight trend relationships were developed similarly to the cost trend ex-
pressions. The fundamental design parameter relationships were formulated and
empirical weight trends were fitted to the point design data. The following
expressions were incorporated with the cost .expressions into the energy output
computer program to perform the machine size optimization.

g R )N

vCo ‘WO RO 200

WRO 2500

where a = 0.4 for teetering rotors

W = ( )0.7

WGO 2500

6
106
= TOR 1/3

M= 3zxTos)

= n [ (36) QI Kby (36) () 20+ (as) (R

DIA,2.5 :]
(.13) (300) + WNIC + WNGA

where:
WNIC = baseline weight of instruments
WNGA = baseline weight of generator accessories
- 1
WYDS = (WYDO) (2500 555~ (hg 2 )
= DIA 3
WYB = WYBO (300 )
= DIA 3
WYBG = WYBGO (300 )
WT = W0 (50502 (=) (k) > + WTE

4.2.7.4 Machine Size Optimization Results

Utilizing the foregoing cost and weight expressions combined into the energy
output computer program allowed a comprehensive analysis of design optimization
for minimum cost of electricity. This program allows rapid evaluation of all
parameters and optimization for various wind models or various mean wind speeds.
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As the MOD-2 program progressed, the baseline values in the cost and weight
expressions have been updated to reflect the continuing depth of point design
analysis. The program was also updated to utilize the NASA recommended variable
power wind gradient instead of the originally specified gradient. These changes
resulted in a continuous adjustment of the value of COE (as noted in other data
in this document) but the machine optimization results remain valid.

As shown in Figure 4-55, the optimum COE is only slightly affected by power
rating but is more sensitive to optimizing the rotor diameter for a given
power rating. Examination of the cost and weight trend equations give insight

into the reasons for the buckets of these curves. Some of the more significant
factors are:

1) Large rotor diameters for a given power, even as RPM decreases,
significantly influences size and cost of the total system.

2) Small rotor diameters for a given power, require higher RPM and
reach rated power only at the higher wind speeds. This results
in significant loss in annual energy output.

3) A higher power rating optimizes at higher rotor diameters due to
lower RPM and achieving rated power at a lower wind speed thereby
increasing annual energy.

Table 4-48 summarizes the trade study performed at the time of the preliminary
design review. Based on least cost of electricity, the 300 fcot diameter rotor

and 2500 KW generator rating was selected for MOD-2 at the specified 14 mph
mean wind site.

The computer optimization program allowed a rapid optimization analysis at
various “alues of mean wind speed as may be typical of different sites. Figure
4-56 shows the relative COE of the MOD-2 baseline as a function of wind speed anc
compares to the COE of an optimum sizing (KW and Diameter). It is noted that the
MOD-2 baseline is very near optimum over a significant range of mean wind speeds.
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as| —] T 45
: 'W(\ /2500 %W § \
\
2. AL \u // 5 40
s 40 / .
z 5559 2 ‘\L /~ MOD-2 dmign point
E 18 g as
4500 kW
l 3500 kW % 10 MOD-2 WTS
B 30 - - Disneter = ﬁ “.
- MO0 2 i N/ T
(3]
25— - 25
Optimum Die & k- | ]
20 20 1 1 =
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Figure 4-55. Parametric COE Trends Figure 4-56. Effect of Mean Wind Speed on COE
Table 4-48. Optimum Machine Size Trade Study Summary
CORF IGURAT10M
CRITERIA BASEL INE A-1 A-2 A-3 REMARKS
300° DIA/2500 kW| 300°'DIA/3500 kW | 300°DIA/4500 kW | 400' DIA/4450 kW
ROTOR BLADES REQ.
DESIGN COMPLEXITY FIELD ASSY.
TOWER REQUIRES LONGITUDINAL SPLICE
LARGER NACELLE REQ. ADDITIONAL -
FIELD ASSY, -
WIGH TORQUE GEARBOX AVAILABILITY
— e QUESTJONHABLE
ANWUAL ENERGY PER UNET-INCLUDES
QUTPUT - 108 kWH 8.680 9.60 10.21 16.44 .96 AVATL FACTUR
SVSTEM COST
§/%4 625 526 46 739
. BASED ON EQUAL
FARM SIZE =N UNITS] 25 22.6 2.3 13.2 33?36# EEERGY
FARM
FARM COST -106 § 39.0 4.6 [T 43.3
C0ST CF
FLECTRICITY ¢/kWHR! 30 3.66 3.86 3.75
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4.2.8 Control System

This section describes the results of trade studies which evaluated alternative
control systems.

4.2.8.1 Analog vs Microprocessor

OBJECTIVE: Several choices of technology are available to the designer for
implementing the electronic poction of the MOC-2 control system. These choices
grossly can be categorized under the headings programmed digital (computer),
hardwired digital, and analcg electronics. Table 4-47 describes functions

that are candidates to be performad by a control computer. The prime criteria
us2d in selecting tne technology for a function are rost, reiiability, and
performance. Other criteria normaily used in aerospace applications such

as size and power usage are not a significant constderation in the Wind

Turbine System.

Table 447. Potential Controf Functions in the MOD-2 Wind Turbine System

@ ALL MODES

Monitor for alarms

tiotify nearest utility substation cf alarms
respord to substation commands/reguests
Respond (with safety iimitaticns) to on-site
r2nrual commands/requests

@ STARTUP,SHUTOOWN MODE
9 Seguence mechanical & electrical systems

® Turn on/off pumps, trakes, generator erciter, etc.

e Monitor for egquipment performance (oil press, eotc.),
iniryusion

o Command pitch profile for startup & shutdown

@ UP & RUINING MODE

Operate on algorithms and ccmrnand pitch and yaw
Fonitor for equipment performance/intrusion
Command shutdowns (s2parate system will back up
critical failures, e.g., vibration.

@ Monitor wind for yaw cr shutdown criteria

@ S/ANDBY MCDE

o Honjtor for equipment performance
® loniter for startup conditions (wind, etc.)
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The development of a prototype system such as MOD-2 brings in another
design criteria, that of flexibility of the system to change with minimum
impact on costs or schedule. The automatic control system of an unattended
site will have an interface with many of the mechanical, hydraulic, and
electrical elements of the system and is consequently sensitive to changes
in those elements. Flexibility is particularly an attribute of the digital
computer where changes can be accomodated by software rather than hardware.

RESULTS: Reliability - The most compelling reason for censidering digital
computer implementation for performing Wind Turbine functions is its design
simplicity and consequently reliability. This is particularly true with the
micrc computer. In the microcomputer the same few monolithic circuits (CPU,
timing module, memory, etc.) can be used for the numerous sequencing, timing,
discrete state monitoring, and discrete command functions of the system.

With analog technology, each of these functions requires its own set of
hardware.

One functional element that will be implemented outside of the computer is

the safety shutdown system. The reason for a hardwired design in lieu of a pro-
grammed digital system is the simplicity of this system and the predictability
of the failure modes of the former rather than reliability.

Performance - In general, the performance requirements of the Wind Turbine System
(accuracy, resclution, speed, etc.j are so modest that either digital or

analog technology may be used. An example of potential performance

superiority of a digital implementation may be fourd in a filter application.

The control system will respond to drive train parameters (e.g., generator
output, low speed shaft acceleration} to contrcl the effects of variable

wind. It is desireabie that the control system not respond (at least in the

same way) *o drive train periodic oscillations. One sclution is to filter

those effects cut of the sensed parameter signal.

Analog notch filters, at the verv low frequencies in question, must be finely
tuned to restrict their bandwidth. Further, both the analog filter's
bandwidth, and center frequency are subject to change as its individual
component parameters drift with temperature and age. The computer notch
filter serformance is determined by initial design implementation (word size,
processing speed) and wili not change with time or environment.

Cost - The potential cost advantages of a microprocessor are lied to the same
design simplification goals mentioned under reliability. Fewer parts result
in a simplified manufacturing process. In addition, the costs of microcomputer
components (particulariy CPU and memory) are in a significant down trend stage.

Another potential cost advantage of the digital computer systems is in

the usage of off-the-shelf electronics. An analog or hardwired digital
board is designed especially for the particular application and must bear
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the small quantity production costs of that application. Digital computers
{micro or mini) are commercially available in off-the-shelf board/module form.
It is the software and the amount (rather than design) of memory and [/0 in
th: computer that is unique to the acplication.

CONCLUSIONS: It was determined that a microprocessor-based digital system is
the best technology for the majority of MJD-2 control functions for the following
reasons:

1. Superior availability/reliability as the result of reduced quantities
of electrical parts and solder connecticns.

2. Reduced costs due to a simplified manufacturing process for the less
complex beoards and potential cost benefits from the current down-
trend on prices of the microprocessor and associated modules.

3. Reduced costs due to use of commercialiy available microprocessor
boards.

4. Flexibiiity of the system to change with minimum program impact.

5. Superior performance in some areas, where the analog system's drifting
with temperature and age is critical.

4.2.3.2 Multiplexer, Ground Computer Vs. Nacelle Microcomputer

OBJECTIVE: The current control system {Nacelle Microcomputer) is described ir
section 3. Tnis trade study provided the basis for its selection over the

original baseline (Multiplexer, Ground Computer).

System Requirements: The control system must perform the functions listed
in Table 3-d3. To perform these functions it interfaces with the re-
maining WIS systems as shown in Table 3-49,

Configuration traded: The configurations studied are shown in Figure 3-52.
The original baseline consists of a microcomputer-based system, located

at tne base of the tower, which interfaces with nacelle WIS equipments througn
an adaptation of the Boeirg model 1014 Multiplexer. The proposed alternate
locates the micracomputer in the nacelle and uses direct wiring for the few
sensors and controls located at the base of the tower.

RCSULTS: The results of this study are summarized in Table 4-50. The
difference in cost and MTBF arc directly related to the lower parts count
of the nacelle microcomputer system. This lower parts count is possible
because the majority of the control system interfaces originate in the
nacelle thus eliminating the multiplexer/Demultiplexer hardware required
in the original baseline.

TORCLUSION:  The Nacelle Microcomputer System offers improvements in
reliability, 100th unit cost and cost of electricity with no known penalties.
Therefore, it is recommenaea that tne original bdaseline be replaced with the
Nacelle Microcomputer System.
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Table 448. Control System Functions

@ FUNCTIONAL REQUIREMENTS
® AUTOMATIC OPERATION OF UNATTENDED SITES
e OPERATING MODE SELECTION/SEOUENCING

1 START &P

2) COMNECTION TO UTILITY
3) SYNCHRONIZED OPERATION WITH UTILITY

Q) ST DO

5) SiNasy

e SYSTEM .JOTECTION

e SYSTER STABILITY CONTROL
1) MIND VARIATIONS

2) UTILITY LOAD VARIATIONS

e SYSTEM DATA COLLECTION
1) MORITORING FGR OPERATION & STATUS

2) STORAGE

3) TRANSKISSION TO UTILITY DISPATCHER

® YANUVAL INTERFACE
e UTILITY DISPATCHER CONTROL & DISPLAY
e SITE FANUAL CONTROL & DISPLAY

Tabie 449. Control Systen interfaces

DISCRETE wPUTS

DISCREVE INPUTS

1)

10)

20)

GEARBOY OIL OVERTEWP
OIL PRESS
Ol LEvEL
PARTICLES
OIL START TEwe (SUwp)
OIL STARY TEwP (IMLET)
OIL FILVER STATUS
SEARING TDW® 1

- - 02
. on fLew
YA PULSATION ACCUM PRESSURE

®  PRESSURE
® FILMER N

SRAKE

NYDR OIL LEVEL
- * FILVER #2
-

{1 4
CABLE WRAP LINEY ?so: o
- = = (3%0° cow)
CAVIROWENTAL OVFRTEWP
PITON URLOCK STATUS
PITOH EMERGENCY ACCUN PRESS 0}

”
" OPERATIONAL °© *

* L N
© FILTER 02

30)

)

ROTOR M/8 VIDRATION
HICH SPEED SMAUST VIBRATION
ROTOR BRAXE TOWP 41

- - - '2

° QOCK POSITION #1

- - L 2 ‘z

®  PITCM LOCK STATUS

- OVERSPEED
NACELLE INTRUSION

GENERATOR/BUS TIE SREAKER

GROUND 1NTRUS 10N
PANUAL ENERGENCY STOP >
* MODE SELECT
*  SHITDOWN/DISANLE
= UTILITY POVER PRESENT

FAILSAFE MONITOR
SWFT SRAKE STATUS

47)  WACELLE WAWUAL EMERGEWCY STOP

 GROUND DATA SOURCES - ALL OTMERS LOCATED
I RACELLE
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Tabls 449. Control System Inserfaces (Cont)
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Table 4-50. Control System Alternstive Summary

[BastLine]
GROUND COMPUTER + RACELLE COMPUTER &
DISTRIBUTED MULTIPLEXER SIGNAL CONDITIONING
& SIGNAL COMDITION
DESIGN COMPLEXITY SAME - STATE OF ART
RELIABILITY 1472 HR MTBF S000 HR MTBF
(SIGNIFICANTLY MORE PARTS)
MAINTAINABILITY SNE .
TECHNICAL RISK SN - LN
SYSTEM COST (100INIT  BASELINE 40T LESS
COST OF ELECTRICITY BASELINE .10¢/xMw REDUCTION
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4.3 ALTERNATE ROTOR DEVELOPMENT
4.3.1 Introduction

On August 10, 1978, more extensive study was initiated to include the
preliminary design and evaluation of a composite (Fiberglass) rotor

for the MOD-2 WTS. Structural Composites Industries (S%I) was subcontracted

to provide preliminary design, analysis, program definition, and cost estimates.
BEC supported the study with definition of MOD-2 reyuirements, loads, design
and analysis of the metal components, and the programmatic comparison to the
steel rator.

The objective of this study was to bring the preliminary design of a MOD-2
composite rotor to sufficient maturity to enable evaluation of the technical
and programmatic impacts of developing the composite rotor.

4.3.2 Summary

The composite rotor configuration has the features wi.ichk, when fully developed,
may offer advantage to the WIS in quantity production. These features and the
comparison to the steel rotor are discussed more fully in section 4.2.2.10. The
design is based upon the SCI experience in fabrication and test of the 150 foot
test blade. Several features as discussed in section 4.3.5 differ from the

test blade design. These differences accommodate the MOD-2 regquirements,

ailow interchangability with steel blades on a MOD-2 WTS and, most significantly,
offer reduced technical risk and reduced cost in production quantities.

The configuration, as defined in section 4.3.5, utilizes non-rotating mandrels
and a ring winding process* to apply Transverse Filament Tape (TFT)* to the

major portion of the multi-spar blade. The fiberglass is wound integrally
onto steel torque boxes at the tip blade pivot area and onto a steel hub to
provide the field assembly joint. The stee' components comprise 33 percent

of the rotor weight. The fiberglass components (67 percent) are 98 percent
applied by the low cost winding process. The small trailing edge minimized
afterbody cost and eliminates the risk of system damage due to possible failure
of a trailing edge bond. The conclusion from the trade study is that the com-
posite btlade is feasible. As compared to the steel rotor, it offers additional
technicai risk, offers equivalent cost for production units, is less fullv
developed, and would incur program delay for prototype hardware. The steel
rotor is therefore recommended as the baseline configuration for MOD-2.

4.3.3 Design Reguirements

At the time thg gomposite rotor study was initiated, the MOD-2 WTS had completed
the Systgm-opt1m1zation studies of the Conceptual Design Phase and was well into
the Preliminary Desigr: Phase. The composite rotor therefore had the requirements

to be compatible with the existing MOD-2 system. Tables 4-51 and 4-52 summarize
the requirements and goals imposed on the composite rotor design.

*Patents Pending
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Table 4-51. Design Requirements

e Compatibility With MOD-2 System Parameters

2500 KW Generator

300 Ft Diameter Rotor

Tip Control Blade (30 percent span)
NACA 230XX Airfoil

+ 2.5% to - 40 Twist

Tip Rotation from -5° to + 95°
Teeter + 50

Upwind Rotor

17.5 RPM

30-year life

NASA Specified Environment
Natural Frequence Separation

e From Integer values by 0.25 cycles/rev
e First Flapwise Frequency between 2.5 and
2.75 cycles/rev.

Table 4-52. Design Goals

@ Minimize Cost of Electricity (< 4¢/kWh)

e Minimum material costs
e Automatic Production for Minimum Labor Cost
e Minimum Maintenance Cost

@ Minimize Technical Risk
e Use existing technology

e Conservative Design with Margins of Safety
e Redundant Load Paths at Critical Hub Joint
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4.3.4 Prelimary Design Load Conditions

Table 4-53 itemizes the load conditions analyzed for the composite blade
preliminary design. The limit operating, extreme wind, and control system
fault loads occur only infrequently over the design life of the wind turbine,

and consequently were used onlg in buckling and maximum strength calculations.
Fatigue loads were determined based on the MOD-2 gust criteria to establish
a loads spectrum over the operating wind speeds of 14 to 45 mph at 20° yaw.

All blade loads were caiculated using the MOSTAB computer program, with the
exception of extreme wind loads, which were hand-calculated. Composite blade
mode shapes and frequencies used in the MOSTAB program were computed by SCI
using the SPAR computer program. Qverspeeds and trim conditions used in the
MOSTAB quasi-steady shutdown analysis were computed in a detailed aerodynamics
program which assumes uniform time-varying flow and a rigid blade, with pitch
rate specified in the input. Stresses in the blade were calculated in a
MOSTAB postprocessor, which first translated loads from the blade reference
line to the elastic axis at each cross section, and then summed the stresses
due to chordwise bending, flapwise bending, and centrifugal force at locations
around the airfoil. Fatigue stresses were calculated for the MOD-2 wind
spectrum which result in a maximum discrete stress value for each mean wind
speed having a 99.9 percent probability of non-exceedance. Number of cycles
of loading were computed based on a Weibull distribution of mean wind speeds,
and the MOD-2 WTS operating schedule.

Table 4-53. Composite Blade Preliminary Design Load Conditions

DESIGN CONDITION DESCRIPTION

Limit Operating (0.01% 17.5 rpm, 16.5 mph mean wind
probability of non-exceedance)

Control System Fault

150% Power 17.5 rpm, 54 mph, 5000 hp
Emergency Shutdown 19.6 rpm, 45 mph, loss of generator
load
Extreme Wind 0 rpm, 120 mph, tip feathered
Fatigue (Preliminary) 17.5 rpm, 45 mph, 30° Yaw

with gust factors

Fatique (Final 17.5 rpm, 14 to 45 mph mean wind
spectrum, extrapolated to 200 yaw
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4.3.5 Configuration

The composite rotor was configured to meet the design requirements of Section
4.3.3 and to be compatible with the MOD-2 System, as discussed in Section
4.3.8. The design goals of low cost and minimum technical risk were strong
influences on the final configuration, as was the recent experience gained on
the DOE/NASA 150 Ft. Composite Blade Program. Wherever possible, overall con-
figuration and design details from the BEC MOD-2 steel blade were incorporated
into the composite rotor configuration, with modifications as appropriate.

4.3.5.1 General Arrangement

The composite rotor general arrangement is shown in Figures 4-53 and 4-54.
The rotor consists of two composite inner blade sections, two composite tip
sections, and a steel hub. Rotor external geometry is identical to the BEC
MOD-2 steel blade from Station 900 to Station 1800. Inboard of Station 900
the chord and thickness of the composite rotor have been increased to provide
adequate stiffness to meet the MOD-2 natural freguency requirements. A full
airfoil is maintained from Station 360 outboard. Inboard of Station 360, the
cross-section transitions to an ellipse at the hub.

4.3.5.2 Inner Blade Assembly

The inner blade assembly is shown in Figure 4-55. The basic load carrying
composite structure consists of an airfoil-shaped outer blade shell, with an
inner "box spar". The box spar provides two vertical webs which serve to
reduce unsupported panel width for enhanced buckling stability, and additional
thickness at the outer fiber for reacting flapwise bending loads. Planforms of
the box spar and shell are tapered linearly to facilitate mandrel extraction
(see Section 4.3.7).

Structural and manufacturing considerations preclude a sharp trailing edge on
the structural blade shell; therefore, small, light-weight, non-structural
molded fairings are bonded onto the trailing edge to provide the required shape.
The elliptical hub end of the blade shell is detailed for joining to the steel
hub (see Section 4.3.5.4). The outer end of the blade shell contains a wound-
in steel torque box which mounts the pitch control spindle, actuator and
controls (Section 4.5.5.5).

4.3.5.3 Tip Assembly

The basic composite structure of the tip assembly differs from the inner blade
assembly due to the requirement for the chordwise center of gravity to be
located farther forward. This is accomplished by using two inner "D" shaped
spar members and an outer shell as shown in Figure 4-56. Again two vertical
webs are provided, with linear planform taper for mandrel extraction. The
trailing edge fairing is similar to but smaller than that of the inner blade.
The steel and composite spindle box cetails are bonded in after mandrel extrac-
tion.  An aluminum closure is fastened to the tip by bolts and clips.
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4.3.5.4 Hub and Hub Joint

The steel hub is shown in Figure 4-57 and a typical hub joint detail is
shown in Figure 4-58.

The hub is of welded steel constru-tion with shaft teeter beariny details
similar to the MOD-2 steel rotor. A drilled, tapered, elliptical flange is
provided for mating to the composite blade shell and the vertical webs are
extended to splice to the composite box spar.

In order to ensure a good fit between the hub and blade shell, the composite
shell is wound using the hub as a mandrel to form the joint area. Extra
reinforcements and steel shim stock are incorporated into the composite
Joint area to give tne desired strength, bolt bearing, and stiffness
properties (see Section 4.3.6).

The field joint is both bonded and bolted, with either the adhesive bond or
the bolts capable ot carrying the maximum joint loads.

4.3.5.5 Pivot Joint

The pitch control pivot joint is shown in Figure 4-53. The air-

foil-shaped torque box, contained in the inner blade assembly, is a steel
weldment with pivot and actuator assemblies similar to the MOD-2 steel blade.
It is retained by bonding and bolting, as well as being mechanically inter-
locked by being wound into the composite blade shell. A molded composite clip
and a rib are used to terminate the box spar webs.

The tip section construction differs in that the steel shaft receptacle weld-
ment is inserted in the forward D-spar only. A steel rib assemblv carries

the actuator loads, assisted by molded composite internal ribs in the afterbody
area. All components are assembled by bolting and bonding. As with the hub,
the shaft receptacle torque box is used as a windirg mandrel to ensure a
proper fit for subsequent bonding.

4.3,5.6 Trailing Edge Fairing

Figure 4-60 shows some typical cross-sections of the molded composite
trailing edge fairing. It is attached to the blade structure by bonding,
(similar to the afterbody on the 150 ft. blade). Molded composite webs, and
ribs bonded in place, are used to stiffen and terminate the fairing and to
locate it on the blade shell. (see Section 4.3.7).

4.3.5.7 Environmental Protection
Lightning protection is provided by imbedding a grounded 12C nesh aluminum
screen in the outer surface of the composite. This is follmw=a by a coating

of polyurethane paint for UV and moisture resistance. Abrasion protection of
the tip assembly teading edge is provided by a polyurethane rubber boot.
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4.3.5.8 Materials of Construction

Table 4-54 lists the recommendea materials. The E-glass reinforcements,

epoxy resin system and structural epoxy adhesive are the same as used on the
150 ft. composite blade.

These materials are used in a patent-pending, modified filament winding
process called the TFT process, which can produce a composite with nighly
oriented properties, at low cost, in a tapered, airfoil-shaped structure.
This process was used to fabricate the J-spar of the 150 ft. composite blade.

Table 4-54. Compoasite Rotor Recommended Materials

E-GLASS FILAMENT(? MANUFACTURER
0° REINFORCEMENT® STYLE D360 WEFT UNIDIRECTIONAL PROFORM l
TFT 36 OZ. PER SQ. YD. :
= 45" REINFORCEMENT?2 STYLE DB-240 45° SIAS TAPE, 24 0z PROFORM
TFT PER SQ. YD.
90° REINFORCEMENT CONTINUOUS ROVING (OCF 410 AA-450) OWENS-CORNING
450 YOSA.B. FIBERGLASS
RESIN SYSTEM(" DER 332 RESIN (B0 PBW) DOW CHEMICAL
RD-2 DILUENT (20P8W) CIBA/GEIGY
TONOX 6040 HARDENER (22.5 PBW) NIROYAL
{CURE TEMPERATURE:
180°F, 5 HOURS; 250°F, 5 HOURS)
ADHESIVEW™" EPON 913 PASTE EPOXY SHELL CHEMICAL
SYNTACTIC FOAM No. 7018 FIBER-RESIN
PAINT MIL-C-31773 POLYURETHANE AOVANTCED COATINGS
JOINT REINFORCING SHIMS CRES (CLEANED ANDJ PRIMED) COMMENCIAL
(1) ALSO USED ON 158 FT_ BLADE PROGRAM
{2 SCI PATENT PENDING

4.3.6 Structura! Analysis

4.3.6.1 Material Properties

The proposed E-glass composite has typical tensile strength of about 50

ksi. The blade design, however, based on stiffness, fatigue, and compression
buckling requirements, results in tensiie stresses less than 10 ksi. Conse-
quently, attention is focused on the stiffness and fatique properties of the
mats rial rather than the tensile strength.

The stiffness properties of the composite laminate vary with the lay-up and
are shown for the proposed materials and prooosed glass content in Figure 4-61.
The winding process requires that about 10 percent of the filaments are hoop
(909) windings, for proper compaction of other filaments. The proposed
MOD-Z composite will have about 70 percent of the filaments oriented

axially (00), and 20 percent at + 450 orientation. These proportions will
vary slightly along the span as the total wall thicknesses taper. When the
webs are thickened near joints and discontinuities, the percentage of 450
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filaments will be increased to permit shear distribution of peak loads. The
properties shown in Figure 4-61 apply for the various regions, and have been
calculated from the lamina properties shown, considering only forces and
deformations in the plane of the web. The 450 fibers will be near the web
surfaces in order to stiffen a web element ir torsion and chordwise flexure.

4.3.6.2 Buckling Allowables

The buckling strength of a curved isotropic plate is difficult to predict,
and an orthotropic composite material presents even more problems. For
preliminary design it is necessary to use simple, conservative equations
which may be verified later by tests and more refined analysis. The first
equation shown in Figure 4-62 is for an isotropic plate. A flat rectangular
plate has the predictable buckling stress F.. of 3.6 E t2/b2. For

a plate curved to a radius p, the theoretica‘ value of 0.6 £ t/p which is
found from linear small deflection analysis is optimistic, and has been
artitrarily reduced to one-third that value in Figure 4-62. The effec:ive
moduius for calculating buckling stresses in orthotropic plates is approxi-
mately E = 'ELET where E; and Ey are equivalent values representing longi-
tudinal and transverse flexural stiffness of plate elements. A conservative
vaiue £ of 2000 ksi has been used, but a value of 3000 ksi seems feasible with
careful gesign of the lay-up. The allowables, thus derived, are considered
to be quite conservative.

4.3.6.3 Fatigue Allowables

In order to Jerive fatigue allowables for the composite biade, SCI referred
to the data from tension - tension fatigue tests run by NASA LERC on small
sections cut from an SCI subscale spar (Figure 4-63). The material was repre-
sentative of the 150 foot blade TFT/Epoxy spar. The maximum number of cycles
to failure for any of the specimens tested was 6 x 106, The MOD-2 rotor is
designed for 2 x 108 revolutions, which produce 2 x 08 cycies of loading for
one per rev loads. The NASA fatigue test data was extrapolated to the higher
number of cycles necessary in MOC-2 design by best-fitting a curve to the S-N
data using the procedura described in ASTM D-2992, Appendix X1. It was
conservatively assumed that all tests were run at a mean stress of 9000 psi,
the minimum which was actually applied in the NASA tests. A lower confidence
limit for one of the data points on the S-N curve was estabiished bv the
method given in ASTM D-2992, Appendix X2. A lower confidence curve was

drawn through this point and parallel to the nominal curve. The effect on
fatigue allowable of a flaw in the material was estimated from tests conducted
at NASA LERC by J. Faddou! on notched sampies cf materials for WTG blade
structures. Based on these data, a "knockdown factor"” cf 15: was applied to
the lower confidence limit curve to obtain the fatigue allowable for a

flawed specimen. In Figure 4-63, as may be seen, the allowabie stress

of a flawed specimen for 2 x 10° cycles is 4.08 ksi cyclic stress at a mean
stress of 9 ksi. For other mean stresses, a Gogdman diagram was constructed
as a straight line from the allowable at 2 x 10 cycles to a point repre-
senting a reduced static strength of 33.5 ksi at R=1 (R= Smin/Smax). This
Goodman diagram and the equation describing it are shown in Figure 4-54.

The composite biade fatique allowables were substantiated during the MQD-2

P.D. effort by fatigue testing conducted by Boeing on test specimens prepared
at SCI using their TFT process. Both a notched and un-notched specimen were
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tested. The test section of the specimens were five inches lcng, two inches
wide, and 0.4 inches thick. The flawed specimen had a 3/8 inch diameter hole
drilled through the center of the specimen. The specimens were tested to the
fatigue spectrum with the amplitude selected to produce a failure at § x 1C/
cycles at loading. Test results were adjusted to provide life equivalent

to the 9000 psi mean stress of the NASA test data. These two data points

are plotted on Figure 4-63 and substantiate the fatigue allowables. It should
be noted that the notched specimen was plotted based on the section g¢ross area
stress. The flaw (a2 3/8 inch diameter hole] actually results in a net area
stress 19% greater than as plotted.

4.3.6.4 Stresses and Margins of Safety

Buckling allowable stresses and the typical distribution of minimum margin for
buckling stress is shown in Figure 4-65. All points on the cross-section are
occasionally in compression. During feathering, the upwind surface is in com-
pression and the blade bends away from the tower. Points orn the leading

edge are in tension when the blade is ascending and in compression when the
blade descends, while points on the :railing edge have the opposite stresses
from dead-weight bending of the blade. In general, webs for the outer half

of the span are designed for buckling stress, and have a margin of safety of
about 0.5 with a factor of safety of 1.35, so should resist about double the
limit loads without buckling.

Typical fatigue stresses are shown in Figure 4-66 for a point near the
trailing edge on the upwind face of the blade. Approximately three-fourths
the magnitude of cyclical stresses at this point result from gravity loads,
which occur 2 x 10° cycles. The airloads are also assumed to occur this often.
Since they represent only a small part of the total stress, this assumption is
reasonable. The margin of safety, based on the limit load stress, is about
1.0, or the biade should provide 30 year life at twice the applied stress.

A more detailed analysis of the fatigue stress spectrum was performed for two
points cn the blade using the postprocessor written for the MOSTAB program.
Results are shown by the cross-hatched areas of Figure 4-64. Each of the
points on the shaded boundaries represent one loading condition at one point
on the blade. I[f the consegvative assumption is made that all fatique loading
conditions occur for 2 x 109 cycles, the condition representing the most serious
fatigue damage is the point which is ciosest to the allowable fatigue stress.
In a more refined analysis, different Goodman diagrams would be used for each
condition, and cunulative damage calculated by a method simiiar to Miner's
procedure. The preiiminary analysis, however, indicates that the composite
blade is conservatively designed for fatigue stresses.

in susmary, the preliminary design analysis indicated no stress limitations
in either buckling or fatigue. The structure was intentionally designed
conservatively in order tc permit low-cost manufacture. Stiffness to limit
airload deflection and to increase vibration frequencies was provided by
neavier root structure. The outer blade was kept light in order to reduce
gravity bending and centrifugal forces.
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4.3.6.5 Joint Attaching Blade to Hub

The composite blade must be attached to the steel hub during field erection

as shown by the joint detail of Figure 4-58. Because of the severe fatigue
environment, it is desirable to transfer loads to the composite through adhe-
sive bonds. Preloaded bolts are also used, with capability of resisting the
complete load without the adhesive bond. With each system conservatively
designed, there is little possibility of any type of progressive failure.
Metal shims are wound in the compesite to provide bearing stress capability
and to increase the elastic modulus of the composite.

The joint stresses shown in Table 4-55 are first calculated for the bonded
joint to resist all Toads without bclts. All stresses are low, and stress
concentrations are low because of the long (22 inch) scarf joint. The axial
strain of the composite is matched to that of the steel, so bond stresses

do not peak at the ends as they do for lap joints of untapered members.

Similarly, the bolted joint is analyzed for the entire applied load, neglecting
bond strength. All stresses are low, giving large margins of safety.

Table 4-55. Composite Rotor Joint Stress Summary

BONDED JOINT - (NEGLECTING BOLTS) ALLOWABLE STRESS MARGIN OF
Fixsy) L] SAFETY (Fnt-y) _ |
MAXIMUM LOADS
TENSION (HUB) 4] 10.8 55
BOND SHEAR a2 35 48
BONC TENSION (PEEL 1.0 77 120

ALT. LOADS (FATIGUE)
TENSION (HUB) 5 kX } 1
BOND SHEAR 8 73 16

BOLYED JOINT (NEGLECTING BONDY

BEARING (HUB) 120 u 25
BOLY SHEAR 75 207 26
TENSION (HUB) 70 159 d4

CONCLUSIONS: LARGE SAFETY MARGINS AND REDUNDANT LOAD PATHS
PERMIT JOINT QUALIFICATION B8Y ANALYSIS
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4.3.7 Manufacturing

Manufacturing methods for the MOD-2 composite blade were chosen for low cost
serial production, at the rate of one rotor per day, of a configuration which
meets the design requirements and low cost goals of the program. The approach
selected makes use of fabrication experience gained in the 150 ft. Composite
Blade Program by the commercial composites industry, in addition to aerospace
composites fabrication technology.

4.3.7.1 T.F.T.* Winding

The basic TFT process derives from a process used in the commercial filament-
wound pipe industry. This process was conceived and reduced to practice by
SCI in ancicipation of the 150 ft. Composite Blade Program. It was used to
fabricate the 142 ft. long, 20,000 1b. D-spar, which was the primary structural
element of the blade and comprised 85% of the composite weight.

Figure 4-67 shows the process schematically. Note that the 150 ft. spar used
a rotating mandrel with a steady rest, in a lathe-type winding machine, while
the proposed MOD-2 process uses a stationary mandrel in a ring winder* machine.

The stationary mandrel eliminates the mandrel deflection and fatigue problems
encountered in the 150 ft. Blade Program and two previous NASA composite blade
programs (the 60 ft. Blade and MOD-1). Stationary mandrels facilitate fabri-
cation of the multiple-spar biades like the MOD-2, since the chordwise center
of gravity of the mancrel stack has no effect on the rotating ring element. In
addition, the mandrels are held in place by gravity (except the inner blade
leading edge mandrel) and are in their stiffest orientation, with chordlines
vertical.

A structural analysis of the inner blade mandrels was performed. A maximum
mandrel static stress of 6500 psi and deflection of 1.12 inches are predicted,
as compared with 6 inches deflection and 14,000 psi reversing stress for the
rotating mandrel used for the 150 ft. blade spar.

4.3.7.2 Inner Blade Fabrication Sequence

Figure 4-68 shows the inner blade fabrication sequence in schematic form.
The box spar mandrel is set up in the ring winder, with the hub and spindle
box, as in Figure '4-67 and 4-69. Note the bucking ring and jacking ring
a;rangement in the latter figure, where the winding ring has been removed for
clarity.

Box Spar Winding

In the first winding step, this mandrel is TFT wound to form the box spar. The
leading and trailing edge mandrels are added and faired to the box spar with
splined syntactic foam.

Blade Shell Winding

In the second winding step, the cuter blade shell is wound over the uncured box
spar and leading and trailing edge mandrels. As shown in Figure 4-70, the
spindie box and hub joint area are overwound in this same step. The wire mesh
lightning protection and molded trailing edge fairing is then added to the wet
wounda assembly.

* Patent Pending 4-104
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Figure 4-67. Composite Rotor Ring Winder Concept
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Figure 4-68. Composite Rotor inner Blade Assembly
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Figure 4-70. Composite Rotor Fabrication Sequence

| ’
’ OBSERVATION PORTS
= EZd) Y
009 3
CONTROL CONSOLE ~ %% |
L J
PREGEL AND CURING OVEN

Figure 4-71. Composite Rotor Curing Oven

PREGELLED BLADE
/ ASSEMBLY

FINISH AND PAINT UNIY
Figure 4-72. Composite Rotor Finish and Paint Unit
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Painting and Curing

A portable oven is placed over the assembly as in Figure 4-71 to gel the
resin. The blade is then painted as in Figure 4-7¢ and is returned to the
oven to cure.

Freeing Mandrels

After cooling, the blade is supported on wheeled dollies and the winding
machine tailstock is removed. The fasteners which connect the mandrels to

the spindle box are removed, as are those connecting the leading and trailing
edge mandrels to the box spar mandrel and hub. As shown in Figure . 4-73,

the hydraulic jacks are actuated to free the box spar mandrel. Flexible links
are installed and the jacks are again actuated, as in Figure 4-74 to free
the leading and trailing edge mandrels.

Mandrel Extraction

A winch cable is attached to the spindle box, as shown in Figure 4-75, -nd
the blade is pulled clear of the mandrels. Recessed mandrel supports rise
vertically to take the weight of the mandrel as it is exposed by the moving
blade.

4.3.7.3 T°p Blade Fabrication Sequence

The tip blade fabrication sequence, shown in Figure 4-76, differs from the
inner blade sequence mainly in the way the mandrels are stacked up during
winding. The three tip mandrels are too small to allow internal access for bolt
installation and removal. However, bolts are not necessary, since gravity holds
the two afterbody mandrels in place on top of the leading edge D-spar mandrel.
The mandrels are located and aligned by soft shear pins, which merely shear off
when the mandrels are extracted.

4.3.7.4 The Hub and Shaft Receptacle Installation

The tip section metal shaft receptacle is used as a winding mandrel in a manner
analogous to the way the hub is used on the inner blade. Both are covered with
a reiease film, temporarily bolted to the mandrels and are removed from the
finished blade section along with the mandreis. They are then reinstalled by
polting and bonding. However, the hub joint is made up in the field, while the
shaft receptacle is installed at the manufacturing plant. Note that the hub
section must be returned to the winding machine for winding of the second inner
blade section. This is shown in the prcduction flow sequence, Figure 4-77.

4.3.7.5 Trailing Edge Fairing
Figure 4-78 shows the fabrication of the trailing edge fairing by hand

layup. Installation on the blade is illustrated in Figure 4-79.
(See also Section 4.3.5.6).
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Figure 4-74. Composite Rotor Mandrel Extraction
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Figure 4-75. Composite Rotor Mandrel Extraction
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AND M0-SECTICN

Figure 4-76. Compasite Rotor Tip Blade Assembly

{ WAIOR RAW MATERIALS

Figure 4-77. Composite Rotor Production Flow Sequence
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Figure 4-78. Composite Rotor Trailing Edge Fabrication

Figure 4-79. Composite Rotor Trailing Edge Assembly
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4.3.7.6 Finishing, Final Assembly

Referring to Figure 4-77 the major finishing steps include match

drilling of the hub joint, installation of the electrical and hydraulic compon-
ents, and preassembly of the rotor at the plant for dimensional and functional
checks.

4.3.7.7 Production Plant Layout

Figure 4-80 shows a proposed plant layout for composite fabrication and
rotor assembly. It is assumed that the metal parts, hardware and electrical
and hydraulic components would be outside purchase. This plant would have a
capacity of two blades (one rotor) per day. Note that two identical mirror
image modules are proposed. For lower production rates, one module could be
used. For very low rates {one rotor per week or less), the same winding machine
could be used for both inner and tip blade sections. Figure 4-81 ~ shows
this production plant layout incorporated into a fully equipped, independent
manufacturing plant.

4.3.7.8 Shipping

Figure 4-82 shows the proposed arrangement for shipping an entire rotor
on two flatcars. Local movement, from railhead to WIG site, will be accom-
plished by truck. The 142 ft. spar for the 150 ft. blade was shipped in thms
manner from Mira ‘oma, California to Bloomfield, Connecticut.

4.3.7.9 Quality Assurance

Tables 4-56, 4-57, & 4-58 1list proposed Guality Assurance provisions for the
MOD-2 Composite B'ade. The tables list the various tests and inspection steps
under the headings of Receiving Inspection, In-Process Inspecticn and Assembly
Inspection.
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Figure 4-80. Composite Rotor Production Line Arrangement
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Figure 4-82. Composite Rotor Proposed Shipping Arrangement
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Table 4-56. Quality Assurance Receiving Inspection

RESIN SYSTEM

REINFORCEMENTS

VISCOSITY

GEL TIME

SPECIFIC GRAVITY

BARCOL HARDNESS (CASTING)

CERTIFICATION TO MIL-R-9300

PREIMPREGNATED MATERIAL
RESIN CONTENT
INTERLAMINAR SHFAR - CURED
RAZCOUL HARDNESS - CURF.D
VISTAL

STORAGE CONTRCL

YIELD - WEIGHT ‘YD

TENSILE STRENGTH

MOISTURE CONTENT

SIZING CONTENT

END COUNT

DIMENSIONAL COCNFORMANCE
CERTIFICATION TO MIL-R-66346

HARDWARE

SUFPORT MATERIALS

COATNGS - CERTIFICATION
ADHESIVES - CERT ICATION

SHIMS - CERTUICATION

CIMENSIONAL

MATERIAL CERTIFICATIONS

WELDING INSPECTION/CERTIFICATION

Table 4-57. Quality Assurance In-Process Inspection

—

FOINTS AS INDICATED I8 MANUFACTURING SHOP ORDER

TCQLDNG PREFPARATION

WINDING PATIERN

MANDREL SURFACT - RELEASE

RESIN FCRMULATICON

METERING DEVICE ACCURACY
PREPRODUCTION GEL TIME
CONSUMPTION BY WEIGHT

BAND PLACEMENT
WIND ANGLE

LATYER COUNT
TERMINATION POINTS
VISUAL QUALITY

FREIMPREGNATED MATERIALS

TRAILING EDGE FAIRING ASSEMBLY

RESIN CONTENT
VISUAL/DIMENSIONAL CONFORMANCE

FILAMENT W INDING

FABRICATED PART ACCEFTANCE
AFPLICATION OF ADHESIVE
APPLICATION OF PRESSURE JIG

PREPREG ACCEPTANCE VERIFICATION
ROVING ACCEFTANCE VERIFICATION
TENSION

RAND WIDTH AND UNIFORMITY
COMBINF.D SAND YIELD

COMBINED RBAND RESIN CONTENT
CONSUMPTION BY WEIGHT ASSEMBLY
ASSEMBLY

COATING APPLICATICHN

)

VERIFY PREGEL
COATING ACCEPTANCE VERIFICATION
COATING APPLICATION

CURE CYCLE

COMPOSITE TIME/TEMPERATURE PLOT
OVEN TIME/TEMPERATURE PLOT
CURED HARDNESS
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Table 4-58. Quality Assurance Assembly Inspection

POINTS AS INDICATED IN MANUFACTURINC SHOP ORDER

CURED BLADES

DIMENSIONAL CONFORMANCE

THICKNESS CONFORMANCE

CENTER OF GRAVITY AND TOTAL WEIGHT
SURFACE QUALITY

WITNESS SAMPLES - TEST

COMPONENT ASSEMBLY
HUB ASSEMBLY HOLE PATTERN/BOND
SPINCLE BOX INSTALLATION/BOND
TIP INSTALLATION
RACEWAY INSTALLATION
HYDRAULICS INSTALLATION
ELECTRICAL INSTALLATION
FAIRING CLOSEOUT INSTALLATION

FINAL INSPECTION
LICHTNINC SCREEN CONDUCTIVITY
ELECTRICAL CRCUIT CHECR
HYDRAULIC CIRCUIT CHECK
ASSEMEBLED WEIGHT
ASSEMBLY CENTER OF GRAVITY
SURFACE QUALITY

4.3.8 M0D-2 System Compatibility

The composite rotor can be utilized on the MJD-2 WTS with very minor or no
modification to the system as designed with the steel rotor. This is primarily
due to the fact that the composite rotor is designed to meet the frequency
requirement. As discussed in Section 4.3.5, the blade chord and depth was
increased over the steel blade dimensions from the 0.5 span to the 0.05 span
tn provide the necessary stiffness to achieve the frequency requirement. This
stiffness results in blade tip deflections and tower clearance as shown in
Table 4-59. As noted, the composite blade has a tip deflection of 23.6
inches greater than the steel blade. This added deflection poses the problem
of adequate clearance with the tower. Although the current estimate of the
composite rotor tower clearance is 13.8 inches, the study recommends that

the clearance be specified as the same as the current estimate of the steel
rotor clearance (37.4 inches). This 23.6 inch increase can be accomplished

by any of the following three methods.

1. Pre-coning of the composite blade by 0.8 degrees.
This apprcach has not been studied, but is estimated to have
negligible effect on performance or loads. 3Steel or composite
biades could then be interchangeable without system modification.
2. Tilt of the rotor axis approximately 0.2 degrees.
This approach has not received detail analysis, but is a minor
impact solution which could be used fov either the steel or
composite rotor to provide for interchangeability of rotors.
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3. Extend the low speed shaft.

This approach was analyzed and was found to require a negligible
impact on system design and cost as shown in Table 4-60. Because
the compasite rotor is lighter than tke steel rotor, the only
system impact is the length of the low speed shaft. This approach
is a low cost modification, but would not provide for interchange-
ability of rotors.

Table 4-59. Rotor Tower Clearznce

I DIMENSTONS IN INCHES
TeeTer | FLex. | TP | 0.5°] TomeR | SHAFT | CLEAR-
ROTOR DEFL. | DEFL. | chOrD] SHAFT | moTIon | EXTER.| ANCE
ANGLE
Steel v67.5 155.7 | 5.5 |-15.7 |-12.4 { o 37.4

Composite i157.5 79.3 15-5 -15.7 {-12.4 23.6 37.%

Table 4.60. Composite Rotor Systermn Impact

@ Nacelle Structure - No change
® Yaw System - No expected change to hardware cost
e Bearing - Combined overturning moment reduced 8%

- Dead weight reduced 8%

a4 v 0 i st mmpenets et WO

e Drive - Limit torgue increased 9%
® Drive Train
e Low speed shaft extended - wt. increase 1300 1b.

e Radial bearing loads essentially unchanged

|
!
e Tower - no change. Tower structure is strength designed |
{
|

| @ Foundation - Difference insignificant

"
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4.4 SPECIFICATION AND CONSTRAINTS SENSITIVITY

At the time of the start of the MOD-2 contract, some of the specifications
and constraints listed in exhibit B of the contract were based on previous
experience with smaller wind turbines. Therefcre BEC evaluated each speci-
fication and constraint in exhibit B to determine if a change in a particular
specification or constraint would lead to a lower cost of electricity, a
ionger service life, or a lesser programmatic risk. This section reports

the results of the various analyses.

4.4.1 User Raquirements

This section discusses the user requirements listed in axhibit B of the
contract that are closely associated witk operation of the wind turbines.

4.4.1.1 Cortrol Strategy

Specifications required determination of fixed or variable speed rotor.
Tne results were as follows (Figure 4-63):

150

©® VARIABLE SPEED RQTOR CAPTURES
o : 61 MORE ENERGY BUT OFFERS
T 0 4= HIGHER RISK DUE TO WIDE ROTOR
S SPEDD RATID \ REQUIRED
- H
o«
2520 COISTANT APM — ® FIXED PEED ROTOR WIND TURBINE
= LESS COSTLY
iz i
- -
5 2 100 ———///— SPECIFIED DESIGH P T ST or Eagny T S -S1/mM

<
® FIXED SPEED ROTIR CONTROL STRATEGY
- SPECIFIED
1
1 20 3 a 50

SPECIFIC PIWER (P) - W/FT2

Figure 4-83. Effect of Control Strategy on Energy Output

4.4.1.2 C.c-In Wind Speed
Specif-_.ation required operation at reduced power between cut-in and rated

wind ,pezed. The objective of this analysis was to determine the most economical
veiue of cut-in wind speed. The results are as follows (Figure 4-84):
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Wind speed, mph (@ hub height)

Figure 4-84. Wind Speed Versus Power Output

4.4.1.3 Cut-out Wind Speed

The contract specification required rated power between rated and cut-out
wind speed. The objective of this study was to determine the most economical

value of cut-out wind speed.

45
40
Cost of
electricity .
£/xWh
35
Specified cut-out wind speed
:.
30 k-3 40 45

Cut-out wind speed, mph (@ hub height)
Figure 4-85. Cut-out Wind Speed Versus Cost of Electricity
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The results are as follows (Figure 4-85):

© Blade weight and cost increase
small between 40-50 mph
cut-out (< 1%)

@ Energy output decrease between
infinite cut-out speed and
45 mph speed is only .75%

@ Load transients at higher cut-out

windspeeds due to emergency
shutdown are greates

® Cost of elctricity decrease above
45 mph is small

© 45 mph selected as cut-out wind
speed



4.4.1.4 Design and Rated Wind Speed

Specification required the highest efficiency between cut-in and rated wind speed.
In order to satisfy this requirement, the design wind velocity was selected as
that wind speed where the specific energy output (kWh/sq. ft/yr) is maximum

for the design specific power rating (35.4 watts/sq. ft). Design wind velocity
is that wind velocity at which the rotor produces maximum efficiency and is the
basic parameter for a given rotor, which determines the rotor rpm. Separate
studies showed that the cost of electricity was minimum where the specific energy
was maximum. The results are summarized as follows (Figure 4-86):

MEAN WIND SPEED = 14 wPH (30 FT)

160 o |PATED SPECIFIC
Cpm, 10- power (Ps) @ Cost of electricity is minimum at wind
(¥/5q. Ft.) speed where specific power is maximum
140 e 50 ® The specific power rating of MOD -2 is
| I 35.4 watts/sq/ft of rotor area and energy
- /f—\o output peaks at wind speed of 20 mph
s {Design P5)~ =~ ~ < ‘an wi
p P ~ ® Design wind speed selected at 20 mph
z 120 .0 (DESIGN P8} Rated wind speed that is compatible with
2 1% the design wind speed is 27.5 mph
> ‘ |
2 100
o |
2
T
] / /_\0
Y 4 SPECIFIED
DESIGN YELOCITY
{
60 1 1 1
10 15 : 20 25

Design velocity (mph) @ hub height
Figure 4-86. Selection of Wind Speed

4.4.1.5 60 HZ Power in Megawatt Range

This specification required that MOD-2 generate three-phase, 60 HZ power in the
megawatt range. Studies showed no penalty in the generation of three-phase,

60 HZ power since a majority of the available generation equipment has these
characteristics as standard. The trade studies (4.2.7) showed that the most
economical rating for MOD-2 in the 14 mph, mean wind spectra is 2500 kW as
shown in Figure 4-87.
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Sad ® 2500 kW is best rating
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E 3.6 &-—4 ® 3 phase, 60 cycle power is most
u SPECIFIED economical and adaptable
o DESIGN RATING
g
3.4 1500 2000 2500 3000

GENERATOR SIZE - KN
Figure 4-87. Selection of Design Power Rating

4.4.1.6 30 Years Useful Utility Service Life

This specification required that the wind turbine, including all components,

be designed for a useful utility service life of 30 years. These studies
showed that cost of electricity increases with decrease in service life less
than 30 years and that 30 years is the optimum life. In these analyses side
trade studies were made as to the effect of periodic replacement of some parts.
Periodic replacement was used in all cases where the use of replaced, but lower
cost parts, lowered the cost of electricity. This study is summarized below
(Figure 4-88):

60
® Levelized fixed charge rate
established by standard economics
FCR3g years = 18%
5.0 \ ® Major life sensitive components
. are the rotor and the gear box
Cost of electricity, . L
¢AWh iaty Inital costs = $1,638K @& Periodic replacement considered
\ in cost assessment
‘\ ® 30 year service life selected
N
40 AN
N

. f S
Intial cost varisble Specified aesign life

with service life
3.0 I ~_|
7 10 20 30 40 50 60
Service life, years

Figure 488. Effect of Service Life on Cost of Electricity
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4.4.2 System Design Requirements

This section documents the sensitivity studies, as applicable, that are listed
in section 2.0 of exhibit B of the contract (System Design).

4.4.2.1 Mean Wind Speed

Specifications required that the design yearly mean wind speed be 14 mph at
30 ft. reference height. Studies were made at other annual mean wind speeds
for a rating of (a) 2500 kW and 300 ft. rotcr diameter and (b) for optimum

(lowest cost of electricity) diameter and power rating. These results are
shown as follows (Figure 4-89):

5.0r
I
T
45 i
= ! !
= : i
x kk\ | .
- 4-01‘\ : ® Mean wind speed has a
: | significant effect on energy
z /—MOD-Z design point cost
':".’ 35 H ! i
3 | E eM0D-2 design can be used over
:‘.6’ 30 iMOD_g WTS a wide range of mean wind SpeedS
2 ' | gig'é‘a":\"v' 300 ft, eMOD-2 has good siting versi-
o : - ‘ tility when compared to wind
25 \\\\;ﬁ : turbine designed for higher
T~ wind sites
Optimum Dia & kWJ \\1 —
2.0L { | i | Tt

12 14 16 18 20 22 24
Mean wind speed - mph (at 30 ft)

Figure 4-89. Effect of Mean Wind Speed an Economic Performance

4.4,2.2 Extreme Wind Speed

The Specification required that the extreme wind loads be computed for a 120 mph
wind at the 30 ft. reference height. When the boundary layer is considered,
this design maximum wind becomes 127 mph at the rotor hub. Recurrence interval
vs wind velocity was investigated for Central Wyoming and the Southeast coast
of the United States and are plotted in Figure 4-90. Specification winds are
shown to occur once every 500 years in Wyoming and approximately every 60 years
on the Southeast Coast. These data are from pages 26 and 30 of W. Frost and

B. H. Long, "Engineering Handbook on the Atmosphere Guidelines for use in Wind
Turbine Development", Final Report NASA/MSFC Contract NAS8-32118, University of
Tennessee Space Institute, November 1977.
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Loads due to extreme winds comprise critical design conditions for only two
structural coemponents: the reinforced concrete foundation and the tip of the
steel rotor blade. This sensitivity study compares the cost of designing to

an extreme wind speed value versus the cost of failure due to the extreme winds.
The cost of failure data has been developed from a rigorous probability of
failure analysis.

These studies were based on the following assumptions:

1. Applied structural loads (L) may be obtained from a
deterministic function of the fastest-mile wind;
that is, fastest-mile wind sneed is the only random
variable involved in the determination of struc-
tural loads.

2. Component internal structural loads (S) may be
expressed in terms of wind speed.

3. Both applied and internal loads as well as strength variations
may be adequately represented by the lognormal probability law.

4. The reliabilities of a few individual structural components
may be considered independently.

With these assumptions, the probability of failure of an individual structural
component over the 30-year life of the MOD-2 wind turbine was estimated using
allowable strength probabilities corresponding to MIL-HDBK-5 allowables with

an assumed coefficient of variation based on a corresponding factor of safety.

These values were:
FOUNDATION ROTOR TIP

Factor of safety 1.50 1.25
Allowables (PA) “B" (0.90) "A" (0.99)
Strength Coefficient of Variation 0.25 0.15

The reciprocal of the calculated failure rate (mean-time-to-failure) is
shown in Figure 4-91.

With the above calculated probabilities of failure, the MIBF is applied to
determine the percentage of a failure cost per year. The cost of a failure of
the foundation is the complete loss of the WTS ($1,942,000). The cost associated
with Toss of the tip blade panel ($120,000) is the material cost for repair, -plus
the installation cost for repair, plus the cost of lost electricity during the
forced outage time. Since the cost of failure is assumed as a uniform annual
cost over the life of the machine, a levelizing factor of 2.0 is applied to
account for capital recovery, return on investment, and rate of inflation over
the system lifetime of 30 years. The annual cost of failure is then divided

by the fixed charge rate (FCR=0.18) to derive the equivalent initial cost.
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Figure 4-91. Structursl Failure Probability Due to Extreme Winds
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The results of the sensitivity studies are shown in Figure 4-91.1. The effec?
of extreme wind criteria on the initial systems cost is shown by the dashed
lines. As noted, below 100 mph the tip blade panel is fatigue critical ratner
than designed by the extreme wind. In Figure 4-91,1, the equivalent initial costs
of failures are plotted as a delta cost from the specified design extreme wind
speed. Examination of these data show that the new cost optimum for Wyoming
would be an extreme wind speed of approximately 100 mph at hub height for both
the foundation and tip blade. However, at the higher wind frequency ot Cape
Hatteras or Florida, the 127 mph wind speed is the least cost design point.
Since the savinas which could be realized for Wyoming are very small, it is
appropriate to reduce risk by designing for the sites with higher extreme winds.

4.4,2.3 90% Minimum Availability

The MOD-2 availability requirement of at least .90 was examined to deter-
mine if it was a cost effective level. A preliminary reliability analysis
based on the use of commercially available components was conducted to form
a baseline for further trade studies. Major components were then examined
to determine if additional expenditures would be justitied to increase
reliability. Sensitivity studies that traded availapility vs increased
cost were conducted for the rotor, gcarbox, generator, and electrical/elec-
tronics components. It was determined that expanditure of additional
funds was not cost effective for any of these items with the exception of
the electrical/electronic components where selective redundancy was applied.

Additionally, various maintenance concepts were cost traded to arrive at the
least cost logistics support elements. It was determined that a two man
shift, two shifts per day was optimum for a 25 unit WTS farm and that it was
cost effective to have a full complement of spares on site.

Based on the above studies it was determined that the .90 availability
requirement was cost effective and that a .96 availability goal was appropriate.
See section 5.4 for a more thorough discussion of the reliability/main-
tainability analyses.

4.4.3 Environmental Constraints

This section documents the applicable sensitivity studies that were applied
to the specifications in section 3.0 of exhibit B.

4.4.3.1 Wind Speed Duration Profile

Sensitivity studies of the wind speed duration profile to energy output were
conducted and are shown in Figure 4-9¢. Wind duration profiles were also
examired for several D. 0. E. sites which are now under investigation and

it was concluded that a Weibull 'K' constant equal to 2.27 gave a distribution
of wind duration that most closely approximated a majority of the sites. A
constant of 2.27 has been used widely in the MOD-2 performance analyses

and produces near maximum energy output at the design specific power

loading of 35.4 watts/sq. ft. These data are summarized in Figure 4-92.

4.4.3.2 Atmospheric Density

Sensitivity studies were conducted to determine the effect of atmospheric
density on the energy output of the MOD-2 wind turbine. These studies
were made on MOD-2-103 which used a constant power law wind profile. This
study is summarized as follows for density changes due both to temperature
and altitude (Figure 4-93).
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4.4.3.3 Effect of Ground Surface Roughness

The effect of the surface roughness was studied to determine the effect on cost
of electricity. Surface roughness causes a change in wind srofile and the
rougher the surface the greater the average wind changes with increase in

height above the ground. Therefore, a rougher surface will produce higher fatigue
loads in the components, especially the rotor. If the mean average wind is
considered constant at the rotor hub, the cost of electricity increases with
increase in surface roughness. This study is summarized in Figure 4-94.

LR
l L. ® ENERGY QUTPUT AT
LEVEL JERRAIN / WOODLAND SITE OOWN 145
E © WOODLARD INCREASES COST OF.
Sus k- m:&uummmm
= u SING FROM INCREASED
’3‘ ——— O WIND PROFILE GRADIEXT
2 M00-2-103 SPECIFICATION
= @ 2 o © M00-2-103 WTS DESIGNED FOR
s 3 § 2 HIGH GRASS WILL HAVE LOVER
g3 FATIGUE LIFE AT WOOOLAND
© 2 3 g SITE
—“ ES
3.4 1 — ‘ 1 1 ll
0 2 .S 1.0 2.0

SURFACE ROUGHNESS LENGTH, FT. *
Figure 4-94. Surfsce Roughness Effect on Cost of Electricity

* Reference: NASA PIR 70, revised wind shear power law model,
D. Spera and T. Richard, dated 9/11/78
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4.5 FAILURE MODE AND EFFECTS ANALYSIS
4.5.1 Introduction

The failure mode and effects analyses (FMEA) were performed during
preliminary design in order to identify all MOD-2 failure modes and to
ensure that the resulting effects are (1) acceptable from a personnel
safety standpoint and (2) fail safe or, if not fail safe, represent least
cost solution (i.e., result in the lowest cost of electricity). The
complete FMEA is contiined in a document titled "M0OD-2 Failure Mode and
Effect Analysis", dated November 2, 1978 and submitted to NASA as part
of the PDR data package.

The FMEA's were completed by the cognizant designers and reviewed by

system engineers and a reliability specialist. In general, fail safe
design is employed wherever cost effective and a safe life design is
employed for single thread structural items such as the rotor. The failure
severity code used in the analysis is described in Table 4-61 and an
example of a completed FMEA worksheet is shown in Figure 4-35. Completion
of the FMEA's by the designers as an in-line part of the design process
resulted in numerous .design changes to either prevent sericus failure modes
or reduce their impact.

Whenever applicable, failure frequency data has been included in the analyses.
This data was used to quantify the probability of occurrences and hence

the impact on the cost of electricity. The major sources for the failure
frequency data is as follows:

1. Non-electronic Reliability Notebook, Rome Air Development Center,
January 1975, AD/A-005 657

Reliability of Electrical Lquipment in Industrial Plants, IEEG Survey
Component Removal Data - 727, 737, 747 Commercial Aircraft, Compiled
by the Boeing Company

4. Component Removal Data - 137 Helicopters

5. RADC Reliability Notebook-

[FE NN

The "k" factors used to account for environmental differences were based on
the foilowing groundrules:

1. Rotor - equivalent to helicopter and "unmanned aircraft" environment
2. Nacelle equipment - equivalent to "marned aircraft" environment
3. Ground equipwent - equivalent to "ground, stationary" environment

4.5.2 Summary of Results

Over 750 failure modes were analyzed and numerous corrective actions were
implemented to preclude costly failures. Special attention was directed at
all potentially catastrophic failure modes; the results of this effort are
summarized in Table 4-62.

Wherever practical, redundancy is used to preclude catastrophic failures.
Safe life dcsign is employed for items whose failure could cause sericus
damage, but could not be made redundant (e.g., blade fatigue cracks). The
ability to control each rotor pitch control surface independent of the
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other precludes several potentially serious failure modes, such as control
linkage binding or bearing failures (the MOD-2 design provides for an orderly
shutdown with just one control tip operative). The most probable,

potentially catastrophic failure mode is the rapid progression of a fatigue
crack in the blade. Boeirg has developed a crack detection system which

is designed to initiate an orderly WIS shutdown prior to suffering significant
rotor damage.

Table 4-61. FMEA Safety and Failure Severity Categories
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MOD-2 Failure Mcde and € *fects Analysis

SUBSYSTEM CUMPONENT PAGE 7Y
g NACELLE - EPS POWER CABLE TO 1HE YAW ORIVL 575 gepgano 6. €. 2.

FUNCT 12N OF COMPONENT

PROVIDE A PATH FOR THE FLOW OF ACCESSORY POWER DR UPERATICN OF THE YAW DRIVE SYSTEM.
CABLE RUNS FROM TAE CIRCUIT BREAKER PANEL iN THE CENCRATOR ACCESSORY UNIT 10 THE YAW

| _DRIVE SYSTLM. _
FAILURE MODES & EFFECTS . ! APPLICABLE
1 Cable is open c:rcuited. WIS shuts down | __OPZRATING MOUES
' £, G, K
2 (ahle is shorted to greund, protective circuitry clears, WIS
| shuts down F, G, H
R
3
—_ -
4
FAILUR: FREQUENCY FAILURE SEVERsTY
FAILUKE | COMPONENT MEAN TIME 1
FAWLURE { MQDE £ AILURE RATE BETWZIEN FAILURE MINIMAL MARGINAL CruTICAL CATASTROPHIC
MODE NQ | FREQ % x 10 [ PER HOUR {YEARS! ] i 1ER v
- i
1 75 .15 >1000 ! ' X _
|2 | 25 .15 >3000 P
| ! ‘

FAILURE DETECTION METHODS

1 & 2. Power output from KIS indicates zero.

~
-

3

DISTCUSSION ANG CORRECTIVE ACTION (IF APPL ICASLE)

Yaw drive hydraulic pump mgtor does not run or develcp sufficient cower to _
maintain vaw accumulator pressure. Excessive difference between nacelle posilion

indicator and wind sensors initiates shutdown. _

INAME G. TRusk/ H. ROTH [DATE 8/17/74
REY., A TR
RATING MODES J

OPERATING MO Rev. 10/25/78

A SHUTODOOWN O TRANSITION TO STANTCBY C OPERATE

B8 TRANSITION TOWARM.UP E STANCBY N . TRANSITION TOFEATHER

C WARM UP F TRANSITION TO OPERATE i. FEATHER
78 K6162.001 Figure 4-95. Example of FMEA Worksheet
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Table 462. Summary of Msjor Modes and Eirerts
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4.6 UTILITY INTERFACE ANALYSIS

Technical information exchange meetings were held on three occasions with
representatives of utility companies to determine the suitability of the
utility interface. Participation in each of the meetings is noted in Table 4-63.

Table 4-63. Utility Interface Meeting Participation
Meeting Date Participants

October 27, 1977 Bonneville Power Administration
Pacific Gas and Electric Co.
Portland General Electric

NASA Lewis

Boeing

February 8, 1978 Bonneville Power Administration
Pacific Gas and Electric Co.
Portland General Electric

NASA Lewis

Boeing

July 25, 1978 Bonneville Power Administration
Bureau of Reclamation

Pacific Gas and Electric Co.
Portland General Electric
Southern California Edison

NASA Lewis

Boeing

As part of the agenda for each meeting the design and operation of the
MOD-2 WTS, as it was defined at the time, was described. The informal
presentations were interrupted by questions that reflected the special
interests and concerns of the utilities. The discussions, centered around
these interruptions, focused attention on specific design areas. Later
assessment ~y Boeing resulted in informal trade studies, analyses, prac-
tical alternatives and further refinement of the conceptual and preliminary
designs. The meetings significantly impacted the configuration of both

the control and electrical power systems in the areas noted in Table 4-64.

Table 4-64. Utility Suggested Design Criteria

1. Interface with Utility Transmission Line
2. Simplify Utility Manual Controls

3. Operate Generator at High Power Factor
4, Eliminate Diesel Driven Generator

5. Accept Power Swings of 0 to 100%

4-131



An early concern of the utilities was associated with power surges due to
wind gusts and their effect on the quality of power deliveored to customers
near the wind turbine. Of specific interest was the method to be used to
meet voltage flicker standards. Based on a Boeing analysis, it

was concluded that supplying local customers was incompatible with the
design concept. The MOD-2 WTS was being desiqgned to generate large blocks
of power and deliver them to a utility to supplement existing generating
capacity. Because of the non-continuous availability of wind power and
the need for complex load management, direct delivery to customers
appeared uneconomical. It was concluded that MOD-2 utility in -erface
should be constrained to require the delivery of power to a utility trans-
mission system where it could be combined with power from continuously
available sources, thus providing load reduction on these other sources
when wind power was available. Contrcl of power quality woulcd be main-
tained by the continuous source if it provided an order of magnitude more
power than the Wind Turbine System. Using this concept, customers would be
supplied from a distribution system that was in turn supplied from the
transmission system,and the quality of power delivered to a customer would
be unaffected by the action of the Wind Turbine System. This concept is
used by the utilities for their smaller power sources and it permits the
output from the smaller sources to swing from 0 to 100% of their rating
without creating significant power line disturbances.

Through our interfacing with the power utilities it was established that

the remote, manned utility station, has only limited control of the Wind
Turbine Sys*em (WTS). This control should include the following capabilities:
to enable and disable power production from the WTS; to display the following
operational parameters at the WTS: wind data, blade pitch position, rotor
rpm, power output, and status of the WTS. Also to be included was a form of
aierting the remote attendant of an occurence of a problem at the WTS; and

to display operational historical data upon request to aid a "probable cause"
troubleshooting of the identified problem.

The generator proposed for use in the Wind Turbine is a standard machine in
reqular use throughout the country. It is rated to deliver power efficiently
at load power factors as low as 0.80. In the utility meeting it was pointed
out that the utilities continuously attempt to optimize the efficiency of
their systems by transmitting power at near unity power factor. In recog-
nition of this practice it was concluded that Boeing performance analysis of
the Wind Turbine System should use a load power factor greater than that of
the generator rating. A value of 0.95 was selected for use in the analysis
to recognize that optimum operation of this system could not be contin-
uously maintained.

As a result of a maintenance and inspection concern expressed during one of
the meetings, the use of a diesel driven generator for standby power was
reassessed. Use of this device would require regular start-up by maintenance
personnel to assure its availability and require periodic inspection of its
fuel storage facility by a safety inspector. The reassessment identified the
standby power loads and their function. It was concluded that the unit could
be deleted from the design. Certain critical control system loads will be
supplied by the station battery. It contains sufficient capacity to main-
tain the system for an adequate period. Other standby loads were the heaters re-
quired for cold weather operation. Their loss is acceptable. Further dis-
cussion of the deletion of the diesel driven generator is provided in this
report in Section 4.2.4.2,
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5.0 SUPPORTING ANALYSES AND VERIFICATION

Development of the MOD-2 design relied heavily upon a number of analytical
relationships. Many of these analysis tools had been substantiated on previous
programs, but others had to be verified by tests. This section describes the
methodology used to ensure that the analyses used to support the selection

of each design feature was accurate and gave the best results pessible.

The general approach used to achieve accurate analysis tools was as follows.

If a recognized analytical technique, formula or computer program was already
in general industry use, it was applied to the MOD-2 trade studies. If such
tools did not exist they were developed and verified oy comparing their pre-
dicted results with test data. In some cases it was necessary tc conduct tests
(e.g. structural fatigue, buckling, wind tunnel tests); the analyticai tools
were then changed as appropriate to reflect the empirical results from the
tests.

The following sections describe the analyses programs, their development,
and sample results.

‘5.1 STRUCTURAL ANALYSES ARD VERIFICATION
5.1.1 Code Verification

REQUIREMENT: It was required that the contractor verify (wherever practical)
all computer codes used in the analysis of rotor blades and coupled dynamic
loads.

APPROACH: The approach to code verification taken by Boeing for MOD-2 was
as follows:

(1) Identify existing codes used by industry for each design condition

(2) Obtain a verified computer code available in industry as the prime
analytical code

(3) Assure that the version of the code obtained is traceable to previous
verification work

(4) Identify additional required future code modification

(5) Perform tests required for further verification

COMPUTER CODES: The primary computer code obtained by Boeing for rotor loads
analysis is MOSTAB. This code has been verified for full-span fixed rotor analy-
sis by correlation with MOD-2 test data. In addition to MOSTAB, other computer
codes are required for structural analysis of various aspects of the WIS system.
These computer codes have all been verified by many years of .sage in previous
hardware programs and correlation with test data. A list of computer codes

used in the MOD-2 program is shown in Table 5-1.

MOSTAB/MOSTAS VERIFICATION: Test programs were conducted to verify the MOSTAB
code for a teetered, partial span rotor, and to verify the MOSTAS (svstem) code
for loauds analysis of rotors on a soft tower wind turbine systen. Testing was
done on a 1/20 Mach scale wind tunnel model of the MOD-2 WTS. Test results
were as follows:

Performance: Good correlation of power vs collective pitch was achieved with
MOSTAB as illustrated in Figure 5-1.
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Table 5-1. MOD-2 Computer Codes

NAME OF PROGRAM

TYPE

APPLICATION

MOSTAB
NASTRAN

BOSOR-4

STAGS
GEM-1 +
SECTIONS
LSD =

C-60
L-01
EASY »

Rotor loads analysis
Finite element dynamic
& stress analysis
Analysis for shells
of revolution

Shell analysis
Aerodynamics

Section properties
Structural dynamics
simulation

Rotor dynamics prog.
Blade loads & flutter
Control simulation

MOD-2 rotor loads
Rotor & tower natural
freq. & stress analysis
Tower stress analysis

Blade buckling

Ae ‘0 performance
MOD-2 blade stations
Teeter stop analysis

Raotor loads
Flutter analysis

Pitch control analysis

* Boeing Proprietary

120 ¢+
£
L 4
4
§ wr
2
§
é
0
ot
40

A i . . 1

Logwnd:
e GMY program

A MOSTAB (weter rotor, full wpan)
& MOSTAS (meter rotor, tip control)

O Wind wanal
wst dets (vater rasos, full spen)

®  Wind sonnel
axt dats {3swter rotor, tip co-t-aol)

/45 mph

!

Ll g

Blade Loads:

the teetering, tip controi configuration is shown in Figure 5-2 and 5-3.
correlation was achieved for steady flapwise and chordwise moments.

Figure 5-1.

4 ] 12 16
Collective pitch (B}~ degrems

Performance Correlation

Correlation of MOSTAB predictions with measured blade loads for

Good
Correlation

of alternating flapwise moments could only be achieved. by using a nonlinear wind

gradient in MOSTAB.

A factor of 1.65 was applied to the measured wind gradient

velocity decrement to improve correlation of alternating flapwise moments with
test data as shown in Figure 5-2.

MOSTAB provided a good predfction of the gravity (one per rev) content of the

chordwise moments.

An attempt to improve the blade loads correlation by analyzing the coupled sys-

tem with MOSTAS-A was disappointing.
moment perturbations were small and did not improve the correlation.

5-2

For the full span-fixed rotor the blade

For the



teetering rotor, a program error prevented recovery of blade moments for the
coupled analysis so that no correlation could be made. Work is continuing
on the MOSTAS correlation.

wor Logend:

120} ¢ Wiad tunnel dets , 20mph

100 > &r—4A MOSTAB with nonlinssr wind gradient
Seeady Rapwise
moment (ft-ib) 8O &r==A MOSTAB »ith nonlinesr wind

wradient (tactored)
“-
2
A

[ ] 1.0

wr

st
Alternating fapwite

moment (fs-ib) L] ¢

P S \

10

Fraction of Blede Span ¢/R .
Figure 5-2. Correlation of MOSTAB with Measured.Flapwise Moments
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-1001
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Figure 5-3. Correlstion of MOSTAB with Measured Chordwise Moments
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Tower Motions: MOSTAS-A predictions were correlated with motions measured at
the top of the tower. Correlation of the even harmonic content of tower motion
was surprisingly good, lending some credence to the coupled analysis. The
measured motions were so low in comparison to instrumentation noise levels,
however, that generalization about the accuracy of MOSTAS-A cannot be made.
MOSTAB-B was not evaluated.

Teeter Angle: Correlation of teeter angles predicted by MOSTAB with measured
data was good as shown in Figure 5-4.

10
- Wind tunnel data
08
= MOSTAB - Nonlinear wind gradient (factored)
/—
0.6
04 -
02 MOSTAB
Teeter angle, degrees - Nonlinear wind gradient
0 'Y i | A A 1 1 i i 1 1l 1 i i 1 Ao
L 20 40 60 80 100 120 60 200 240 280 340
0.2 Azimuth, degrees
04 |-
06 +
08 |
-1.0

Figure 54. Correlation of MOSTAB with Measured Teeter Angle

5.1.2 Development of Fatigue Life

Determination of fatigue 1ife and the development of fatigue allowables for a 30
year life is being accomplished using the "pre-existing crack" damage tolerance
approach. This approach assumes the statistically determined worst possible
defect, which could escape detection during fabrication and inspection, to exist
when the system is put into service. The growth of the initial crack is
described by a crack growth model which employs the stress intensity concept for
characterizing the crack growth. Verification of the crack growth model was
accomplished by testing preflawed specimens under representative spectrum load
conditions and correlating these results with the crack growth model. The
pre-existing crack concept was selected for analysis and test rather than a
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conventional fatigue analysis because it is more representative of real life
and verification of a conventional fatigue analysis by test would be pro-
hibitive in terms of cost and schedule because of the large number of tests
required.

Originally three different crack growth models were considered:

e Retardation Model-Accounts for load interaction effects and considered all
cycles to produce crack growth

da/dn = C(1-R)"(Kmax)™(K/Kol)t

e Threshold Model-Considers only those cycles above the threshold t> produce damage

da/dn = 0 for K = K¢
da/dn = C(1-R)"(Kmax)" for K > Keh

e Combined Model-Combines the above to account for both threshold and load inter-
action effects
da/dn

da/dn

"

0 for K = Kth
C(1-R)N(Kmax)™(K/K,1)t for K > Kg,

Verification of crack growth model validity was accomplished by analyzing :he
test data using the above models and comparing actual with predicted resu

The combined model provided excellent correlation between actual and predic
results whereas the retardation underestimated the lives of the long term
tests and the threshoid model underestimated the lives of the short term tests.
The final combined model used for determining fatigue life for all of the steel
assemblies (all of the steels are covered by either the ASTM A-6 or A-20 speci-
fications) is as follows:

da/dn = 0 for K £ Ky
dasdn = 3x10710(1-R)2-4(kmax)3(kmax/Ko?)? for K > Kgp

Where: da/dn = crack growth rate in inch/cycle
R . minimum stress
maximum stress
K = stress intensity
Kmax = maximum stress intensity for eacn block of cycles
Kol = maximum stress intensity in each spectrum
Kin = maximum stress intensity for which da/dn=0

(see Figure 5-5)

The abovg combined model was used to analyze the results from spectrum load tests.
A comparison of the actual test stress level and the predicted stress level to
produce the test life is given in Figure 5-5.1. A detailed description of each
load spectrum is presented in Table 5.1-1. Further substantiation

of the crack growth model was obtained through tests of a simulated field joint.
The specimen configuration and test results are presented in Fiqure 5-6.
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Figure 5-5. Relationship Between Threshold Stress Intensity and R Ratio

Test results and data correlation have been accomplished exclusively with base
metal specimens or weld metal specimens which were free of detrimental

residual stresses. To verify the applicability of the data and crack growth

model for stresc relieved weldments a specimen was produced with an area of
residual stresses and then stress relieved. The ratio of actual to predicted

stress level to produce the life for the specimen was 1.06. The good correlation
of actual with predicted behavior for this specimen provide additional verification
of the procedure for determining fatigue allowable.

The fatigue allowables were calculated using the combined model with the
initial flaw size defined in Table 5-2 The variation in assumed initial flaw
size reflects the initial quality and the ability to inspect the material. The
lower the initial quality cr inspactability, the larger is the assumed initial
flaw tn increase the chance of fin. .3, and decrease the possibility of having,
a flaw of the assumed size. The €ia.: sizes used in the determination of
ailowables are much greaier than the detectable size.
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Table 5.1-1. Load Spectra

L0AS SPECTRUR A

LOAD LOAD (T OF LIXIT)
S®Oocs oass L nin.
1 300 e 6.2
2 ki -] o 0.2
3 @50 3.4 n.2
q 10508 “w.4 1
S %0 2.6 -0
[ 3 n3 5.8 -5.5
? €113 8.1 “u.7
8 SS8 2.4 0.3
9 19513 5.5 9.4
10 nmss nas S4.1
n wns 2”9 4.9
12 wn 0.4 Q.4
13 an A5 19
14 L1}+ ] ”. 1.9
1S 3560 A .8
18 56 n 4.1
17 11; ] %.9 -13.1
18 1308 %.4 2.8
19 » 3.9 -47.2
-] i na -N.4
b4 | (3] “.a 4.8
n nn 6.3 -26.5
23 1019 .2 -19.9
1 0 ns -41.2
3 13058 | X | 2.3
% 105 2. 0.4
27 aros 8.2 %.9
n 1225 n.9 o2
29 435 1.9 al
» ans 9.0 6.1
n 265 2.8 2.7
2 1”0 0.3 3.2
11 162127 2.7 10.9
34 13900 S8.9 (LN 9
)+ %3 3.3 8.2
3 S0 .7 [
NOTE: (oag Spectrum A comsists of Load
Slacks 1 thru 36 {Total cycles per
Spectnm 191 ,069)
1000 Spectrs equais ! lifetiae
LOAS SPECTMM D
LOAD GAD (3 OF LINIT:
LK CYCLES MAX. nn.
1 328 7.2 n.s
2 108 “.0 32.7
3 03 x.6 na
[3 113 2.2 639
- 558 95.0 1.
[ 1673 9.7 .4
H 4153 8.9 37.2
] 3560 83.0 a0
9 356 9.7 3.4
10 18 8.0 2.4
1 130% N 3.9
12 n .5 3.8
13 b1, ] 81.1 12.2
14 &73 61.9 3.4
1§ nrn 76.0 17.3
16 010 n.s 1.9
17 1] 5.6 1.7
] ] 13050 924 8.7
19 1305 9.5 6.0
o] 15225 9.7 66.8
21 1S 1.0 (181
2 478s 9%.7 .8
23 1390 80.6 3.8
as 463 a.6 .8
23 5097 78.3 »a

NOTE:  Load Spectrum D consists of Load
Slacks 1 thru 25 (Total Cycles
Per Spectrum 67,512)
1000 Spectra ecuals one lifetiow

an

25
BB VORB N~ Eg

C X XY YU R FWE VY

LOAS SPECTRM 8

L0 (3 OF LImiT)

CYCLES MAI. nin.
1128 9.7 0.2
08 2.6 -3.0
ml 5.0 -$.§
611 "} “7
58 2.4 s
«n %L Qs
4183 9.9 1.9
1568 M .8
156 Ny 2.1
1y %9 -1l
105 | X -<.$
»n a9 4.2
)] nai -M4
3 “.s 4.0
nun 6.3 -85
L 6.2 -19.5
0 7y 4.2
195 "ne R
1305 $7.7 Q.
15225 ”ny =2
(s we.e a1
s 5.0 &0
129 2.3 3.2
%3 n.3 0.2
6.7 .8

o
Lead Spectrum § comsists of Load
Slecks 1 thru 25 (Tetal (ycles per
Spoectrem 67.512)
1000 Spectrs equals | lifetime

LOAD SPECTRMUN ¢

LOAD (3 OF LINIT)

CrQLeEs M. RIR.
Start at 0.0 and Load to /0.1
“ 9.1 1.0
13 0.1 1.3
2 70.5 5.0
“ (L] 50
0 90.6 5.0
10 9.2 45.2
n s 2.0
[ 9.1 1.0
14 9.6 ¥%.2
10 13.6 25.6
“ .1 5.0
4] 9.6 s1.6
2] 3.5 2.0
35 8.3 X.2
2 97.2 %6
2 100.0 2.0
4 .3 2.0
b 4 [ 8] 3%.2
0 7s.) 3.}
200 90.0 “.s
0 85.0 n.s
&0 89.8 .2
200 9.0 41.5
10 8.0 aw.?
X 9.2 n.2
1 937 ]

Load Blocks ) thru 20 are repeated
9 times followed Dy Load Blocks 1t
thre 27 to produce Losd Specira 6
{Tatal Cycles Per Spectra o.481)
10,000 Spectrs equals | lifetiom



Table 5-2. MOD-2 inspection Matrix

{Defects ariented paraliel so thickness direction)

Crack growth design . Flow size
ek casopory | ot o s [£>|  enpection meshod & fiow o szs sccmptance

Surface Internal

D5deep | .10desp | VT | 005 widex OGlong | .06 long (linesr)
8 x 25 long x 25 long PT | D05 wide x 43 long .125 long {rounded)

: AT 2% of t deep x 04 long
UT |03 deep x 00 long

.10 deep 20 deep VT _ |.006 wide x 06 long J06 long {near indications)
c x 50 long x 50 long PT |.005 wide x 03 long

40 deep B0 deep VT | 005 wide x 06 jong 125 long {rounded indicstions)
E x200long | x200long | PT | 005 wide x 03 long

022 deep | D44 deep VT | 006 wide x 06 long 06 tong (lineas indications)
Bmemetss | x 1tbong [* 15l PT [ 005 widex 03 long | 125 long (rounded indicstions)

030 deep | 060 deep RY |Not practical 06 long

x .15 fong st""E>. UT | 00 deep x 00 long x 04 deep

> Acceptance samplinganly £ Flaw size for constant stress intersity .
Note: All base material to sstisfy ASTM A6 requirement.

The crack growth model is used in conjunction with the assumed initial flaw size
and load spectrum to determine the allowable stress for thirty years of operation.
The allowable stress, for each load spectrum, is the maximum stress for which the
predicted time to failure is 30 years. Failure is considered to occur when the
crack growth model predicts that the assumed initial defect has grown to a size
such that the stress intensity at maximum stress is 125 ksi 4/in. The 125 ksi 4fin.
value is an estimate of the minimum fracture toughness of the material at -40°F
(minimum design temp.) The conservatism in the fatigue analysis is in thc assumed
initial flaw size and the fact that the flaws are assumed to exist at the worst
possible location in the worst possible orientation. The allowable design stresses
for Class B welds are presented in Figure 5-7. The determination of actual fatigue
life will be based on inspection of actual material quality (flaw size) at critical
locations.

5.1.3 Stress Analyses

The MOD-2 Wind Turbine System has been designed to operate trouble free for
a period equal to or exceeding thirty years. During this period of tiine, §he
dynamically loaded structures of the WIS will experience at least 2.0 x 10
cycles of loading - the primary source of oscillatory loading in

both the rotating and fixed systems (examples - blades and drive shaft are in
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Figure 5-7. Rotor Blade Fatigue Al'owab!2 (Category “B” Waids)

the rotating systems while the nacelle and tower are in the fixed s stems).

The majority of these load cycles are uf very low megnitude, producing siresses
well below the crack propagation thveshold. However, the effects of low

wind speed and high wind speed startups and shutdowns are to pruduce peak

stresses of sufficient magnitude and frequency to limit the fatigue life of

the affected structures to tnirty years. The development of the design fatigue
ailowable stresses for the anticipated stress snectrum is presented in section 5.i.2.

There are infrequently applied loads which produce stresses that are permitted
to exceed those of the fatigue allowables. These stresses are rot permitted
to exceea yield or buckling stresses, nor ar2 thcy permitted to produce
permanent deformation {see sectionr 4.1.4).

The following sudsections address the stress anaiyses performed on the various
structural elements of the MOD-Z WTS and summarize their margins of safety.

5.1.3.1 Design Allowabie Stresses

The following paragraphs outline the basis for determination of design allow-
able stresses.

Basic Material (Element} Allowable -

Materials allowables used for commercial stanaard componenis shall be based on
specifications for the American Institute of Steel Construction (AISC), American
Society of Mechanical Engineers (ASME) and American Society for Testing Materials
(ASTM). Material! allowables for special designed hardware, e.g. rotor blade,
shall be Boeing Design and Material Allowables presented in this document.
Component Allowables -

Structural component allowables shall be based on applicabie component testc data

5-10



cr analyses. Where required component allowables data are insufficient or
unavailabie in the industry, the Contracztor shall conduct component testing
or analyses as necessary to defire WTS structural sizing at the component
level. An]example of this is the fatigue allowaoles developed as shown in
section 5.1.2.

5.1.3.2 Blade Stress Analysis

The stress analyses o the MOD-2 all metal rotor blade is accomplished to a
great measure, as a sub-routine in the MOSTAB computer program. This is the
case for all operating loading conditions. A discussinn of methodology is
prasented in this section along with a summary of fatigue arnd limit loading
marqins of safety presented in Figure 5-8. The blade mass distribution and
section properties are shown in Figures 5-8.1 through 5-8.3.

. 0
Figure 58. Rotor Blade Skin Gages-Margins of Safety

A1l operating and non-operating loading conditions have been defined by
thorough examination or such conditions. Once having defined the operating
condition mean wind and gust velocity, the blade pitch control setting and
rctor torque are determired in the Boeing EASY computer program as rotor
trim boundary conditicns. The rotor btlade loads ara2 determined at 13 span-
wise stations, with internal stresses calculated at 9 lccations around tne
peripnery of each span staticn. Once the stresses are cdefirn2d ror tie mean
wind and qust conditions, they are extrapslated lognormally to 99.9% and
99.99% prcbabilities which are the design vatigue and design limit opevating
conditions respectively. The 99.59% probability stresses for each wind speed
ara input intc the tatigue crack growth mode!, alorng with the associated
numbher of stresc cycles for each defined condition, for the dete/mination of
the design fatigue allowable stresses (section 5.1.2).
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Fatigue analyses have shown that approximately 70% of the fatigue damage
produced by all conditions considered in the analyses (steady state, gusts,

as well as start ups and shutdowns at cut-in and cut-out wind speeds) is
attributed to the so called “ground-air-ground" cycle. The ground-air-

ground condition involves the stress extremes experienced throughout the
start-up, operate, and shut-down period. In all the preliminary design work,
the maximum stress range predicted for all nerating conditions (up to 99.9%
probability stress levels) were kept below the design fatigue allowable stress
level. The ratio of the allowable fatigue stresses for different weld config-
urations are presented in Table 5-2.1. The definition of these weld categories
may be found in AWS D1.1-79, Structural Welding Code - Steel, Third Edition, pages
132, 133, and 134.

Table 5-2.1 COMPARISON OF FATIGUE ALLOWABLES
FOR DIFFERENT WELD CATEGORIES

WELD ALLOWABLE FATIGUE STRESS
CATEGORY ALLOWABLE FATIGUE STRESS (FOR "B" WELD)

A’ 1.52
1.29
1.00
0.68
0.44

m © O @ >

0.31

Note: 1) A’ is for machine base metal with RMS of 125 or less
2) A1l other weld categories as defined in AWS D1.1-79,
pages 132, 133 and 134.
3) Typically, ribs, spanwise and all welds inboard of station
90 are "C" welds and cordwise butt welds (outboard of

station 90) are "B" welds.
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A1l operating and non-operating design limit stresses were kept to levels which
precluded elastic buckling, material yielding, and permanent deformation. Addi-
tionally, the deformations encountered during operation were limited to ensure
adequate blade-tower clearance (See Table 4-59). The following section is a
discussion of the panel buckling analyses methods used, and the results of a full
scale blade test which substantiated the conservative nature of the analyses.

5.1.3.2.1 Panel Buckling Analysis Methods

Those panel structures loaded in compression have been analyzed in the classical
way; that is, using the general equation for initial buckling stress (in the
elastic range) of G¢p = KE (t/b)¢. The panel geometry and edge fixity are

used in defining the value of the constant K. It is conservatively assumed

in all analyses, whether the panel be curved or flat, that the edge fixity is
"simply supported" {edges are free to rotate, but are restrained from trans-
Ii}ing). .ﬁgck1ing constants, k, for flat and curved panels are shown in Figures
59 and 5-10.

4 (3.62)

Figure 5-9. Buckling Constant for Flat Panels (Simply Supported)

The radius of curvature of the blade leading edge box skins increases continually
with increasing chord station. To analyze the skins for buckling as simple
curved parels it is necessary to determine an equivalent constant radius, r

To use the maximum radius of curvature at the intersection with the front spar
would be too conservative. A reasonably conservative value of r was deter-
mined in the following manner: Using an approximate radius for the panel

region just forward of the front spar, and the known panel thickness, an r/t
value was determined. Entering the curves of Figure 5-10 with r/t, the value of
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the curvature parameter, bz/r‘t./l‘p2 . was determined at the point where the
curve departs from the horizontal (where K begins to increase above the flat
panel value).

A value b* obtained from the value of the curvature parameter so determined

and the previous values of r and t corresponds to the minimum panel width at
which curvature begins to affect buckling strength. A distance of b*/2 was
measured forward of the front spar and the equivalent radius of curvature, r,
was determined as the radius of curvature at this point from the known section
geometry. If the value of r so determined differed significantly from the
approximate value used initially, the process was repeated. The point at which
the equivalent radius of curvature was taken, according to this procedure,

was consistently at the approximate 30% chord. To complete the panel buckling
analysis the equivalent panel width b was assumed to be equal to the distance
from the front spar to the leading edge. This width invariably gives a curvature
parameter well up on the inclined portion of the curves of Figure 5-10, where
the critical stress is independent of panel width and is a function of the panel
r/t only.

In accordance with system requirements the initial buckling allowable stresses
shall be 1.35 times the design limit compressive stresses. The blade structure
has two critical limit conditions for compressive stresses; (a) the emergency
shutdown condition for the outboard portion, and (b) below rated wind with a gust
for the inboard portion. The tower structure also has two potentially critical
compression load conditions: (a) seismic zone 3 requirements for the upper 25%,
and (b) extreme wind (120 mph @ 30 ft.) for the next 40%.

r = radius of curvature
Z Leading edge config.
K _‘
-]
\/ Analysis equivsient
@ — r = radius
) . —_
1 10 100 1000
2 Nots: t = panel thickness
%_ 1-0.09 b = panel width

Figure 5-10. Buckling Constant for Curved Panels (Simply Supported)

5.1.3.2.2 Conservative Design Buckling Allowables Confirmed By Test

A bending test was conducted on a mid span representative blade structure, which
was to identify fabrication problems, as well as to be used as a means to evaluate
the buckling analysis previously discussed. The blade section included the

field splice joint (spanwise station 360 inches) and all structure outboard

to station 780 inches. The specimen had a special bulkhead at station 780

to accommodate the load-application fixture. The inboard end was attached to a
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strongback, with the blade's chord plane parallel to the ground. The applied
loads at station 780 were in such a combination of transverse shear and couple

loads as to make compression panels at both stations, 400 and 670, buckling
critical at the same time. (See Figure 5-11.)

Statie Test Specimen

Figure 5-11. Buckling Test Conditions

The test results have validated the conservative nature of the analytical model,
since the specimen was tested to 148% of the predicted ultimate strength of one

of the cr;tica] panels, without buckling. These results are summarized in
Table 5-3. :

Table 5-3. Buckling Test Results

ANALYSIS TEST
§ Calculsted Maximum Messured
Bisde Station Urtimate Stress Tout Strem
400 12,400 pui 18500 pei
20 8,350 psi 11,220 pei

@ Tasts hove walidatad the anslyticsi model a5 constrvetive

o Tented to 148% of ultimete Test Load - no buckling
@ Local panel Himit load deflections ware significentty smalies
& Messured .08 inches <<< allowsbie of 0.26 inches
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5.1.3.3 Drive Train Analyses
5.1.3.3.1 Teeter Trunnion/Low Speed Shaft Analysis

The MOD-2 WTS has a teetering rotor blade which pivot. .dout, and is connected to
the trunnion of the low speed shaft by two pairs of : ..stomeric radial and thrust
bearings. The low speed shaft is essentially simpl: - .nported within the nacelle
by two large spherical roller bearings. The quill s.aft, which connects the low
speed shaft to the gearbox, provides little if any bending rotation restraint
because of its relatively low bending stiffness.

The primary operating loads on the trurnion/low speed shaft are rotor thrust,
rotor weight, and rotor torque. The teetering motion of the rotor blade does
impose periodic bending loads in the shaft because of the torsional spring rate
of the radial elastomeric trunnion bearings. However. teetering angles are
ordinarily low and increase with wind cross-flow angie. Also, the phasing of
the one-per-rev teetering loads are 90° out of phase with ihe one-per-rey weight

(rg;or) moment affects, since teetering moments are a maximum about a vertical
axis while the weight moment is maximum about a horizontal axis. Wind cross-
flow will alter the teeter moment phase angle relative to the weight moment.
Rotor thrust is a function of wind speed and under steady wind conditions is a
maximum at rated wind speed.

The design non-operating loads are dead weight 1oads and extreme wind, while the

design limit operating condition loads are deadweight, over-torque, and corres-
ponding rotor thrust.

The stress analyses of the low speed shaft, in general, is based on the ordinary
assumptions of plane sections remaining plane. However, *.e trunnion shaft and
that portion of the low speed shaft throush which the trur-ion shaft passes, are
rather complex, and a finite element ar.iysis using NASTKAN was performed on
these structures to better define the state of stress in them. The results

of these anaiyses are shown in Figures 5-12 and 5-13.

coupling
Tester beering inwrfsce

Figure 5-12. Drive Train
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Figure 5-13. Teeter Trunnion-L ow Speed Shaft Analysis

5.1.3.3.2 Quill Shaft Alalysis

The quill shaft is basically a torque transmitting device. but by the nature of
its torsioril spring rate, it is also used to minimize the vibratory torques

which go into the gearbox/generator systems. Thus most of the two per rev
coriolis torques arising in the rotor due to the one per rev teeter motions,

as well as the two per rev aerodynamic rotor torques, are reacted as inertia lcads
n the rotor.

Bending loads do exist in the quill shaft due to the bending of the low speed
shaft under the rotor weight, as well as the quill shaft bending under its own
weight. The critical design loads and the associated strength margins of safety
are presented in Figure 5-14. 4

5.1.3.3.3 Gearbox/Generator

The generator and gearbox stress analyses have been perfurmed by the sub-
contractors supplying them, and will he procured and tested to BEC

specifications.
5.1.3.4 Nacelle

The naceile structural coenfiguration is shown in Figure 5-15. Nacelle de.ign

loads arise primarily fr .- _.he dead weight of the rotor and drive sys.em components,
as well as its owa dead weight and are shown as Figure 5-16. The rotor thrust

1n.d remairs fairly local to the aft ¢ -pport bearing, feeding almost directly
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Figure 5-14. Quill Shaft Analysis

MS. = 1.4, (latigue)

- wure 5-15. Nacelle Structure
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Figure 5-16. Nacelle Component Dead Weight Loading

into the nacelle structure around the vaw bearing. The drive shaft rotor torque
is reacted local to tne gearbox and it too feeds directly into the yaw bearing.
Lateral loads (yaw direction) on the low speed shaft, arising from the rotor
during operating as well as non-operating conditions do impose lateral loads
into the low-speed shaft support bearing, thus, producing lateral bending as
well as twisting of nacelle, forward of the yaw bear:ng. This lateral bending
is reacted by the yaw drive structure, feeding through into the tower.

The nacelle structure has been modeled for analysis using NASTRAN finite element
procedures. Rotor lcads are fed through the shaft

support bearings in the nacelle structure, and seismic zone 3 inertia lcads are
imposed on the nacelle local to each of the drive system components. A summary
of element margins of safety are presented in Figure 5-17, based on the NASTRAN
analyses and strength allowables from AISC and BEC specifications.

5.1.3.5 Tower/Foundation

The tower structure consists of a 120-inch 0.0. cylinder joined to a conical
base by a short hyperbolic transition section. Tower wall thickness varies
from 1 1/8 inches in the transition region to 1/2 inch near the top in 1/8 inch
increments. Due to handling ccnsiderations a maximum D/t of 300 was permittied,
thus establishing minimum gages of 1,2 incn at the top and 7/8 inch at the base.

The critical load conditions affecting tower design are the extreme wind
condition and fitigue under startup/shutdown load cycles. Fatigue governs

from the transition region, near elevation 500 inches, to approximately 900
inches elevation. Above 900 inches to approximatsly 1600 inches, the extreme
wind condition is the critical design condition. Above 1600 inches the minimum
gage is 1/2 inch. Wall thickness in the conical base, where stresses decrease
rapidly due to increasing diameter, is stepped down to the minimum gage of

7/8 inch. Stresses due to zune 3 seismic loads were also examined but did not
control any part of the tower design.
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Figure 5-18 shows the tower wall thicknesses rejuired vs elevation for the three
load conditions mentioned compared to the actual tower design wall thickness.
Step changes in wall thickness were located so as to maintain a minimum safety
margin of approximately 15 percent for the critical load condition, with
minimum gages of 1/2 inch at the top and ?/8 inch at the bottom.

Tower wall stresses were determined by elementary methods from tower bending
moments and axial loads except for details near the top where a KASTRAN analysis
was made, and for the transition region where a BOSOR4 analysis was made to
determine local btending and discontinuity stresses. Static allowable stresses
used in estabiishing required wall thicknesses were determined according to the
AISC specifications for members subject to combined axial compression and
bending. Fatigue allowable stresses were determined in using estab-

lished fracture mechan.cs procedures. Local buckling of the tower wall

was evaluated using buckling allowables from Boeing design experience.

Tower system Trequency of 1.37 per rev was determined using a NASTRAN beam
mode! with rigid body racelle and rotor mass representation. This value is
well within the permissible range of 1.26 to 1.47 per rev established by
accepteble dynamic response limits to | per rev and 2 per rev excitation forces.

5.1.4 Load and Stability Analyses

A1l load and stabiiity conditions that could vmpose critical structural loading
in the MOD-2 WTS have been investigated and are listed in Table 5-4. Each

study was carried to the depth necessary to provide adequate structural strength
within the operating envelope. The critical ioad cenditions for each component
of tne WTS are summarized in Table 5-5.

Table 54. Load and Stability Conditions

{ Environment
Function Nownyl Extrene Prosectile
(Q“INJF)G“-'-J b&wtﬁnmhmq

Srtup ]
Normai Operating 2 3 L} 5 [ ]
Cperating Shutdown 7

Parked ] 9 10 3] 12 3

Loms of slectrcal load I

Control sys. malfuncton 113
Opersting (1.5 x retad power)
Fault One tp pmmed 16

One tip control lost 17

Inadvertent braking 18
Tramp Jor Shipping 9
ad Handbing 2
Hendling Ersction Fil

Classcal blmie flurte & divergonce Flapaghtonion
Stabelity Stall flutom Rotor/tower
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Table 5-5. Component C:itical Design Loarls

: Component Critical load condition

i Blade Normal overating - fatigue and lim:1 emergency shatdown
g Drive train

i Trunnionf/low speed shaf: intenection Normal operiti.g - fatigue

; Low speed shaft #crma’ operatiny; - limit, emergency shutdown

! Quill shaft Stitfness Gusigned

Nacelle

i Nacelle structure Normal operating - limit, se.smic 3
i Y&w bearing Normal operauing - limit

i Yaw brake Parked/sxtreme wind

; Yaw drive motor Normal opesating - lirmit

; Towar Stiffness design~d

i Foundation Parkec/extreme winc _

5.1.4.1 HWNormal Cperating iLoads

The structural loads during normal operation were obtained using the MOSTAS
computer code as modified by Boeing. These results arovide a trimred

solutivon that reflec.s teetering; coupled blade vioration modes, actuater
stiffness and a non-lirear wind gradient. This gradient was specified by

NASA (see Apnendix B) and further modified to correlate with wind tunnel test
data. A typical MOSTAB generated blace flapwise bending moment distribution is
snown in Figure 5-19.

-
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Figure 5-19. Typical Biade Load Distribution
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A post-processor add:i.ca to MOSTAB was develcped to include teeter bearing effects,
calculate properiy *time-phased combined loads and give internal p]ade stresses

at 111 desirec blade locaticns. Additional computer output provides teeter

shaft, drive train, yaw mechanism, bearing and tower loads. Based on MOD-0
experience, design level loads are obtained from gust criteria that calculates

loads tor both the no gust (steady wind) and 10~ gust (84 percentile) aind then
extrapolates them lognormally to higher gust levels. Specifigally, fatigue

loads and limit loads are taken at the 99.9 and 99.99 percentiie gust levels
respectively. Illustrative gust loads at a particular blade station are shown in
Fig. 5-20. First, the variation of blade load with steady wind speed is given:
then, loads resuiting from impositions of both positive and negative gusts are
superimposed on the steady wind curve at selected wind speeds. Below rated wind
speed (28 mph) the blade pitch is fixed and large increases in loads due to gust
occur. When the effective wind speed exceeds the rated value the blade tip pitch
contro! system is activated reducing the gust loads. The most severe loads occur

at 16.5 mph with a limit load gust producing the maximum blade loading before relief
is provided by contrdl system actuation.

Thorough load aralyses of tne rotor in the parked condition were made to ensure
trat all possible combinations of extreme wind direction and rotor orientation
were consicered.

5.7.4.2 Operating Fault Loads

A number of operating fault conditions were analyzed based on the FMEA studies.
The rationuzle for those condition: was that they resulted from a single unique
eiectrical or mechanical fault, iniiiating an emergency shutdown.

Fault Conditions: The foilowing fault conditions were considered:

Loss of electizal load

Control syscem maifunction (1.5 x rated power)
One tip jawmeaq

One tip controi lost

Inadve~tant braking

GV B0 N —
P

Losc ¢r electrical 1oad was considered the critical fault because of the possib-
ility o a rotor runaway conagition. The other fault conditions are sensed by
the controi system ar © an emergency feather is initiated with the generator
st1il on line. The electrical load is dropped only when the aerodynamic rotor
torque is raduced tn an acceptable low level equivalent to 125 kW.

Shut dewn analyses were performed to determine feather rates to limit overspeeds

witrout introducing excessive biide loads. It was found that feather rates in
the range of 4-6 degrees per second were suitable.
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Figure 5-20. Blade Loads Cue to Gusts
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RESULTS:

Overspeed - Rotor overspeed resulting from loss of electrical load was less than

15 percent. A typical overspeed history vs collective pitch angle is shown
in Figure 5-21. Dropping the electrical load at 125 kW did not result in
an overspeed condition.

Blade Loads - Aerodynamic braking during emergency feathering resulted in critical

reverse flap bending blade loads. particularly in the tip section. The
loads produced critical compressicn buckling stresses in blade sections
normally under tension. Ultimate and fatigue stresses due to emergency
shutdown have been considered in the blade design.

Control system malfunction allows the power (and blade loads) to increase
before a backup power sensor triggers an emergency shutdown. In order to
Timit blade loads, an emergency shutdown is triggered when the power reaches
150 percent of rated. Blade loads during this condition are on the order
of normal operating loads including gusts.

Pitch Actuator Loads - Pitch actuator torque during emergency shutdown is

illustrated in Figure 5-22. The actuator torque was found to reverse sign
during shutdown, peaking approximately at the time of maximum aerodynamic
braking. The pitch actuator torques were found to be sensitive to centri-
fugal effects induced by blade bending, blade center of gravity location
with respect to the pitch axis and collective pitch position. Adequate
torque capability was designed into the pitch actuator over its operating
range.

Nacelle and Tower Loads - Not Critical

CONCLUSIONS: Critical blade loading conditions resuit at emergency feathering

in response to an operating fault condition associated with loss of electrical
load. Feather rates of 4-6 degrees per second limit overspeed and blade loads to
acceptable levels.

+20,000
172.5
+10,000
T
RPM (ft-ibs)
-10,000
0 Sbo Gc (deg.)
O, (deg.) . 2
, “igure 5-22.
Figure 5:21. . .
Pitch Actuator Torq.e During
Rotor Overspeed Dur.ng E: iergency Shutdown e A rgerr}?:y Shutdown
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5.1.4.3 Handling and Transportation Loads

No Toads imposed by handiing and transportation will design any portion of the
MOD-2-WTS.

5.1.4.4 System Freguencies

MOD-2 system natural frequencies are separated from forcing frequencies and other
system natural frequencizs in order to avoid resonances, which could cause cor-
responding high forces and deflections. Forcing frequencies for the two-bladed,
teetered MOD-Z design occur primarily at one per rev. and at even multiples of
rotational frequency, which is nominally at 17.5 rpm. The tower and foundation is
designed so that the fundamental bending frequency of the coupled rotor/nacelle/
tower/foundation system is greater than 1.2 per rev and less than 1.4 per rev.
The lower limit is chosen to avoid possible coincidence with 1P excitation and
the upper limit to keep 2P dynamic amplification under unity. The torsional
frequency must not be coincident with fundamental system bending frequencies or
even multiples of the rotor speed. The tower meets these requirements by having
a first coupled system mode of approximately 1.3P (on firm soil) and a first
torsional frequency of 5P.

The frequency requirement for the blade is that all natural frequencies be se-
parated by 0.25 cycles/rev from all integer multiples of rotating frequency and
by 3.5 cycles/rev from all even multiples of rotating frequency. The steel blade
meets these requirements and avoids other system frequencies by having a first

flapwise frequency of 2.7 cycles/rev, and a first chordwise frequency of 7.5 cycles/
rev.

The drive train avoids forcing frequencies and other system natural freguencies
by having an cn-line first torsion frequency at 0.5 cycles/rev.

5.1.4.5 Flutter and Divergence

Flutter and divergence studies were made to ensure that both blade tip spindle
and pitch control actuator stiffnesses were sufficient for trouble free WTS
operation. Results indicate that static divergence is not a problem and that
there is at least a 50% overspeed margin for flutter.

5.1.5 Wind Characteristics
The wind environment used for structural analysis is comprised of the following:
steady wind niodel for a reference elevation

wind shear model
turbulence model

o ) -
Nt Nt S
O oo

5.1.5.1 Steady Wind Model

The annual distribution of steady wind at the reference height of 9.7 m {30 feet)
is given by the following Weibull distribution:

V. o\ k

{ P
Pr(VEVp)Zr = exp{-( ¢ ) }Z
r
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where P(Vzvp) = probability that VzVp
V = steady wind speed, m/s
vp = prescribed value of V
C =7.06 m/s
K=2.27

Z. = reference height = 9.1 m (30 ft.)

5.1.5.2 HWind Shear Model

Wind turbinec operate in the atmospheric boundary layer where wind shears
are caused vy the tendency of the wind to be slowed down near the ground due to
surfacs roughness. The tendency to slow down is increased as the obstructions,
or ground characteristics are increased in size.

The wind shear may be expressed in an exponential form. It has been common to
characterize sites with one exponent regardless of wind speed. However, recent
meteorological studies show that the exponent, @ , is increased with decreasing
wind speed as shown for several sites in Figure 5-23. The increasing exponent
increases the wind velocity more rapidly with elevation. Wind gradients at
several wind velocities are shown in Figure 5-24. The use of a variable exponent
was recommended in NASA PIR's 70 and 73.
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Figure 5-23. Wind Speed Versus Expunent
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Steady wind speeds at elevations other than the reference height of 9.1 m
(30 ft.) are given by the power law:

V. ( %r)a

steady wind speed at elevation

<
(1]

x
¥
1]
35
13
-l
i

V1 = steady wind speed at reference height Z,. = 9.1 m (30 ft.)

r
log V
and o -uo(]- Tag__.vz_r_.>
0
. . Z—0 0.20
0 Zr'

where Zo = surface roughness length = 0.05 m (0.16 ft)
Vo = empirical homogeneous wind speed = 67.1 m/s {150 mph)
5.1.5.3 Turbulence Model
Turbulent wind velocities are functions of steady wind speed, elevation,
frequency, and direction. At the reference elevation and a given wind speed,

the turbulence is a Gaussian random process with turbulence intensity (i.e.,
standard deviation of turbulent velocity) given by:
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o 1.04
v e )
Ozpsy = 0.8 Ozps X

°zr’z = 0.5 ozrox

where  Oz. = turbulence intensity at reference height, m/s

and subscripts x, y and z denote the longitudinal, lateral and vertical
directions, respectively.

The longitudinal turbulence spectrum at an arbitrar ion is gi i
A y elevation is given in
terms of the turbulence intensity at the reference elevation by: I

R [ 0.164 ("/no,x)

ox(n,n,v) = L1+0.164 (n/No,x)5"3
where ox = longitudinal component of turbulence spectrum, mzlsec
n = circular frequency, Hz
M = reduced frequency = N.z/v
NosX = 0.0144

Simular equations apply to the lateral and vertical components with:

No,y = 0.0265
NosZ = 0.0962
v = steady wind speed (m/s) «t elevation (z)

The longitudinal turbulence intensity at any elevation is calciuiated by:
"max
Gx = ¢x dﬂ

Pmin

where the frequency range(Mmin € N < Npay ) encompasses the signi-
ficant response frequencies of the wind turbine system. Similar equations
apply to the lateral and vertical turbulence intensities, Oy and o ,
respectively. ‘

172

The upper frequency limit, DMmax, for a teetering rotor system is set sc that
high-frequency (smali extent) turbulence may be disregarded. The lower fre-
quency limit, Mmin, for a system having blade pitch controil is set so that
Tow frequency (large extent) turbulence may be disregarded.

The upper frequency limit, Mmax,. is that which corresponds to the discrete
gust having a circular c:oss-section which engulfs 50 percent of the disc
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diameter with 50 percent co*re]atlon across the separation distance D/2. A1l
gusts having frequng1°s less than "max are conservatively assumed to engulf
the entire rctor. is calculated by sclving the following equation for

the coherence funct1on which measures the frequency - dependent correlation

of two wind velocities separated by a distance 4 in the disc plane:

R = exp - (Knda/Vz.)

The coherence decay rate, K, in the coherence function is given in terms of the
steady wind speed. for speeds less than 27 m/s (60 mph) by

K= av, - bV, 2
with = 0.37 (m/s)"
b = 0.005 (m/s)-2
The resulting equation for "max is
max = D/z(avzl,-bv ”27

The lower frequency limit, ™min | 15 computed from wind turbine dynamic response
analysis as being that which corresponds to a discrete gust which produces a
variation in rotor torque less than 5 percent from its steady - state value.

The discrete gust is assumed to be given by

e 22 oun ol s

Omin =[ or:bﬂaln)d"]L

If the blade pitch control system is not operating for a particular wind speed,
Mmin is set equal to zero. If nmin exceeds M"pax for a particular wind speed,
the effects of wind gusts may be neglected.

The longitudinal gust amplitude has the Gaussian distributio :

Ap
P(AZAP)y = L,/Zi]o exp [-5(2)]da )

where A

amplitude of gust, m/s
Ap

particular value of A
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Similar equations apply for the lateral and vertical amplitudes, Ay and Az,
respectively.

Discrete gusts are assumed to engulf the entire rotor disc, and to have the
shape and period given by
& )] » 08t =T

nm=ﬂ+h[Mm(

!

where

and V; is the mean wind speed.

The turbulence frequency, n, in the above equation is determined assuming a
narrow band representation of the turbulence as follows. If there is a system
natural frequency in the range Mgin € 0 < Mmax » N is set equal to that
system frequency. If no system naghral frequency is present in the frequency

range_of interest, an equivalent frequency is determined from the following
relationship:

Omax )
I
"3 [Lino (r) d']

5.1.6 Material Selection
5.1.6.1 WTS Rotor Blade

A program established to evaluate the various material options for the rotor
blade was initiated with a large list of candidate materials as suggested by
the Boeing Materials and Processes Staff. The minimum requirements for the

material selection were established as shown in Table 5-6.

This list was reduced to six candidate materials as shown in Table 5-7 along with
the pertinent technical data. It should be noted that in this field of candidate
materials, the use of materials using copper, or with copper added, was
considered attractive for weathering corrosion protection. However, during the
review of the above materials, it was concluded that copper introduced into the
steel may result in large scatter in the Charpy impact results, crevice
corrosion, and surface pitting. It was also drtermined that A-588 steel is

worse from a qitting corrosion standpoint than A-572 or A-633 steel without
copper. In addition, A-588 would be subject to crevice corrosion painted or
unpainted, while A-572 and A -633 would be less susceptible under the same
conditions. Hence, none of the materials selected shall be a copper bearing steel.

As a result of this investigation, A-633 Grade A and A-572 Grade 42, Type 1 or
Type 2 meet all engineering requirements and can be used interchangeably when

manufacturing the rotor. The final selection of a baseline rotcr blade materiai
was made on cost and availability.
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Table 5-6. Criterion for Materiel Selection

Strength Yield Strength 36,000 PSI Min.
Ductility 16% Min. Elongation
Reasonable Charpy @] -400 F.
ﬂnanufacturing Good Weldability
Min. Bend Dia. 3t Min.
Quality Assur. Clean Material [
lﬁateriel Material for Lowest
Life Cycle Cost

B> The clean material criterion necessitates the use of desulphurized
steel for the reasors noted below:

® Reduces Inclusion Sizes
towers Risk of Unacceptable Flaw “izes

e Spherical Shaped Inclusions
Allows Acceptance of Larger Inclusions
Allows Elimination of Angle Seam Ultrasonic Inspect.

e Cleaner and Mcre Homogeneous Material
Reduced Welding Repairs
Better Formability

e Improved Mechanical Properties
Improved Charpy Values
Improved Ductility
Improved Short Transverse Properties

ASTM A572 GR 42 Type 1 or Type 2 and ASTM A-633 Grade A steels were the subject
of queries to steel mills for prices, deliveries and comments on the relative
availabilities through local steel service centers (Distributors).

As the mills will cost various requirements considering variables such as
widths and lengths, they were requested to use 1/2 inch x 120 x 420 with
50,000 pounds quantity as a base. Although these prices may not reflect exact
MOD -2 procurement costs, they are satisfactory for the selection of materials
on the same basis. The prices and extras are as follows:

ASTM A-572 ASTM A-633
Base Cost $ .Z110/Lb. $ .2445/Lb.
Normalizing .0445/Lb. Included Above
Low Sulphur .029/Lb. .029/Lb.
Charpy .0125/Lb. .0125/Lb.
Ultrasonic .035/Lb. .035/Lb.
Bend Test o Charge No Charge
TOTAL $ .332/Lb $ .3271/Lb.
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Table 5-7. Significant Characteristics - Final Material Selection Choices

Bend '
test Charpy
FW Ftv % ratio test We'i- | Corr.
min | mn [Elong. | pindia. | capabil- | ability | resist.
ASTM No. | Grade | Type | Cond. | KSi | KSi |in2” thick ity factor | factor
AS537 - cti | N |70 1 -76°F 2
S0 2 5 20 fedb 60
40°F
a572 GR42 |- A/R | 60 | 42 24 10 0| A 1
GR 42 40°F
40°F
A588 ALL | AR 170 |50 | 2 10 |200m | 56 4
GRA 40°F
A633 or B - N 63 | 42 23 20 2% 6ib| 47 1
GR A AC°F
A633 | :EE - N |63|a42 2 20 | mpp] 46 2

The current mill lead time of each material is approximately seven (7)
weeks after contract award to the shipping date from the mills. (One

mill, Armco, quoted 10-12 weeks.) Neither material is available in local
distributor stocks due to the low sulphur requirements but, if sulphur were
nct considered, the A-572 would be somewhat more available.

The above costs do not include cost o. transportation from the East Coast mill
to Seattle. These costs would be $.0575/Lb. for weights from 40,000 to
90,000 pounds per shipment, $.0373 per pound for 90,00 to 120,000 pounds and
$.0362 per pound for over 120,000 pounds.

As a result of this study, ASTM A-633 Grade A steel has been seiected for

MOD-2 rotor blades. This selection (over A-572) is made on the basis of cost,
since availability and material characteristics are essentially equal. However,
A-572 Gr 42 is considered to be a suitable optional material.

5.1.6.2 WTS Tower

The material seiection data for the WTS rotor was also reviewed for applicability
to the ‘ower. The material selection criteria for the tower are the same as

for the rotor blade with the exception of the Tensile Yield requirements.

Since a substantial portion of the tower is designed by maximum tension stress,
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it is necessary to have a minimum yield strength of 50,000 psi (allgwab]g
working stress = 0.6 x Fty). Since ASTM A-572 Gr 50 meets the Tensile Yield
Strength of 50,000 psi and the other engineering requirements, it was chosen
for the tower material.

5.1.6.3 WTS Nacelle Primary Structure

The material selection data for the WTS rotor blade was reviewed for applicability
to the Nacelle. The structure is not subjected to a severe fatigue environment
and most members are designed to an allowable working stress similar to the tower
(in accordance with the AISC Specification).

Since the design uses structural steel members in an assortwent of rolled steel
shapes, it is desirable to use an economical and readily available material

in existing available shapes. For this reason ASTM A-36 steel has been chosen
for the Nacelle Primary Structure.

5.2 CONTROL ANALYSIS

The analysis of the blade pitch control system was accomplished by utilizing
a digital simula*tion of the WTS longitudinal torsional dynamics and control
algorithms.

5.2.1 Simuiation Description

The simulation was built using the "Easy 5" program, a versatile user oriented
simulation program capable of highly detailed dynamic elements and automated
analysis techniques.

"Easy 5" consists of two sub-programs. The model sub-program allows the
user to assemble a model of the dynamic system to any degree desirable.
Many elements of the dynamic system were programmed using "Easy 5 standard
components”. These "standard components” are generalized subroutines that
model various dynamic elements by allowing user input of spring constants,
damper constants, inertias and specific characteristics of elements such as
generators and reqgulators. If a standard component did not exist, the element
was modeled with fortran statements and equations. The analysis subprogram
of "tasy 5" allowed calculation and presentation of some of the following
analytical methods; stability matrix, root locus, frequency response,
stability margins, state vector for steady operations, and eigenvaiue sen-
sitivity.

WIS start-up, below rated wind operation, transition between modes, and above
rated wind operation were analyzed while developing the control algorithms
required to minimize system disturbance torques and maximize power production.

5.2.2 Pitch Control System Design Goals

This system is designed to meet the following requirement of the WIS System
Specification:

a. Below rated wind speeds the control subsystem shall maintain discrete
blade tip pitch angles for selected wind speed bands for optimum
efficiency.

b. At and above rated wind speeds, the control subsystem shall regulate
biade tip pitch angle to maintain rated power output in the presence
of steady state and gust wind conditions.
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The gust condition used is a MOD-2 WTS "Design Gust" (Vw + 28% and <13.8 sec
duration) which was developed from the wind gust criteria specification in
section 5.1.5. It is decermined by statistical operations after truncation
of the power spectral density curve of expected gusts across the 300 foot
diameter rotor to include only gusts below 20 seconds. Truncation of gusts
longer than 20 second in duration was based upon the assumption that the
blade Pitch Control System would hold gust tcrque increases at the generator
to 5% of the torque (Tr) at rated power production. A "Load Gust" of Vw +
45% and 20 second duration is the truncation point for which the 1.05 Tr
assumption was made.

The drive train and generator characteristics are such that the absolute max
imum torque acceptable is 1.5 Tr. Therefore, the “"Design Gust" (Vw + 28%
@ 13.8 sec) must produce <1.5 Tr at the generator. However, the gust pro-
file specified has (1-cos) characteristics and the gust onset for the "Load
Gust" and the “Design Gust" are nearly indistinguishable for the first six

seconds.
5.2.3 WTS Model Description

A functional block diagram of the MOD-2 WTS torsional dynamics as simulated in
"EASY 51" is shown in Figure 5-25. Each block is summarized in the following
paragraphs.
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Figure 5-25. MOD-2-107 “Easy " Simulation Block Diagram ECRERTCAL ectmen

5.2.3.1 Rotor Model

Torque on the rotor due to wind inputs was calculated as a function of wind
speed, rotor rate and Cp. The equation and elements are:
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2 3 2
Tw=Cp1T‘-z Vw R/.

9
where: Tw = Torque extracted from wind (ft-1b)
Cp = Coefficient of power (variable)
p = Rir density (slug/ft3) (Constant)
V, = Wind speed (ft/sec) (variable)
R = Rotor radius (ft) (constant)
éb = Rotor rate (RAD/sec) (-ariable)

5.2.3.2 Mechanical Dynamics

The WTS mechanical dynamics were modeled using two different rotating rates;
17.55 RPM (1.8379 rad/sec) for the blade, hub, quill shaft and transmission
front end and 1800 RPM (188.4956 rad/sec) for the transmission backend, high
speed.shaft and generator. The quill shaft inertia was small so it was
distributed between the hub and transmission inertias. Also, the high speed

shaft comp]aince was ignored and its inertia was lumped with the generator
and transmission inertias.

The fixed blade first mode natural frequency of the rotor/quill shaft is the
dominant mode of the drive train. The configuration of the M0OD-2-107 placed
the first mode at about -9 RAD/Sec. A blade pitch actuator loop band width
of 6.28 RAD/Sec (1Hz) was chosen to provide ar adequate response margin for
that dominant frequency. A lHz actuator loop response is also consistent with
hardware available and is well within capabilities achievable if faster
response is necessary.

The resulting equations of moticn used in the simulation for the Mechanical
Torsional Dynamics are:

* e _ \ ‘ - _ - " _ - = e - -

IBOB = Kgy (0H - OB, + DBH (0H QB) + Twind DB QB TB + Twind DB GB
. _ _ P
L8y = K (87 102.56 = O) * Dug (867 102.567%) ~ D48 T8 = Tw ~ Ts = Dy 8y

18, =-TREACT - DGO, - Ty

5.2.3.3 Electrical Elements

Mocels consisting of detailed Parks*equation generator and brushless
exciter, power factor controller, voltage regulator, reactive transmission
line and an infinite bus were included in the simulation to completely
describe the electrical power system as it affected the torsional dynamics
and therefore the blade pitch control system.

* "Two Reaction Theory of Synchronous Machines", R. H. Park, AIEE Transactions,
July 1929, June 1933
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5.2.3.4 Blade Pitch Control System

Representation of the blade pitch control system in the simulation is
segmented as follows.

5.2.3.4.1 Rated Wind

To minimize reliance on wind sensor output for mode switching decisions, the
MOD-2-107 Blade Pitch Control System is switched on blade angle and measured
power. For the below rated wind (Vr) operating mode, the blade pitch command
is switched to either 30 or -1°0 depending on the measured power. For power
conditions producing less than .9 MW output, the fixed blade command will be
30, As the power increases in increasing winds, the fixed blade command will
change to -10 when the power exceeds 1.1 MW. From that condition in decreas-
ing winds, the fixed blade command will change back to 30 when the power
drops below .9MW. This overlap (hysteresis) was built in to preclude blade
limit cycle for power conditions around the switch point.

5.2.3.4.2 Above Rated Wind (Vr)

Above Vr, blade pitch control utilizes the difference (error) in measured power
from the desired (rated) power and the error in measured hub rotation rate
and the desired rate.

The blade angle command is produced as the sum of the gain adjusted components
of (a) integral of power error (b) proportional power error and (c) hub
rotational rate error. The difference between the commanded blade angle and
the measured blade angle produces the blade pitch rate command.

To preclude 2P duty cycle of the actuator a narrow notch filter at 2P is
placed in the command path to the actuator servo valve. The notch filter

in that location assures that blade pitch motion at 2P induced by environ-
mental conditions will be washed out of the signal to the servo valve as well
as those 2P signals arising from the blade pitch command equations.

The blade pitch angle will decrease as the wind speed decreases until -1°

is reached around Vr. At that point the mode is set to fixed blade

pitch operation and the blade angle command is held at -1°. At increasing
high wind speeds the blade pitch angle will increase until an upper blade
pitch angle limit is reached and the system will go into a controlled shutdown.

5.2.3.4.3 Start Up

Because of the aerodynamic nature of the blades at low rotor speeds. the
start-up sequence was designed with four separate algorithms that are switched
as a fuoction of rotor rate. For blade rotor rates up to five rpm the blade
pitch is controlled as a function of wind speed and rotor rate to provide
maximum rotor acceleration from static breakaway. From five to ten rpm the
blade pitch is controlied for maximum rotor acceleration as a function of

rotor rate and wind speed. The third algorithm from 10 rpm to 17 rpom con-
trols the blade pitch to be at an angle to produce zero power at 17 rpm. From
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17 rpm to synchronous rate a closed loop integral controller of rotor rate will
control the pitch until the electrical synchronizer provides the signal to go
on line and produce power. Since these algorithms are designed to accelerate
the rotor as rapidly as possible, loss of energy during start-up was minimized.
The rapid acceleration also minimizes the excitation of tower modes as the
rotor passes through resonant frequencies.

5.2.4 Simulation Results
The investigations listed below were conducted on the model described in
section 5.2.3. The results of these investigations are summarized in 5.2.4.1
through 5.2.4.5.

1. Above rated wind gust response 45 mph

2. Above rated wind gust response 28 mph

3. Below rated wind gust response
Evaluation of Start Up Algorithms

Gain and Phase Margin Evaluation

Root Locus Evaluation

\Jmm;é

Digitizing Error Evaluation
5.2.4.1 Gust Response

The system time response to a 1.45 Vw gust of 20 second duration at 45 mph
shows the power and reaction torque excursions due to the gust to be about +
6%. The total blade pitch motion from nominal was an additional 7.5 degrees.
Blade pitch rate commands were within + 1.26 deg/sec.

The response to a 20 second duration 1.45 Vw gust at 28 mph shows the power
and reaction torque excursions to be abcut + 8%. A 10.5 degree blade angle
change is required to unload the excess wind from the rotor. Less than +
2.8 deg/sec of blade pitch angle rate command were needed under these wind
conditions.

The design gust applied at 14 mph shows relatively benign reaction for this
fixed blade condition. A torque increase of about 330% at the rotor produces
an increase of less than 40% of rated torque at the generator.

5.2.4.2 Start Up and Synchronization

A series of runs were conducted to investigate the mechanical dynamic charac-
teristics during the start up and synchronization process for low wind (14 mph)
and high wind {45 mph) conditions. The initial portion of each start up (from
zero rpm to 8 rpm) was calculated using the rotor performance prog:>m GEM-1.
The remainder of the start up process including the synchronization were in-
vestigated using the "EASY 5" simulation.
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In the 14 mph case, approximately 10 minutes were required to accelerate the
rotor from zero rpm to 8 rpm. Synchronous speed (17.5 rpm) was first reached
after 13 minutes. The rotor rpm overshoot was less than 2% with synchroniza-
tion being capable at anytime after that.

In the 45 mph case, approximately 1 minute was required to accelerate the
rotor from zero rpm to 8 rpm. An additional minute was then required to
reach 17.5 rpm. Again the rpm overshoot was less than 2%.

5.2.4.3 Frequency Response

Gain and Phase relationships as a function of frequency were investigated for
14 mph, 28 mph, and 45 mph.

For fixed blade operation at 14 mph the gain margin is 50db and the phase mar-
gin is 10 degrees. For active blade operation the gain margin is nearly 50db
and the phase margin is about 25 degrees for 28 mph. The gain margin is about
12dt and the system exhibits gain stability for all frequencies for active
blade operation at 45 mph.

5.2.4.4 Root Locus

A system root locus plot for variations in Power Error Gain (Powgn) and
Rate Error Gain (RTGN) were produced to determine an adequate gain set
for the control loop.

The plot showed that decreasing the rate gain provides better damping of
the lightly damped pole at 3.4 rad/sec but decreases damping on the first
structural mode pole near 2.5 rad/sec. A power gain of .02 was necessary
to satisfy the gust response requirements of Section 5.2.1. The chosen
combination of gains satisfies both stability criteria and gust response
requirements of Section 5.2.1.

Pole sensitivity investigations show that the system remains stable for
gain changes of + 5%.

5.2.4.5 Sample Data Error Analysis

In the actual control system, conversion errors and digitizing to 12 bits
will produce granularity in the converted signals and noise in the most
significant bit (MSB) may result in half of full scale perturbations.

A 28 mph simulation »ith and without the truncation errors associated with
digitizing all analog signals in the control system was run. The effects
were indistinguishable on power production.

The investigation also showed the magnitude of the disturbance torque at
the generator caused by MSB one sample errors 1S less than 2%.
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5.3 SYSTEM PERFORMANCE ANALYSIS

This section explains the apprecach used in assessing system performance during
trade studies, specification and constraints analyses, failure modes and
effects analyses, and other analyses performed during the design phase. The
cost of electricity (COE), which was a key driver in these analyses, is af-
fected by two major factors -- system cost and the annual energy output of
the WTS. System cost assessment is addressed in section 4.4 of this report.
The following paragraphs describe the overall performance analysis approach,
rotor performance assessment, system efficiency assessment, and energy output
analysis.

5.3.1 Performance Analysis Approach

Figure 5-26 illustrates the overall approach used in the performance analysis.
The basic input to the analysis includes wind spectra, site conditions, and
system efficiency data (including rotor performance). Every effort was made
to include test data and inputs from NASA when appropriate. Specific perfor-
mance data, WTS design characteristics, and annual energy output were deter-
mined with the aid of the energy output computer program (EOCP) which is an
extension of the Boeing WTS Energy Program (MEO-1) The annual energy output
was interfaced with cost data to determine COE (section 5.5)

Inputs Rotor performance
parameters
Hub height
Wind spectra Design
Site conditions Solidity
System efficiency Diameter
Twist
Planform

Energy output j

computer program (EQOCP)

| {

Specific
performance

Specific power
Specific energy
Design wind
Rated wind

4

Qutput

Design
Characteristics
Annual energy

& Rotor performance

computer program (GEM-1)

4 Iinterfaced with
cost computer program (COEP)

to determine cost of electricity

Figure 5-26. Performance Analysis Approach
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5.3.2 System Efficiency

Section 3.3 discusses total system efficiency, or power coefficient, which
is a combination of the efficiencies associated with the performance -
affecting components. The multiplicative nature of these efficiencies is
indicated in Table 5-8.

Table 5-8. Maximum System Efficiency (CPM)

Current
Element astimate
Maximum rotor power
coefficient {at design wind speed) 426
Drive efficiency 974
Generator & electrical
efficiency 950
Heading controi
sfficiency .993
Blada profile drag
loss effected by dint .980
Accessory loss 996
System Cpp, .382

As can be seen, the components which contribute heavily to the system effi-
ciency are the rotor, drive train, and electrical subsystems. The rotor
performance is presented in section 5.3.3, while the remaining components are
discussed in section 5.3.4.

5.3.3 Generalized Rotor Performance

For a constant RPM wind turbine system, the rotor has a variable efficiency
component. The rotor is most efficient at its design wind speed and is less
efficient at its other wind speeds, as a result of many aerodymanic effects.
The design wind speed was chosen to maximize annual energy output as discussed
in section 4.4.1.4. This variation in rotor efficiency is included in annual
energy calculations.

The generalized rotor performance curve is a convenient method for incorpor-
ating the variable rotor efficiency into system trade studies. An example of
one such curve is shown in Figure 5-27. This particular curve was used to
analyze the MOD-2-107 WTS for the PDR presentation. Note that the non-dimen-
sional format of these curves provides flexibiiity for system trade studies
where rotor performance variation is required.

The computer program GEM-1 is used to generate a generalized rotor perfor-
mance curve. A particular rotor design is inserted into this program, and
the rotor Cp is calculated for various combinations of wind speed and
collective pitch setting. The calculations include the influence of the
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vertical wind gradient and aerodynamic losses at the blade tip and pitch in-
terface. The envelope curve formed by the maximum rotor Cp at the various
wind speeds is then non-dimensionalized to form the generalized rotor per-
formance curve for that particular rotor design.

10
Notes:
08 1. Max rotor C, = 0417
{includes effect of dirt)
2. Vp= 20 mph at hub (200 ft)
0.6 3. Tipspeed =275 FPS
Rotor C.. ratio, C p/cp 4. Powerdaw v‘vind gradient
P max 5. Triangular tip loss factor
04 6. One percent power loss at
pitch interface {70% R)
7. Shank drag included
) f \
0
0 05 10 15 20
Vg/V (at hub height)

Figure 5-27. Generalized Rotor Performance for the MOD-2-107 Rotor

5.3.4 Remaining Component Performance

The hub and drive Tosses shown in Table 5-8 are due to friction in the teeter
bearings, rotor shaft bearings and the high speed flexible coupling. At

part power operations, the loss remains constant. The gearbox power loss

is due mainly to gear mesh losses and to windage/churning (air/oil resistance)
within the gearbox. As shown in Figure 5-28, the efficiency remains nearly
constant down to about half of rated power. The relatively higch efficiency

is inherent to the epicyclic gearbox design; its gears are compact and the
gear tooth contact velocities are low, resulting in low mesh losses.
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s N°® = Gearbax efficiency (remd powar] (.978)

N = Gearbox efficiency
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- Samed on equation : -3-..‘..,-:‘-..-1“—..—-,
(NN 04 for windaga/churning loss (a} = 3 full toad los
0.2
0
0 02 0.4 06 [1 X ] 1.0

Fraztion of retad power (P)
Figure 5-28. Gearbox Efficiency Variation

The generator absorbs power due to windage, field excitation, copper resistance
and internal friction losses. For the generator used, the efficiency remains
nearly constant as output power is reduced to about half power. The partial
power efficiency of the generator i3 shown in Figure 5-29.

1.0 / [
X }
06 N° = Generator stficiency (reted power) (.96)
(N/N®) . iesancy N = Generstor efficiency
Baed on actuad date

04
(4]

[

0 0.2 o4 (X ] neg 1.0

Fraction of rated power
Figure 5-29. Gene. .or Efficiency Variation

The accessory loss listed in Table 5-8 is an average of electric power con-
sumed, which is supplied by either the operating WTS or by the utility grid.
[t includes power used by electric motors that drive the hydraulic pumps, as
well as by instrumentation, control, lubrication pumgs, cooling fans, exterior
and interior lighting, and by maintenance functions. The value is comp.ted
for the duty cycle of the WIS on a site with 14 mph mean speed. The listed
line resistance and transformer losses are constant with part power .operation.
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5.4 SAFETY, RELIABILITY, MAINTAINABILITY AND LOGISTICS

Recognizing the importance of developing a safe and reliable system, consi-
derable effort was e pended to ensure that the MID-2 design was inherently
reiiable and free of safety hazards to the public and maintenance personnel.
Early in the preliminary design phase, a thorough failure mode and effect
analysis, {FMEA) covering more than 750 potential failure modes was completed,
resulting in numerous design changes to eliminate or reduce the consequencas
of hardware failures (section 4.5). Detailed reliability failure rate estim-
ates we-e prepared duwn to the Tier V ievel. Eac" componert was assigned a
failure rate based on past experience with similar components in the electri-
cal utility and commercial aircraft industries. Trade studies were conducted
on individual major components to arrive at a balance between reliability and
cost with the objective of achieving the lowest cost of electricity. Selec-
tive redundancy was applied where the need was indicated by the FMEA or ini-
tial reliability estimates.

In order to achieve a high in-commission rate (availability), it is also
necessary to ensure tnat equipment faiiures are easily repaired and the system
restored to operational status. Each component was examined from the stand-
point of accessibility, the need for preventative maintenance, spares support
and materials handling. Detailed estimates of repair times and maintenance
manhour requirements were prepared and a maintenance concept developed.

Along with the FMEA, a safety gross hazards analysis was performed to ensure
that OSHA requirements were met or exceeded and to incorporate safeguards to
the peblic such as aircraft warning lights, an ice detection system and a
rotor crack detection system.

The results of these analyses are presented below.

5.4.1 Safety

A_MOD—? safety analysis was conducted to identify personnel hazards associated
with the operation and maintenance of the MOD-2 WTS and to ensure that such
hazards ares eliminated or reduced to an acceptable level. Potential safety
problems were identified by reviewing the MOD-2 drawings and specifications,
fa1]urg mode and effects analysis and preliminary maintenance scenarios. All
pqtent1a1 hazards were noted and corrective action implemented whiere necessary.
Since the MOD-2 is an unmanned system, hazards can only occur: (1) from air-
craft impacting the tower, nacelle, or rotor, (2) to the public as a result of
rotor structural failures, ice being thrown off the rotor, unauthorized entry
intc an operating system, or (3) during maintenance.

Table 5-9 contains a summary of the potential safety hazards and the appli-
cable corrective actions.

5.4.2 Reliability

The MOD-2 WTS availability goal is .96 with a minimum requirement of .90.
Achievement of a .96 availability is realistic when compared to conventinnal
power plants. The primary cause of low availabilities of conventional power
plants are the outages due to the fuel fired steam generator which does not
have a counterpart on WTS.
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Table 59. MOD-2 Safety Precautions

ITEM

CORRECTIVE ACTION

Obstruction to Aircraft

@Compliance with FAA Advisory Circular
70/7460-1E, dtd. 11/1/76, “Obstruction
Marking and Lighting"

Hazards to Public
® Rotor Failure

® Flying Ice

e Unauthorized Entry

@ Safe Life Design
eStructural Tests
e Crack detection System-Shuts Down WIS

® [ce Detection System-Shuts Down WTS

oSteel Door, Locked, and Auto Shut Down
in Case of Unauthorized Entry

Hazards During
Maintenance

®General Safety Design Features

o Jccupational Safety and Health Act of
1970 {Public Law 91-596) and appli-
cable State Safety Regulations

o MIL-STD-1472, Human Engineering Design
Criteria for Military Systems, fquip-
ment and Fac*lities

e [EEE Standard 142-1972, IEEE Recommended
Practice for Grounding of Industriail
and Commercial Power Systems

® ANS1 C2 American Na:ional Standerd,
National tlectrical Safety Code, 1977
Edition

®Maintenance Personnel Safety Features
e(apability to remove person on stretcher

e Fire detection and extinguishing system
e Emergency exit doors and “"Rescumatic”

device to allcw egress from either end
of naceile

e Ability to lock rotor in horizontal and

vertical positions {lock on low speed shaft)

e Maintenance scenario and estimated 0 + M
cost assume buddy"” system

e OJperations and maintenance manuals will
contain safety cautions
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Cost vs. availability/reliability trade studies were crnducted to arrive at
design soluticns that yielded the lowest cost of electiicity. These analyses
show that the .96 availability is a cost effective goal. Availability es-
timates were compiled for ali major MOD-2 WTS components down to the piece
part level using failure rates and repair times being experienced on similar
components in commercial applications.

With the exception of single thread structural items such as the rotor, the
MOD-2 has been designed such that at least two simultaneous, unrelated failures
must occur before the system sustains severe damage. Wherever economically
feasible, fail safe concepts have bean incorporated into the design (see

4.5, FMEA). Table 5-10 contains a summary of the availability analysis.

5.4.3 Maintainability and Maintenance Concepts

The design goal of .96 availability can only be achieved if the system s
highly maintainatie. All MOD-2 drawings have been reviewed by a maintain-
ability specialist to ensure ease of access and to enable each component te
be removed and replaced or repaired in place. The support concents for a 25
unit farm have been developed and are summarized here:

e 2-Shift Coverage-Z-man crews 6 days per week, on call Sundays
® Use of outside services for shop repairs, special tasks and heavy
equipment rental
® 100% Spares availability
tlectronics and small items in panel truck
Major items stored at utility substation
® Haintenince equipment-portable tools and fixtures, for materials handling
$250,000 per farm

Preliminary estimates of the required spares. test equipment and other logis-
tics considerations have been accomplished and are discussed in section 5.4.4,

Detailed maintainability demand freguency and repair time estimates have been
prepared. Table 5-1%1 contains a summary of this data. The major MOD-2 main-
tenance features are shown in Figure 5-30.

M . . ' o
S Pogistags

The MOD-2 logistics considerations were analyred to: i) Jetermine (ne least
cost <upport—cnanpts, {J) identify maintenance equipment :equirements and
their impact on the WTS design, (3) determine long lead spares requirerents and
) compute preliminary iogistics costs in order to provide a realistic
estimate of the cost of electricity. The foilowing items were analv:ed:

® Tools and Handling fquipment {inciuding test eguipment and instalied fintures)

e Spares Requirements _for initial assembly and chechout, a single unit
site and for a S unit farm)

® Preventative Maintenance Requirements
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Table 5-10. MOD 2 Availability Analysis
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Table 5-11.
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Mniotenshitity feotures. Maintongnce consepls s eete
© 2 shift coverags, 2man crews

Materisis handling § days por wesk
manored intagral A
[~ ] @ Outside serviam weed for shop
capeirs, apocial Sk and hetvy
eguipmant rentah

) ©® Anaual O+M cost for WTS
3 Acoss points for 45, 26 unat term)

Wing andl ;omoving o . L, $6.000
© Masorioh parts $8.950
and ouwlnide
[ ]

Torsl $15.000

V4 SRNPMONL 1 o
4
/‘—
oE E rd

e .
° "Buddy” syswm s.nployed
| P for all munesnence

Figure 530. Dperations and Maintenance Concept

5.4.4.1 Tools and Handling Equipment

Preliminary lists of tools, handling equipment, test equipment and installed
fixtures were compiled based on expected maintenance frequencies, the WIS
geometry and nacelie floor plan. Tables 5-12, 5-13 and 5-14 contain the
preliminary lists of necessary support equipment.

£.4.4.2 Preventative Maintenance

Both system availability and annual 0 & M costs are partially dependent upon
the time required for preventative maintenance. A review of all M0OD-2 com-
ponents at the Tier V levei was conducted to identify the required preventa-
tive maintenance; the results are summarized in Table 5-15.

5.4.4.3 Spares Requirements

A preliminary spares analysis was conducted to identify the kind and number
of spares required for: (1) the initial assembly and checkout of the first
system, (2) operation of a single unit, and (3) operation of a 25 unit farm.
This analysis is used to identify long lead items and to derive a realistic
estimate of projected spares costs. A computer program was developed tnat
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Table 5-12. Tools and Handling Equipment Preliminary List

. Cost Asoal
Farm size por rontal
e Usad for LD unit cost
114 (2 {now) >
Charry picker {100 tt) Accass to rotar tip controls Ri{S8 {8 | $100000 -$5.560
Winch and cabies {90-ton) To remove rocor sjis|s 80,000 -
Fork lift (10 ton) Handling generator RiR]R - 120
Maintenance truck (2-ton) | To facilitate handling 88 |8 20,000 -
Fork lift (2% ton) To tacilitmts harlling 818 B 18.000 -
Yreiler (10 ton) Handling generator RIR|R - 2
* Poctsbie crane (10 tan) Remaving B|s |8 3,000 -
Paint Puinting blade, tower, nacelle Bjasis 2000 -
Hoist-on truck (10 ton} Hoisting gensrator, gears BiB |8 1.500 -
Portable hoist-personnel lift | To impect and repair rotor sa8lale 1.500 -
Welding squipment (arc) To repeir rotor & nacelle struct. 818 |8 1.000 -
Hand tools To repeic rotor & aacelle struct. 8jsj8 S00 -
© Saddie to hoid tip To rapair rotor 8i8i{B S0 -
Come-alongs (1.2.3.4 toa) To tacilitats handling B8 ]|8B 500 -
Misc. elect tools & fittings To repaic slectrical eqisipment 8|8 |8 300 -
Hydraulic fluid purgs squip.| To purge hydraulic systam ajs]8 200 -
® Scafolding fos hub hookup | To inspect and repair rotor 8|B |8 200 -
Misc. ropes, cables To facilitate BiB|® 200 -
Flood lights on stand Night work on pad s8isle 150 -
Electric winch % ton) To lift boom and other BiBis 150 -
equipment into nacelle
Stands-hold gearbox gears Gearbox repairs BiB 8 150 -
and case
Partable heater Maintenance in cold weather 8|88 150 -
® Portable bHlocks — lock Lock seoter brake 88 8 100 -
toater brake
Ol injection pump To check gearbox spray pattems 8|88 100 -
¢ Endplate lifting devics Gearbox repsirs a(8|8 100 -
* Spindie extmnsion tools Gearbox repairs ai8| @ 100 -
® Trunnion tools {1 set) Geerbox repairs ajals 80 -
Extansion cords Work on rotor, tower and ped ai8'®s 50 -
Hydraulic tubs flaring 200l | install/repair ydraulic tubing 8|88 60 -
tiydraulic tube bending tool | instali/repsir hrydraulic tubing |8 /|8 50 -
Standard doliies {2) To facilitate handling BiB!B ¢ -
Boroscope Gearbox inspections BiB|B 60 -
240 Yon ringer To remove nacalle RIR|R - 300
Spools of wire (various sizes}] To repeir slectrical equipment gs|8i 8 60 -
Bolt extractor Gearbox repairs 8a,8!8 50 -
Totp $231,000
8 =Buy

R = Rent as nesded
D'Mmd-n“h-x ~ental cost
. = Unique to MOD-2
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Table 5-13. Installed Fixtures for Materials Fndling

itam Uss

Rotor
Twe sysbolts, ans on sech rotor tip, to Susbilization of retar during
tie stabilization cables (max loed - TBD) removal
Fixares on each side of rotor canter section, Rotor removel
to tie removal cables (max load - 45 t1one each)
Fixwure to lock sestar brake Locking tester brake

Nacelle
Eyebalts above low spesd shaft on nacslle To meist in lifting motor-pump,
cailing accumulator: gnd reservoir
Eyeboits shove low speed shaft and hold- To sssigt in ramoval of low speed
downs on nacelle floor shaft rear bearing and seals
Cysboits on nacelle at front and neer Nurierous repein

accass doors to alinw attachment of
oquipment (max. loed - 4 tons}

Mounting hardware t0 hold fixtures te
accamadats removal of the rotor.
Fixtures nust hoid 90 tons

Dual monorsil rigging and eysbolts n
nacelle

Nacslle fixtures to accommodate portable
crane

Reinforced eysbolts on nacsile for remov-
ing gonarstor
Eyebolts on reer naceile wall to hook

on come-slongs

Nacelle syeboits above yaw hydraulics
and above ysw motor

Tower

Eyebolts imbedded in foundation to allow
holddowns for rotor and control tip removals,
and to anchor winches and come-siongs

Two bolts imbedded in foundation on each
side of the tower beneath the rotor to
silow tisdown of scaffolding cables

Bolts imbedded in foundation,
near the tower, to anchor 90 ton winch
Bolts imbeddaed in foundation beneath

rotor to allow stabilization tie down during
rotor ramoval

Motor-pump and yow motor

Rotor remavel, and to assist i
lifting equipment to nacalle

Rotor inspections and repairs

Rotor removsl

Stabilization of rotor
during removal
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allowed a cost trade to be conducted for each item at the Tier V level. The
cost to carry a spare(s) must be less than the penalty of lost electricity
when the spare is not available.
i.e. cost to carrv spare < prabability of ;ailure x value of lost power
.18 (cost of spare) <[1-((.-“m+5:—! +'§:~ ~~--+‘%n))
where n = number of spares, t = reorder time,
x = tailure rate, MDT = downume

Table 5-16 contains a summary of the preliminary spares list.

] X MDTIS35/hr)

Table 5-14. Test Equipment, Preliminary List

toom Usad for
© Ulere satiic Saster Aot inapections, ascalle eritical walds
® Dys panstramt Retor imspectiom
* Multimeter Elsctricl troubls shooting
& Hipot Elnctricat troubie thooting
© Visassity taster Gawrbox oil tenting
® Dessuiashility sester Guarbox oil sesting
& Contaminetion snelysis egsip. € arbox ol weting
¢ Qil changing squipment Gearbox and yaw control gesrbox
¢ Portable wind speed inslicator To check nacelle wind
© Hydrauiic il changing equiptient Speed indicatons
* instrument to check yow brake pressurs Yaw brake checks
o Ammews Genversl trouble shooting
S jratrument o measure hyd. oil Pitch & Yow switche:
Weaperytuce sentch opermtion ¢
© Hast 50urce (small biawer) To check nir tamperature sansors
® Timer To chack critical tisne constants
® Electrcel-celuy tomers To check ganeratGr protaction relsys
& Synchromizer tester For trouble shooting
L ©® Dual trace :cope, logic analyaer * For trouble shooting
1

® Unius 10 26 unit famn (outside services used 1or singls unit)
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Table 5-15. MOD-2 Preventative Maintenance, Preliminary List

Maintsnence etarvel Time | Aoowdl
tam ; roquired | time required
Aguion {manths)
Roser (b & tigsl napont for crasts 12 80 80
Rewe, wwer, nacelle * Paint 108, 52 1880, 3.0 200
Planh hydvanlics Visusl for lesks & fluid level 2 3 1.8
Fluh flvrs Chask for contaminetion 2 3 1.8
fotor pitch chenge Chesk for leskage and praper relief velve cparstion; ” 10 1.0
mechanisme and pisch calibrems pes. Ind.
position indicstor (dons in conjunstion with retor csack inspestion)
Law mpead shaft butrings Chack condition & lebricstion 2 K 30
[ ¥ )
Teater wup & caliper Check condition s 10 20
Sip riogm Check condition 12 20 20
Gawrbonx Cheek oil (tast) and aif samsors: ] 20 4.0
Particie dewmsser 2 3 13
Ol praswre 2 R ] 8
ORl tawp switch [ ] . 2
Gewrbox {comt.) OR Filter fileer 2 1 K
Gearbox oil flow switch 2 .1 ¥
Check gears 12 20 .0
Gearbox oil fiteer Change 2 5 10
Rotor braice disc Check condition 2 1 8
mmwm Check condition 2 .1 8
Roeor brake overtemp Check condidon 2 1 8
Gewrtax lubrication systom Check condition 2 2 12
Searing lubrication system Check condition 2 2 12
Yaw bearing and mounting Visual for delormation 12 10 10
Necalle control unit power
sppiies and reference
voltages Calibrems s 5 1.0
Naceile overhest dessctor Check operstion 12 3 3
Wind spesd indicatars Calibraws s 5 10
Yo dist: brate preseure Check 2 5 10
Yaw hydraulics Check tor lesks 2 1 8
Y aw brake discs Check for wesr [ ] 3 8
Yaw hydrautic ol level Check 2 .1 ¥ ]
Yaw hydraulic od
filtars (2) Changa 6 2 4
Yaw & pitch over
g switches (2} s0 1.0 2
hoval Chack 12 3 3
Bartery Chesk 2 1 ¥ |
Bectery Replace 60 20 4
Tower Visusl inspection 12 1.0 10
Ground intrusion systam Tost 2 1 8
Banding straps - chack
for corrosion &
CORMCTION intey. Visual inspestion 12 0 28
Fire detaction snd Chack anl service [ ] § 1.0
extinguishing syceem
Synchronioer Check condition 2 <. Negligible
Ground cusrent reley Check condition . 2 4
Diffarentisl protection
relay Cliesk condition ] 2 4
Fail safe systam Tost ** 2 1 E
Towd 728

* Rotor, tower and nacelie painted at same time, Rotor control tips painted at 4 1/2 year intervals.

*¢ also test fail safe systam efter recharging somamiuietors
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Table 5-16. Spares List - Preliminary

ltam

Single unit

A&CO* | Operations

Number of sperss

26 Unit

Start-stop vaive

Relief valve

Teater brake & reloms valve
Servo vaive

Shuttle valve

Check vaive

Filter

Motor

Pump

Position sensors

Pressure switch

Leval switch

Air pressure switch
Temperature switch
Pitch lock sensor
Feather lock mechanism
Fasteners, rod ends

Drive train subassembly

Low speed shaft and beasings
Radial bearing

Teeter bearing
Rad./thrust bearing
Tootar stop (caliper, slastomer)
Slip rings

RPM indicator

Shatt position indicator
Quill shaft couplings
Gearbox

Particle det. switch

Oil pressure switch

Oil temp. switch

Filter pressure switch
Gewbox oil flow switch
High speed shaft snd couplings
High spead shaft

High speed shaft couplings
Rotor brake

Caliper

Disc

Uniock switch

Overtamp. switch
Lubrication system

Gearbox lubrication M-pump
L.S. shaft lub. M-pump
Gearbox filter

Generator

Nacsile

Nacalle instrumentation
Nacsile intrusion device
Overhest detector
Pasition indicator
Wind speed indicator
Wind direction indicator

- uld

R i R I [ VR I e e I )

1

R;nir kit  Repair Kit
1

[

-l wh wh wb

b wh b b

| Nat -

-t bt ot wh |

NaSNSRNRONNQSRNNASNNNDNNSNN N -t ab

-t -t NN N - O w - b wb ab

-k b

O N=

R Y

1 (One side)

]
=
=

-

-l
wwNNN §g5uu NS
°
-

* Assombly and checkout
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Table 5-16. Spares List - Preliminary (Cont)

Number af sperse

unit

A&CO

Opaerations

25 Unit
farm

Relief vaives
Solenoid vaives
Control vaive
Yow # 1 oll filter
Yow # 2 ol filter
Check valves
Neadie valves

Lamgs, maintenance
Aircraft strobe lamps

Tower subassembly

Nacalle acess device
Ground intrusion sensor
Electrical squipment
Bus tie breaker
Synchronizer
Differentisl protecting relay
Masters (8)
Potentisl transtormer
Current transformer

Genarator tot. run hrs.

BTB opersting cycles

16KV to 480V transformer
480v to 115/280 transformer
Battery

Battery cherger

Battery hester

Power output transformer
Manual fuse disconnect switch

Microprocassor

Local CRT/Keyboard
Manual control

Utility substation
Communication processor
Printar — keyboard
Display panel

| S bttt b NN St | | bt | o N

Repair kit
1
Repair kit

OVN) =b od b b b ot b b ob

Repeir kit

Repair kit

~
!ll‘l'-‘-‘ll-n-|-...

St QIR et NN N ob s ) b b b b wh b b N

Ou-..-.....-o-.--n-a..i

-h

{
E
”»

1

- b o il o nid wh b P b b b ad P -

2”
.- _-ig

Switch kit

-k
- N wUUNHUgSNNU-ﬂ-ﬂNNNNNO

Repair kit

S;NNNNNN“UNUN

Repair kit

1

SN-‘NNUNNNN.,N.,“’” w

...,g"
i

2
2
Switch kit

* Not used for single unit
**Identiied to local CFiT/keyboard
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5.5 COST ASSESSMENT AND COST OF ELECTRICITY

This section presents the methods used to arrive at the turnkey costs, the
major data used in deriving these costs, the development of O & M costs and
the rec .ting cost of electricity. Figure 5-31 illustrates the approach used
to prepare the 100th unit cost estimates. This approach was used throughout
Task II and is applicable to all configurations studied. The hardware lay-
outs and drawing parts lists, and vendor inputs were used as the basis for
developing the manufacturing process work sheets, tooling concepts and pro-
duction plans. Material estimates were initiated based on preliminary make/
buy decisions.

PP
Make/buy plan ‘
L el e M
r— —l _| Material cost
| Hardware layouts | estimates and
l and parts lists X vendor quotes
| O | by P
1
|
o )
00w unit tooting | _§ [ Manutacturing | [ serory tabor 2\ | Turnkey cost
concept anc pro- ™ process work [ ocrimates _‘O_.O-' estimates
L 2
|uctenpn ] == 1 L
| I_Labor.z
{ ! rate |
— e e —— | study !
I 1 : ——
Facility layout Construction
| and construction l——s iop estimates
|Flan __ __ __J

Figure 5-31. 100th Unit Cost Approach

The facility layout and construction plans (section 6.1.2 and 3.2.4) were
developed in parallel with the manufacturing and procurement efforts and
formed the basis of the construction job estimates. Factory man hour labor
estimates for in-house manufactured items were prepared from the manufacturing
process work sheets and these were converted to doliars based on the labor
rate described in the next paragraph. Finally, all three costing activities
were brought together to form the basis of the turnkey costs summarized in
Table 5-17 and discussed in section 5.5.1.

The 100th unit cost estimates shown in Table 5-17 are based on the following
groundrules:

(1) AN gosts are in 1977 dollars (no escalation or interest during construc-
tion

5-53



{2) Costs include full burden,

(3) The manufacturing costs are based on a 20 unit per month praduction
rate, a 30 year facility life and a 20 year life for tooling and
equipment. The plant is dedicated to MOD-2 production and is loczted
in the Southeast.

(4) Transportation costs are rised on conventional rail and truck trans-
port over 1000 miles distance.

(5) Construction costs are based on a 25 unit farm.

Takle 5-17. MOD-2 Turnkey Cost Summary ; 100th Unit)

DASH NO. | QUANTITY DESLRIPTION 100 Unit Cost - $ _
MATERIAL | MANUFACTURING
1.0 1 Site Preparation 110,428 ! 51,100
2.0 ] Transportation 25,320 E 4,000
3.0 | Erection & Checkout 58,900 78,000
4.0 1 Rotor Assembiy 150,430 i 178,463
5.0 1 Drive Train . 378,527 ! --
6.0 1 Nacelle Subassembly 153,086 31,000
7.0 1 Tower Subassembly 270,800 -
8.0 1 Spares & Ma‘ntenance |
Equipment 35,000 ! --
8a.0 1 Non-recurring 35,000 --
9.0 1 Total Initial Cost 1,217,491 | 342,563
Fee ] 10% 121,749 34,256
TOTAL 1,339,240 | 376,819

5.5.1 Turnkey Accounts

Exhibit A of the contract specifies that the cost data shall be based on the
following elements or “turnkey" items of the wind turbine system:

Site preparation (inci. tower foundation)

Transportation

Erection (incl. functional test and checkout

Retor subassembly (incl. pitch controls)

Urive train subassembly

Nacelle subassembly (inc. yaw system & electronic controls)
Tower subassembly (incl. electrical power system)

Initial spares & maintenance equipment

- T s S o, o~
CONDOO HWN —
et e et St St S S i

Cost estimates were based on design layouts and crllected for each item on
the level of the current parts lists as shown in Table 5-18 for the pitch
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control system. The total cost of the pitch conirol system is one of the
cost items in Table 5-19 which shows the cost summary for the eantire rotor
subsystem. Each cost element of the "turnkey" cost account (Table 5-17) was
treated in the same way as this example.

Table 5-18. Blade Pitch Control Detailed Material Cost Report (Tier V)

Tumksy Account: 4.3.3 Drawing: K6267-SMD-129
Nomt Quentity Buy {%em description Cost
2 1 Buy Mowor - Electric 295
3 1 Buy Flangs adapter (incl)
4 1 Buy Pump - Hydraulic 2378
6 3 Buy Accumulator 701
8 1 Buy Filwer assambly 250
9 1 Buy Heat exchenter 24
w 2 Buy Filter sssaenbly 14
n 1 Make Manifold 9
12 1 Buy Solencid velve &%
13 2 Buy Solencid valve 115
" 1 Buy Relisf valve 0
15 3 Buy Check veive 3
16 1 Buy Check valve 44
17 4 Buy Pressure switch 260
18 1 Suy Temparature switch 20
19 1 Buy Temperature switch 20
2 2 Buy Differential pressure swit 423
2 1 Make System fill fitting 40
23 1 Make Pilot operawd check valve 40
24 1 Buy Accumulator 158
- 1 Buy Cap-fili ficting tincl)
26 Buy Hydraulic tbing 16
27 1 Buy Hydraulic fluid 133
] 1 Make Hydraulic irst-low spesd shaft 5510

Table 5-19. Rotor Subsystem Cost Report (Tier 11l and 1V}

A . 100th Unit 100th Unit
Material Manufacturing

-164 2 4.1 Mid -section assembly 40 462 §3.000
-166 2 412 Tip assambly 24,761 33,300
4.1 Blade 65223 06,300

163 1 42 Center saction 71,520 88,000

172 2 4.3.1 | Biade tp sttustor 1.805

-168 2 4.3.2 Blade hydraulics 4,463 500
-129 1 433 Pitch .:urol - jow spesd shaft 6510 1,000
45 1 434 | Hydraulic reservoir 709 4,063
g::““’" 2 435 | Electric cables 1.200 200
1 43 Pitch control 13.687 6,163

K ¢0 | Rowr l 15( 430 178.463
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5.5.2 Labor Rate Definition

A1l of the manufacturing labor estimates were prepared in terms of basic
factory labor (BFL) hours. BFL hours are the direct hands-on manufacturing
hours and must be factored to account for support functions, rework effort,
etc. Boeing has conducted extensive studies of both labor rates and support
function costs at Boeing and in the medium steel fabrication industry. The
results are shown in Table 5-20. The computed wrap-around rate of $25.00
per hour, exclusive of plant, equipment, tooling and fee, is a conservative
rate based on comparisons with on-going medium steel fabricators in the
Southeast.

Table 5-20. Lasbor Rate Computation

ITEM COST/HR.
Basic Factory Labor $ 7.5
Miscellaneous and Pickup .375
Rework 375
Manufacturing Development .04
Manufacturing Engineering .37%
Distributed Direct 1.1z
Quality Control .60
Finance .225
Overhead 2.75 *
Fringe Benefits 5.35
General and Administration 1.37
Taxes .54

Subtotal 20.62
Contingency 4.38
TOTAL $25.00

* Less plant and equipment

5.5.3 Manufacturing Costs

The manufacturing costs of the 100th production unit are based on an optimized
production facility producing 20 wind turdines per month. The optimized pro-
duction facility has a single, automated praduction line running three shifts
in the fabrication area and two shifts in the major assembly positions with

a total employment of approximately 1300 people. The space requirements and
cost {in 1977 dollars) of this plant are shcwn in Figure 5-32. This plant
will manufacture, assemble and checkout the complete rotor, drive train, and
nacelle. The tower and other components are manufactured by specialized
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vendors. The plant will be located on a site with railroad and road ac-
cessibility in an area with adequate availability of skilled labor. The
general location of the site is expected to be near the region of WIS

deployment.

© Space requirements font
© Manutachuring & sssembly 545,000
floor space
& Sanees, receiving, shipping 206,000
® Ouality smurance ishs 20,000
o Otfice space, support 63,000
® Parking 720,000
® Costs Miltions $
Tooling 82 L 777
Equipment (Machinary, etc.) 216 — L
Facrory aa
Total 29

Figure 5-32. Factory with Single Product on Line with a Rate of 20 WTS per Month
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For economics analyses, the plant is depreciated over 30 years and the equip-
ment and tooling depreciated over 20 years. The corresponding first year de-
preciation charge is $8.5 million (using the sum of the year's digits method
of depreciation). At the 2G WTS per month production rate, this results in a
$35,000 non-recurring charge per unit to be included in the WTS price.

The costs shown in Table 5-17 reflect a mature, automated production lirne in
a dedicated plant, with initial problems resolved and learning improvements
realized. Construction and transportation costs are based on job estimates.
Hardware costs ar: based upon the material and labor requirements of each
sub-assembly, and include purchased parts and subassemblies.

5.5.4 Operations & Maintenance Costs

The MOD-2 operations and maintenance concepts are basad on remote, unattended
ogeration of a 25 unit farm. They rely upon thorough reliability, maintain-
ability and safety analyses conducted during the conceptual and preliminary
design phases of the program 25 described in section 5.4. Studies were con-
ducted that traded initial costs vs. annual maintenance costs; other logistics
elements such as preventative maintenance and spares levels were optimized to
achieve the lowest cost of electricity. The MOD-2 operations and maintenance
costs are shown in Figure 5-33 for a single WTS. These costs, as well as the
maintenance eju.pment and initial spares costs which aprear in the turnkey
cost summary (Table 5-17) are based upon the analyses presented in section 5.4.

[ 1TeM ANNUAL HOURS PER 25 UNIT FARM

o Unscheduled Maintenance 6,800 (from R & M analysis)

® Scheduled Maintenance 1,800 (72 hours per WTS per yr.)
® Administrative Tasks 960 (2 hours per unscheduled

! event)

i TOTAL 9,560 hours

9,560 hours x $20 per hour = 25 WTS = $7,650 per WTS per year

0 & M Cost per WIS

® Labor $8,000 (2-2 Person shifts/day 6 days/week
plus contingency for Sundays *— 25 WTS)
e Parts & Qutside 6,950 (Averages $340 per unscheduled event
services and $450 annual equipment rental
charges)

TOTAL $14,950 ~~ $15,00C

Figure 5-33. O & M Cost Estimates
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5.5.5 Cost of Electricity Formulation

The energy pricing method used to project the MOD-2 WTS energy costs is the
levelized fixed charge rate approach. It derives a levelized energy price
necessary to recover the costs to a utility for purchasing, installing, owning,
operating, and maintaining a MOD-2 WTS.

The cost of electriciy (C0E) is derived from the turnkey and 0 & M costs,
energy output and availability. The specific formulation used for the cost
of electricity calculation is shown in Figure 5-34. A summary description
of each term in the equation follows:

FCR = levelized fixed charge rate which includes return on capital, income
tax, property, tax, and insurance. F(CR is sensitive to cost of
capital, capitalization method, income tax rate, and system lifetime.

IC = initial turnkey cost of the energy svstem which includes complete
cost exposure to the utility for purchasing, installing and setting
up logistics for the energy production system.

AOM = annual operation and maintenance {0 & M) cost which includes oper-
ating budgets and maintenance budgets.

AEP = anticipated annual energy production of the erergy system. AEP
takes into account energy producticn losses attributed to the un-
availability of the energy system equipment and the unavailability
of the energy source (i.e. wind).

o Cost of electricity
_ IC x FCR + AOM
COE = AEP

e FCR = annualized fixed charge rate = 18% per year

o IC = total WTS cost=$1,720,000

e snore)

output data

e AOM = annual operations & maintenance
cost = $15,000

e AEP = annual energy production = 9.75 x 108 kwh

e COE = 3.3 ¢/kWh

COE data

Figure 5-34. COE Deterraination
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5.6 MWEIGHTS ANALYSIS

The requirements for accurate and comprehensive weight and mass properties of
the WTS was decreed by the need: :

1) to define material types and gross quantities so that material costs
could be arrived at and controlled early in the design cycle of the
WTS. )

2) for mass properties to be available for loads and structural dynamics
analysis.

3) to exercise weight/cest control by means of weight targets being
allocated to individual parts of the WTS.

To achieve this end, an existing aerospace mass properties computer program was
used. The inputs required for the program were obtained by an in-depth analysis
of all the individual design lay-out drawings as they became available. The
weights of manufactured detail parts were calculated, and the weights of pur-
chased items were obtained either from vendors or by using known weights of
existing jrarts that were similar to the specially designed items required for
the WTS. Contingencies of up to 20% were included in critical development item
hardware to cover the possibility of unknown design requirements arising. In
addition, it was recognized that material tolerances aione could have a signi-
ficant impact on the weight of the WTS and an allowance was added to all pur-
chased materials to account for tolerance averages. A further allowance was
included to cover miscellaneous small items that were not detailed on the
design lay-out drawings. As the lay-outs became more explicit,this allowance
was reduced. The weights so obtained, each with its material coding letters,
were then input to the program.

The inputs to the program included the center of gravity of each part about
the WTS 'x', 'y', and 'z' reference axes, the calculated radii of gyration
about the parts axes, it's fore and aft dimensional limits, it's designated
group and section codes (for example see Figure 5-35), it's descriptive title,
the material it is to be made from, and the fabrication method. A total cf
eighteen different inputs were made for each of the more than 900 parts at

the current level of analysis. These inputs were continually revised through-
cut the conceptual ard preliminary design stages to incorvorate design improve-
ments and updated structural analysis.
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DETATL PART W SECTION CODE 88

Figure 5.35. Mass Properties Program Group Coding

i isti £ thirty-
The computer program output provided reports selected from a listing of t
seven that are available. The reports used most frequently for MOD-2 were as

follows:
1) Mass Distribution

The program ccllects all parts with the same sub group code and anaiyzes
each part in turn. The c.g. of the part is positioned between tne
forward and aft limits and the weight divided equally either side of the
c.g. This weight is then uniformly distributed between the limit and

the c.g. in one inch increments. This process is repeated for each
detail part and the results for all parts ace totaled, to give a complete
mass distribution in one inch increments. Each increment is printed out
with its weight, and cumulative shear a.d moment.
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2) Section Summary.
Collects weights and c.g. of all parts in a section and summarizes.
3) Groug/Section Summary.
Collects weights of all sections within » sub group and totals weight.
4) Inertia Summary.
Coliects weig'.ts and c.g's of all parts in a section and calcuiates a
compesite c.g., inertia, ard product of inertia. Summarizes results
by sub Jgroup.
5) Material Summary.

Sorts parts by type of material and fabrication method and summayizes,
to give total steel plate, forgings, paint (etc.) used.

6) Tier v Listing.

Lists each individual part in a sub group with its weighi. c.q'<. and
roll, pitch, and yaw momeuts of inertia, and sunmarizes each sub group.

7) Tier IV Listing.

Lists total weight and c.g for all items 1n a sub group and summarizes
by group.

8) Tier I1i Listing.

Lists total weight and ¢.g., target weight, and over/under target weight

for all groups, and surmarizes total MOD-2 values.

The estimated weight of the MOD-Z WIS is shown in Table 5-21. The weight
statement is derived from a build-up of components, design details and sub-
assemblies. It includes all WT hardware, electrical cabling and controls,
instrumentation, fiuids, heating/cooling requirements, maintenance and safety
provisions, etc., from the base of the tswer through the rotor. More than
nine hundred unique items make up the detailed Tier V weight statements for
the subassembly group cocdes in Table 5-21.

Weight control has been exercised throughout the conceptual and preliminary
desian of the WT. Minimum weight, although desirable, in many cases has rot
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been the deciding factor where a decrease in weight would result in an increase
in cost. As an aid in monitoring and control, initial target weights were
established at the sub assembly level. The Tier IIl weight statement (Tablg
5-21) snows the relationship to target goals. The current weight is approxi-
mately 45,000 1bs. lower than the target weight allocations. The unit weight
of 232 lbs/kW refiects a system designed for minimum cost of energy.

The weight and mass properties task has therefore been a significant input to,
and a monitor of, the cost optimization process.

Table 5-21. MOD-2-107 Wind Turbine System Mass Properties Status Summary

* s o 0 ® e 0 e s ® 8 8 206 v s e s @ e o o 4 s s e s e e et e oo et e e s eee e

. BLEMENT -CURRSNT WT. .QVER/UNDER, TA2GET .
SROUP......iiinnnn Ceeee e L WEIGHT..... WEIGHT. ..
41 - BLADE 190336.00 10536.008 &55C0.00
42  Hu3 67722.00 12222.00 33550.G0
43  PITCH CONTROL 15¢9.00 -131.00 1720.00
41-643 ROTOR SUBASSEM3LY 169567.00 22567.00 164703C.CO0
51 LD SPEED SHAFT+32NGS 22865.00 -6335.00 27200.00
52  QUILL SHAFT+COUPLING 9433.00 -2217.00 11700.00
55  GEAZ30X 33000.00 -54C00.00 18560C.00
S4  HISPSED SHAFT+COUPLG 60G6.00 -600.05 1200.00
55  20TCR 3RAKE SYSTEM 230.20 -329.90 §60.00
56  Ly22TCATION SYSTEM 6666.00 66664.00  2000.90
57  GENERATOR 1709¢.00 2000.90 152¢0.900
58 D-TR2AIN GROWTH ALLOW 3000.00 £000.00 0.00
51-53 DRIVE TRAIN 103352.00 -53308.00 16270C.00
61  NACELLE STRUCTURE 33620.00 3130.00 30530.C0
§3  YAW DRIVE 17742.00 542.00 17220.00
4  ROTCGR SUPPCRT STRUCT 7152.00 1452.00 5705.09
§5  ENVIRON.CONTRL+FIRE 870.00 -230.00 1100.00
66  CABLING+ELEC.SACIL. §45.00 265.00 ¢30.C0
67  INSTRUM.+CONTROLS 690.00 -10.00 760.00
58  GEN. ACCY.UNIT 2500.00 -1500.00  4£092.00
61-68 NACSLLE 63279.00 3§79.00 59530.60
71 TOWER 266536.00 -6444.30 253C00.730
72  C2BLE INSTALLATION 4130.00 3230.¢0 900.00
73 CABLE TRANSITION 500.00 -1000.06 1500.00
76  LIGHTNING PROTECTION 300.00 c.o 300.00
71-764 TOWER SUBASSSMBLY 251666.00 -42364.00 255700.00
41-74 TOTAL INCL. GROWTH 588204.00 -36796.00 £25060.00
75  D-TRAIN GROWTH ALLOW -8009.00 -3600.00 0.00
41-75 TOTAL EXCL.GRCWTH 5802064.00 -44796.00 625000.0C
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5.7 MANUFACTURING DEVELOPMENT

The Manufacturing Development activities were oriented toward supporting the
Engineering preliminary design effort while the manufacturing shops acquired
some familiarity with the unique fabrication processes of the WTS. The
development activities were primarily associated with Tabrication of the rotor
blade and were divided between welding and forming processes.

5.7.1 Weld Development

Engineering selected three materials as possible candidates for the rotor
blade. Manufacturing prepared welding specimens from each of these materials,
A-588, A-572 GR 42 and A-633 Gr A. Various thicknesses and joint designs

were welded and evaluated. From a manufacturing standpoint, the three materials
were equally weldable and sound weldments were produced.

Twelve weld joint designs were offered by Engineering as possible configura-
tions for the rotor design. Each of the joint designs was welded using che
three candidate materials with various weld wires, back-up materials, edge
preparations and welding positions. The degree of ease or difficulty in
consisteni.y . roducing and inspecting each of the joint designs was passed on
to Engineering. The more difficult designs were eliminated or revised for tie
rotor design. Development work is continuing as Engineering designs for ma-
terial gages are finalized and pending the final decision on the need for
stress relieving the weldments.

5.7.2 Forming Development

The Forming Development Program was initiated to determine whether the rotor
blade skin panels could be formed to the contour tolerances required by the
design. Other objectives were to determine the maximum length of panels that
could be formed and identify tooling requirements for an acceptable product.

Chip forming, by a progressive series of light hits on a press brake, appeared
to be the most economical method of forming limited quantities of skin panels.
Consequently, a survey was made of fabricators having press brakes up to

sixty feet in length in a tandem position.

Because of the blade tilt limits of the presses it was determined that a skin
panel having the varying contour of the rotor blade design would have to be
limited to about twenty five feet in length. Three vendors were seiected to
form the development program skin panels as discussed in section 5.7.3

5.7.3 Fabrication of Buckling Test Specimens

The final phase of the manufacturing development program was the fabrication

of a full scale 35 foot long section of the blade. The section of the blade
was selected from station 360 to station 780. Station 360 represented the
fieid joint and this section of the blade presented some of the most difficult
skin panel forming problems. The skins were 3/8 and 1/2 inch gauges of A-588
material. The trailing edge panel (22 feet in length) transitioned from a
constant radius at station 360 to a sharp trailing edge of the airfoil at tne
outboard end. This represented the most severe forming condition of the entire
rotor.
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Flat pattern layouts and templates made to the inside mold line of the parts
were furnished to the vendors along witn the material. The vendors were able
to layout the material to net length, cut the weld edge preparation on the

ends and Yorm the contour to within 1/16 inch of the contour templates. After
the excess width required for forming was cut off, the panels were ready for the
weld operation.

Subsequent weld fabrication of the section was accomplished with a minimum
of difficulty using soft tooling techniques. The fabrication demonstrated
the manufacturing capability for fitting up the formed components and pro-
ducing a satisfactory weldment. The experience also provided valuable in-
formation for designing weld fixtures for the rotor. The complated 35 foot
section was then successfully subjected to the buckling test as discussed
in section 6.3.1. The section has subsequently been stress relieved.
Inspection for contour changes has found no discernable distortion as a re-
sult of the heat treatment.

The hub section trailing edge panel is shown as received from the vendor in
Figure 5-36.

5.8 PRODUCIBILITY STUDIES

An integral part of the M0D-2 development has been a joint Material/Manu-
facturing/Quality Control/Engineering effort to reduce the cost of each
system element to a minimum. Essentially, every component has been subjected
to layout review, trade studies, and special study meetings where appropriate,
to achieve cost reduction consistent with the desired performance and life
goals. Producibility improvements have been incorporated in each major sub
system area of the M0D-2 WTS, in the manufacturing plan for large scale pro-
duction, and in the erection plan.

Some specific examples of successful producibility study application are:

(1) A substantial reduction in the use of expensive forgings in the rotor
and low speed shaft.

(2) Selection of low cost, low risk materials for the rotor that are readily
available and that weld particularly well.

(3) Selection of an all welded steel trailing edge that not only reduced cost
and weight but that also eliminated the risk of service bond delamina-
tions.

(4) Choice of the very economical corrugated steel as the nacelle external
cover.

(5) Change to a field welded tower joint configuration, replacing the more
expensive bolted joints previously proposed. .

(6) Reconfiguration of the foundation to permit replacing a substantial
part of the required concrete with much more economical earth fill.

(7) Selection of an epicyclic gear box design resulting in substantial cost
and weight reductions.

A rather special example of the producibility effort was demonstrated during
a menth long cost reduction study activity, resulting in a cost of electricity

reduction of approximately 17%.
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6.0 MANUFACTURING, ASSEMBLY, AND TEST

As the conceptual and preliminary design phases progressed, a number of
activities oriented towards updating the initial concepts of manufacturirg,
assembly, inspection, test, transportation and erection of the MOD-2 WTS were
pursued. Inputs were provided to the designers with respect to the manufac-
ture and test of the various concepts under consideration. Refined cost and
manpower estimates were developed for cost of electricity studies. Test pro-
grams were conducted to assist in confirming design decisions or providing
design data.

When work progressed into the preliminary design phase, pians were developed
as prelimin.ry documents for the Manufacture, Test, and Quality Assurance
activities to be implemented in the post-design phases of the program. Es-
timates were provided to update the cost of electricity of the production
units. A development test program was implemented at the start of the pre-
liminary design phase and included both test and manufacturing development
activities. One result of these activities was to provide additional confi-
dence in the design approach and analysis used in arriving at the preliminary
design configuration. A second important result was the development of the
procedures and processes to be used in fabricating and assembling the M0D-2
blade and the increase in confidence in our ability to produce the blade as
designed.

This section includes a description of the manufacturing and construction
procedures, and a summary of test activities.



6.1 MANUFACTURING AND QUALITY ASSURANCE

Manufacturing includes the fabrication, assembly and preparation for shipment
of selected items of the MOD-2 WTS. This includes providing the manpower,
tooling, equipment and other resources to accomplish tnis manufacturing task.

Quality ass.-ance ensures the manufacturing activities result in a quality
product. This includes surveillance as well as physical inspection of the
hardware during manufacturing and test operations.

This section summai izes the manufacturing and quality assurance procedures
for the MOD-2 WTS. The quality assurance procedures presented herein are
derived from the BEC developed, NASA approved,Product Assurance Plan.
Manufacturing procedures are based on preliminary plans prepared for the
prototype unit fabrication. Similar plans and associated manufacturing
scenarios which have been developed for moderate-to-high production rates are
used in the deveiopment of cost of electricity estimates as described in sec-
tion 5.5.

Th. moderate -to-high production rate scenarios are envisioned to be consis-
tant with proceding from the first prototype units produced with modest
tooling *o full scale production of thousands of units produced with highly
automated hard tooling. Manufacturing methods and sequences, and quality
assurance procedures are independent of the production rate. Tooling and
productivity, or manufacturing manhours, arc strongly affected by the pro-
duction rate. In general, facility requirements inc ~3ce and the tooling
becomes increasingly automated and complex as the proauction rate is
increased, although the basic functions performed by the tools are the same
as those described here for the prototype unit production. Manufacturing
manhours, on the otl.er hand, decrease dramatically with increasing production
rate, offsetting the increasing tool cost.

6.1.1 Materials and Components

The manufactured components of the MOD-Z WTS are primarily made from structural
quality steel as described in section 5.1.6.

Components for the system wiil be purchased to engineering specifications or
vendor part numkters. Some corponents will be shipped directly to the installation
s1te: .lhOSE components requiring installation will be processed :hrough Boeing
receiving inspection functions prior to being stored.

Comporients will be 1integrated into systems and installed in assembled com-
pone~',. When required, functional tests will be performed on subsystems
prior to the integration 1n the system. Those components which reqhire
d1sa§semb1y after testing to facilitate shipping, will be match-marked prior
to disassembly to assure proper assembly at the instaliation site.
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6.1.2 Manufacturing Methods

A1l manufacturing methods emgloyed are wall within the current state of the
art and are standard ndustry practices. The rotor skins are formed using
the “ckip” technique in a praess brake. The thickness aid large dimensions
of the rotor skins reguire facilities larger than those available at the
Boeing Coapany. The skins will be subcontracted to vendors having larger
forming equiprvent. The machining of iibs, fittings, and buikkeads is accom-
plished on large couvertional mills or numerical controlled equipment which
is available at Boeing.

The principle method of joining components of the primary structure is by
welding. Tungsten inert gas or metal inert gas welding techniques will be
used. Welders will be qualified for each joint configuration and material
thickness range. In some cases, stick slectrodes will be used to fabricate
components from structural beams, mechanical tubing anc olate.

Tcoling will be used to locate, position, or restrain coumpenents for welding
and interface Arilling. Welding will be sequenced to mirimize distortion
and meke-up joints wil) be usecl to compensate for weld shrinkage.

The tooling policy Sor the prototype units of the MOD-2 WTS is to keep tooling
to a minimum. Adequate tooling will be used for critical processes end
interfaces and when the cost of the tooling can be justified by reduced
assembly process costs or is essential to the program schedule.

The major items of tooling are expected to be the weld fixtures for the rotor
components. Typical tooling concept fnr the weld fixture for the rotor tip
is shown in Figure 6-1. A ceries of floor mounted tocling headers will be
erected tc control the lTower surface contour and retain the axial twist of
the assombly. Removatle upper members of the tool! will aliow sequential
loading and weiding of skin, spars and bulkheaas.

Similar concepts are envisioned for the rotor mid-blade section and for the
rotor center section. Other major toolinc items will consist of specially
designed slings for handling and installing heavy items of equipment.

Lesser items of tooling that will be required {i.e., contour templates, drill
templates, etc.) are non-designed tools and are fabricated to accepted stan-
dard tooling practices.

6.1.3 Manufacturing Sequence

The following paragraphs and associated illustrations describe the sequence of
manufarturing operations for fabrication and assembly of the M0D-2 WTS.

6.1.3.1 Rotor Fabrication

The rotor has five major assemblies. The assembiies, consisting of two tips,
two mid-section blales and a hub center section are fabricated concurrently.
After the individual assemblies are completed, they are joined to make a com-
plete rotor for installation on the low speed shaft previously installed in
the nacelle.
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Step 1: Welding of chordwise & lengthwise weids
- | for tre (2} lower skins
\\— Step 2: Tum skins over & weid other side of joint
Supports for lengthwise welds
(2 places!

Figure 6-1. Outboard Section (Sta 1260 to Sta 1800)

The rotor tip is fabricated in two steps. First, the spindle box corntaining
the pitch spindle and structural members between stations 1260 and !320 is
welded into a unit. This assembly is a convenient size for final machining
operations and provides a dimensionally stahle assembiy that ensures align-
ment cof the shaft with the remaining tip stiructure. The second step inte-
grates the spindle box into the total tip weld assembly accomplished in the
tip welding fixture.

Aftar completicn of 21l weid operations, the baliast weights are instal'ed,
the assembly is cleaned and painted,and the spindle sleeve and associated
bearings seails and retainers are installed. The assembly is weighed and
balancad by a final adiustment of ballast weights and then is joined with
the blade and hub center section tc make a complete rotor.

The manufacturing sequence for the mid blade is simiiar to tne rotor tip. A
subassembly of the spindle box is welded and machined before integration
into a complete blaae. Drilling of the Sta 360 field splice joint holes is
done after 311 weld operations are completed.

The nut center section is fahricated in several s.ages. The bearing support
assembiy and the bearing and teeter brake support assembly are welded, sur-
facec are machined,and mounting hole locations drilled. The "0" shaped
sections in the center of the Lut are welded as sub-assemblies. The "D"
sections are mated with the bearing support assemblies and match drilled.
These holes are the index points for location in the center section weld
fixture. The outboard portions are then built up to mate with the center
pertion. After weld completion, the blade attach hole pattern is drilled,
the assembly is cieared and painted and is joined with the blades and tips
to complete the rotor assembly.
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6.1.3.2 Final Assembly

The MOD-2 WTS will be assembled as shown schematically in Figure 6-2 pre-
paratory to in-plant integration testing. The following text describes, in
general terms, the manufacturing activities associated with this task. Al-
though listed sequentially, some of the operations may be performed concur-
rently. Methods studies of man loading and accessibility w1l determine the
optimum sequercing that is compatible with cost and schedule targets.

The nacelle is prccured by BEC from a subcontractor. Electrical conduit and
wiring for the nacelle intericr lighting, convenience outlets for accessory
power and the external lighting will be installed as soon as the nacelle

is received and while accessibility is unrestricted.

Cable runs from the yaw slip ring location t¢ equioment locations will be
routed. Circu:it breaker panels will be instalied. Hookup of the cabling
to the equipment must necessarily be deferred until the equipment is installed.

Tie nacelle will be temporarily shored up at each end for installation of the
yaw drive system. The yaw bearing, manufactured by a subcontractor, is

jacked up inte position under the nacelle and the attach bolts installed.

The nacelle will then be mounted on the simulated tower section in the final
assembiy and checkout area. The yaw brake disc will have been mounted on the
tower. Tne brake calipers will be installed. The drive motor will be mounted

on its support.
I/\\

o

/ < Rotor brake
L Generator

. /
Yaw mechanism—’

Shroud T"/ '
Figure 6-2. MOD-2 Assy Sequence Overlay
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The hydraulic module wi1l be installed in the nacelle and plumbing work com-
pleted. The yaw system shroud will be bolted in place. A checkout of the
yaw drive system may be made at this time.

The low speed shaft, as supplied by the subcontractor, will be mounted ir a
work stand for the installation of hydraulic equipment and plumbing associated
with the pitch control system. The drive train slip ring will be installed
and electrical wiring to the rotor will be routed. The shaft bearings will

be installed and the quill shaft inserted in the low speed shaft. The assem-
bled low speed shaft will then be mounted on the bearing supports of the
nacelle and aligned. The gear box will be mounted and shimmed to align with
the quill shaft. Finally, the generator and high speed shaft will be installed
and adjusted for alignment. Associated control equipment and cooling air
duct;ng will be installed and all electrical and hydraulic hookups will be
completed.

The rotor center section, blades and tins have previcusly completed the struc-
tural assembly operations and have been painted and individually eighed and
balanced. The teeter bearings will be installed in the center section. The
center section will be installed on a supporting fixture. Hydraulic lines

for the pitch control system will be installed and routed to the outboard
extremities of the center section. Electrical cabling and wiring for the
instrumentation will be installed at the same time.

The mid blades will be joined to the hub secticn by the 1nstallat10n of bolts
at the field splice joint. Plumbing and electrical wirina in the hub

section will b2 hooked up tc the previously installed lines in the blades.

The tips will be joined te the mid blades by inserticn of the spindle sieeve in
the biade socket and the fasteners installed. The pitch actuators will be
hooked up and final electrical and hydraulic connections will be made.

Electrical continuity checks will be made. The hydraulic lines will be
fiushed and filled. After checks are made for leaks and final inspection
has been completed, the functional operation of the pitch control system will
be verified. Upon completion of the testing, the completely assembled rotor
will! be transferred from the test fixture to the low speed shzft installed

in the nacelle. A final hookup of Tines from the low speed shaft to the
rotor completes the manufacturing activities, except for the Jdisassembiy and
preparation for shipment, when the inplant tests are finished.

6.1.4 Quality Assurance

This section describes objectives, philosophy and plans concerning quality
assurance inspection and testing techniques and criteria for the MOD-2 WTS.

A Prcduct Assurance Trogram Plan, D276 10500-1, was developed in accordance
with the NASA-LRC Statement of Werk and Exhibit "C" of contract DEN 3-2.

This customer apprived plan defines the system to be used to ensure compliance
with the safety, reliability and quality assurance recuirements of th2 con-
tract.



6.1.4.1 Inspection of Fabrication, Assembly, and Installation Operations

A1l manufacturing and inspection operations for the MOD-2 WTS nroject are

ing preplanned. Evidence of work completion will be traceable to tne indi-
vidual performing the operation through the use of personal stamps issued to
the individual employee performing the operation.

The operation will be a "controlled" manufacturing process wherein require-

ments (drawings, specification, documents), processes, methods, tocls and
equipments are specifically defined in a sequertial manner to facilitate an
orderly flow. Mandatory inprocess inspections and non-destructive examina-
%ions will be inserted at appropriate points to ensure an adequate quality
evel.

Specific inspection controls to be used on the MOD-2 WTS project include the
following:

(1) Use of raw materials and standards previously accepted during receiving
inspection operations.

(2) Controlled tooling (tempiates, drill jigs, etc.) inspected and certified
for use.

(3) Inprocess surveillance of manufacturing operations.

(4) Dimensional verification using calibrated devices such as micrometers,
scales, calipers, and gauges.

(5) Nondestructive testing of welding using ultrasonics, radiography, dye
penetrants, etc.

Al planning for the MOD-2 WTS project is reviewed and approved

prior %o release. inspection operations are added during the review cycle.
Critical hardware characteristics are noted on the planring and will be 100%
inspected.

Quality assurance ensures that the MDD-2 WTS "as designed” configuration is
accyrately portrayed by the planning. Production planning is released only
after the "as planned” configuraticon equels the "as designed” configuiation.
After manufacturing completion of the product, the "as built" configuration
is compared to the "as designed” configuration. Differences between the "as
built” and the "as de<igned" configurations are immediately resolved.

Alignment requiremerts of the MOD-2 WTS structure buildup will be controlled
by tooiing. All inspections wil, te to ergineering tolerances and will be
performed using state-of-the-art techniques. All required inspection equip-
ment is currently in the Boeing inventorv or in the case of purchased hard-
ware, is a standard common to industry.



6.1.4.2 Special Product Analysis

Material for the rotor will be purchased to requirements that preclude the
presence of detrimental flaws. Acceptance will be predicatea on results of
chemical analysis, tensile properties tests, and charpy v-notch impact tests.
No ultrasonic inspection iesting is planned. The orientatior of defects in
rolled plate are laminar. Laminar defects are not detrimental unless they are
at an edge which would affect the integrity of the weld. Therefore, no shear
wave ultrasonic inspection is planned. Penetrant, rather than longitudinail UT,
will be utilized to inspect all weld prep edges before welding is started.

Welding of the rotor will be per AWS structural welding Code D1.1-75, including
the use of qualified weld procedure specifications. Cualified and certified
welders and inspectors will be utiiized during fabricaticn of the rotor.

Proposed weld joints have already beer reviewed for inspectability. Non-
destructive test methods and acceptance criteria have been evaluated which
indicate that state-of-the-art NDT are available and usable to detect allow-
able flaw sizes.

6.2 TRANSPORTATION AND INSTALLATION

With the exception of the tower and certain electrical equipment, the M0D-2
WTS will be pre-assembled at the Boeing Company in Seattle. The rotor and
drive train will be assembled with the racelle and alignment checks completed
prior to partial disassembly and shipment. The final rotor drive train
alignment will take place at the WTS site. All comporents have been sized
and weiaht limited so that they can pe transported via conventional rail and/
or highway modes.

Site preparation activities will be initiated whiie the WTS is being manu-
factured. The yard work, WIS foundation, and utility interface equipment
installation will all be completed by the time the WIS arrives at the site.
The tower assembly erection, and the nacelle and rotor assembly and mounting
will be accomplished by using a 24C ft gin-pole. After drive train
alignment, functional check-out, and utility personnel training, the WTS will
be turned over to the user utility.

Preliminary transportaticn and site activity plans have been prepared to
support the development of detailed schedules and to provide a basis for cost
estimating. Protctype system schedules and costs are based on the installa-
tion of a singie WTS urit at a site approximately 1000 miles from Seattle.
Production planning nas been based on the installation of a 25 KTS unit farm
at a similar site. The results of these planning activities are presented

in the following paragraphs. System checkout and acceptance test plans are
presented in section 6.3.

These plans and the cost estimates develcped from them are sensitive to the
characteristics of the site selected for installation of the MOD-2 WTS. All
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transportation and site activity plans and cost estimates will be modified
accordingly, following site selection. The specific site characteristics
adopted as groundrules for the preliminary planning and cost estimating are
as follows:

The site is fully accessibie by ccnventional over-the-road transportation.
The site is located on generally flat terrain with a substrate presenting
no unusual or adverse fractures.

The site is assumed to be 1000 miles from the manufacturing plants.

All construction work is assumed to be done irn ideal weather conditions.
All permits and licenses are furnished by the user utility.

A1l utilities. water, power and access rcads are provided within 400 feet
of the tower by the use:r utility.

Craft labor required to support the construction phase is available with-
in commuting distance.

Concrete for the foundation was priced at $40 per cubic yard.
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§.2.1 Transportation

Until specific WTS sites are selected, transportation related activities are
focused on the following elements: (1) preparation of design constraints
dictated by transportation size and weight limits, (2) analyses of the type
and number of specialized containers and handiing fixtures needed to move
components from the factory to the WiS site, and (3) preparaticn of the
transportation cost estimates for inclusion in the MOD-Z2 turnkey costs. A
formal documented transpurtation plan will be preparad and submitted at the
detailed design review.

The design constraints were developed based upon raiiroad and trucking in-
formation with the chjective of being able to ship WIS corponents to at

least 90% 57 U.S. destinations. These constraints were incorpcrated into the
M0D-2 design requirements as follows:

Transportacility - Al system elements with exception of the tower foundation
shail e designed, fabricated ana assembled so as to allow their transport by
ccomercial carriers, utilizing standard commercial shisping and nandling
practices.

Weight anc Dimensional Constraints - The WTS components shall be designed to
meet the follcwing weight and dimernsional constraints if possible. Ixceptions
wili require evajuation to determine :f accomodations can be arranged.

MAX. MAX . MAX. MAX.

TRANSPORIATION WEIGHT LENGTH WIDTH KEIGHT
Rai? 300,000 1vs. 143" 10'8" *  12¢
Truck 106,00C 1bs. 150° 14" 10'

12' with lowboy

* Can be increased to 12 feet for cylindrical
items that are 55 feet or less in lenryth.
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Qualitative Handling and Transportability Requirements - Handling, tiedown
and s1inging points shall be incorporated in the design of equipment to
facilitate transportability, warehousing, and handling requirements. Full
design consideration also shall be given to the safety aspects of equipment,
its sectionalization and disassembly capability for transport purposes, and
on-site reassembly.

A preliminary analyses of specialized packaging and handling requirements has
been performaed in order to compute realistic cost estimates and to identify

any long lead items. No long lead items were identified. Shipping fixtures

for the production program will be reused. Specialized fixtures will be
required for the blades, gearbox, tower, low speed shaft, 1uill shaft and
couplings, yaw bearing, generator and nacelle. The rotor will be shipped in
five pieces (Figure 6-3). The preassembled nacelle structure with its mechanical/
electrical installations will be transported to the site by truck. Oue to weight
limitations, the gear box and generator will be shipped separately. The tower
will be shipped in sections and the electrical switchgear and transformers wiil
be shipped individually. Once the items are delivered to the site, covered
storage for the electronics and critical machined surfaces will be provided

by tarpaulins and by temporary storage within the tower.

Figure 6-3. Standard Truck and Railroad Cars
6.2.2 Site Preparation and Installation

The detailed design of the WTS foundation and utility interfaces will be
initiated immadiately after site selection. Such factors as soil charac-
teristics and seismic zone have a significant impact on the foundation
design. Eoeing will work directly with the user utility to coordinate the
WTS-to-utiticy interface. This activity will occur in parallel with a
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detailed site survey where such things as topography, soils investigation
samples, roads, transportation routes, requirements for temporary facilities,
types of equipment required for site preparation, and available on-site util-
ities are defined in sufficient detail to support the site design. The
government and/or user utility will furnish electrical distribution lines, and
communications lines and access roads to the site.

The activities associated with site preparation include:

1) clearing and grading of site

2) set up of temporary structures

3) installation of temporary utilities

4) preparation of a storage yard

5) excavation for tower and miscellaneous other foundations

6) fabricate and set concrete forms

7) install reinforcing steel, and/or bolts, tie down steel and
electrical conduits

8) pour concrete

9) remove forms and backfill

10) install underground conduits and copper ground grid

11) compaction and surfacing of assembly lay-down areas

Following concrete cure and completion of site preparation, the erection equip-
ment and the tower components will arrive at the site. The WIS erection
procedure utilizes a 100 ton capacity, 240 feet tall, gin-pole with appropriate
spreader bars, slings, tag lines and accessories. The gin-pole is mounted on
its individual foundation adjacent to the tower foundation. The tower ccmpon-
ents (approximately 16) are field welded into three sections. The tower
sections are installed on the foundations and circumferential welding of the
three sections is completed. With the tower erected, the man-1ift and the
electrical equipment within the tower is installed. Likewise, the equipment
(main transformer, bus tie contactor and field current limiting resistor) loca-
ted on the electrical equipment foundation and the buried electrical cable

from the tower to the yard electrical equipment is installed.

At this time, the nacelle has arrived at the site and is being assembled and
prepared for erection on the tower. The on-site nacelle assembly consists

of re-installing the yaw bearing, gear box, generator, gear box lubrication
system, oil coolers, wind sensors, etc., and completing electrical and
hydraulic connections to this equipment. After functional checkout, the
nacelle will be erected on top of the tower and bolted to the support flange.
Electrical connections at the yaw slip ring will complete nacelle installation.

Assembly of the five rotor sections is accomplished on a lay-down area

adjacent to the tower. After rotor field assembly and functional test, the
rotor will be hoisted and bolted to the low speed shaft. Electrical connec-
tion at the rotor/nacelle slip ring and hydraulic connections will complete

WTS erection. The next phase consists of system checkout and acceptance testing
as discussed in Section 6.3.
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The foregoing discussion described the site preparation and installation of

a single prototype unit. The site preparation and instailation of a multi-
unit farm will be similar to a single unit except that economics of scale will
be achie'ad by the use of reusable concrete forms, specialized test and align-
ment tools and fixtures, and modified heavy 1ift equipment. Economies may be
achieved by use of a single area for receipt, storage, and assembly of the
major WIS assemblies with subsequent transport within the farm area.

6.3 TEST

The test activities carried out during the conceptual and preliminary design
phase were predominantly oriented towards supporting the on-going design

effort. These test activities were undertaken to confirm proposed design
approaches, or to provide data from which a design approach could be selected;
in either case, they are categorized as development tests and are summarized
in paragraph 6.3.1.

A second category of test activity was pursued during preliminary design.
This activity consisted entirely of planning associated with the checkout

and acceptance tests of the MOD-2 WTS as defined in preliminary design. This
activity is summarized in paragraph 6.3.2.

6.3.1 Development Tests
6.3.1.1 Wind Tunnel Test Program
Objectives:

The primary objective of the wind tunnel test was to obtain data for verifying
MOSTAB computer codes used for coupled dynamic analysis of a soft tower wind
turbine system.

Several secondary objectives developed as the test program definition was re-
fined and tne conceptuai and preliminary design progressed. Included in this
set of objectives were the comparison of a fixed and a teetered hub rotor,
and assessment of a rotor utilizing a controllable tip (as opposed to full
span control) for adjusting rotor pitch angle.

Approach:

A one-twentieth scale model of the MOD-2 WTS was designed and fabricated by
the Boeing Vertol wind tunnel organization to requirements provided by the
MOD-2 project. The original model incorporated full-span pitch control of
the blades and a braced tower. Machine scaling of geometry, mass, stiffness
and frequency was carried out in the model design. When it became impossible
to hold nacelle mass to the proper scaling (due to the weight required for
the model torque absorber system), compensating mass was added to the tower
to obtain the proper frequency relationship of the tower. When the evolution
of the design progressed to the selection of a system of partial span (tip)
centrol of collective pitch, the model was modified to this conficuration

for a second test.



Program:

Model design was started in December of 1977. Design was essentially com-
pleted and a review conducted on March 1, 1978. Fabrication of the model was
completed by the end of April, and the test was conducted during the period
from May 4 through May 16, 1978. Fabrication of the partial span control
blades and other parts was completed by the first week of August; the second
series of tests were conducted during the period of August 15 to August 19.

Significant Results:

The following is a summary of the more significant results of the wind tunnel
tests (See section 5.1.1 for detailed results and correlation with the MOSTAS
computer program):

(1)  MOSTAB was shown to provide a good prediction of power and
of steady components of flapwise and chordwise bending moments.
MOSTAB was found to underpredict the magnitude of the alterna-
ting flapwise moment; on the basis of wind tunnel results a
factor of 1.65 must be applied to these predictions. A
modification to the program was made to incorporate this factor.

(2) The viability of the soft tower concept was proven over the
operating wind speed range.

(3) The teetering -otor was shown to be superior to the fixed rotor
by lowering flapwise alternating moments by approximately
50 percent.

(4) MOSTAB predictions for performance data is in good agreement
with test results for the tip control configuration.

(5) Performance of the tip control model compared well with the
full-span model.

6.3.1.2 Hydraulic Reservoir Test

Objectives:

The objective of the hydraulic reservoir test was to evaluate the rotating
reservoir which supplies the blade pitch control hydraulics system. For

the MOD-2 design this reservoir is mounted on the low speed shaft and
therefore rotates at 17.5 rpm. The evaluation was to include an assessment
of the degradation of the hydraulic fluid, the possibility of air entering

the pump inlet, the operation of a liquid level indicator, and the possibility
of oil flow through the air vent.

Approach:

A clear plastic full scale reservoir which permitted visual observation of
the interior was fabricated and mounted on a trunnion that simulated the
proposed installation on the low speed shaft. The reservoir was connected
to a hydraulic bench through swivel connections, and a means of rotating
the trunnion at variable speeds was incorporated.
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Program:

Test requirements were released on September 15 and test design and necessary
procurements started immediately. The test setup was completed on October
25 and testing was conducted during the period October 26 through November 7.

Tests were conducted at rotational speeds of 17.5 and 20 rpm using various
combinations of fluid flow and reservoir levels. Static tests were also run
with the inlet at various azimuthal locations.

Significant Results:

Initial runs showed that severe fluid aeration occurred when the return

line inlet was above the fluid level. It was also noted that some oil fell
into the vent pipe with each revolution. The reservoir was modified by adding
a diffuser to the fluid inlet pipe and a shield to the vent pipe inlet.

The final test runs indicated that oil flow patterns were acceptable and
fluid bulk modulus remained unchanged. There was no oil flow from the air
vent and the liquid level plunger force was adequate to operate the low level
switch.

6.3.1.3 Blade Buckling Test

The combination of curved and flat sheets in a bending situation, such as
exists in the MOD-2 blade preliminary design,presents an uncertainty in
determining the end fixity of the curved panel and therefore the determination
of the buckling strength of the section. The analysis for the MOD-2 blade
design assumed a conservative approach to determine the buckling allowables
used in blade des? . The objective of the blade buckling test was to

verify the analysis methods used for buckling under axial compression and
bending compressive loading.

Approach:

A full scale section representing the MOD-2 blade preliminary design was
prepared using the forming and welding procedures developed for the proto-
type blade fabrication. This section, 35 feet in length, represented the
geometry from the station 360 field splice flanged joint to station 780. In
the interest of economy, plates used were standard thickness and therefore
deviated slightly from preliminary design sizes. This had no effect on the
objective of the buckling program. Load transfer structure was built into
the specimen during fabrication.

Test fixtures were designed and fabricated which would permit interfacing
the specimen with the structural test strongback.



Program:

Final test requirements were released on September 15. Test fixture and
test set-up design was accomplished by October 13. Fabrication of the test
fixtures was accomplished in the period between October 16 and November 2, 1978.

The test specimen was fabricated by the MOD-2 manufacturing shop and was
available for the test on November 3. Instrumentation of the specimen,
installation in the strongback, and completing the test set-up was accom-
plished by November 13. The test was conducted on November 14 and 15, 1978.
Subsequent to the test the specimen was subjected to a stress relief cycie
in the Plant II furnace. Measurements were taken before and after the
cycle to determine the amount of distortion which could be expected from
stress relieving. The test speciment is shown in Figure 6-4.

The test consisted of applying an axial compressive load in the form of

a couple and a bending compressive load at the outboard end of the specimen.
These loads were applied simultaneously and in increasing percentages of the
test load. The specimen was subjected to 148% of the predicted ultimate
strength without evidence oi buckling.

Significant Results:

The primary objective of the test was accomplished in that the buckling
analysis method was shown to be conservative. The preliminary design of the
blade was shown to have comfortable margins from the standpoint of buckling.
See section 5.1.3.2 for a discussion of test results.

A second important result was derived in the form of a significant development

of the manufacturing blade assembly procedures, including the welding, forming,
and handling. Heat treatment caused no shape distortion.
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6.3.1.4 Fatigue Allowables Test Program
Objectives:

The design life of the MOD-2 WTS is 30 years. Tie rotor blade will therefore
experience 2.1 X 10° revolutions during this period (4.2 X 10° load cycles at
2/rev) and fatigue life becomes the controlling factoy in its design. Present
data on fatigue life generally extends only to 1 X 10/ cycles; therefore, the
initial objective of the test program was to extend fatigue data to cover the
MOD-2 experience and derive fatigue allowables to use for rotor blade design.
As the program progressed, the following secondary objectives developed: the
verification of the allowables for different spectrum loading conditions,
evaluation of three candidate steels, evaluation of the influence of localized

residual stress on fatigue life, and determination of the allowables tc be used
in the tlade field splice.

Approach:

A series of tests were conducted on uniaxially loaded surface flawed speci-
mens. The specimens were subjected to spectrum 1oading representative of
expected service loading cn the tension side of the blade. Initially, the
spectrum was representative of the load profiles expr:zted for the fixed hub
rotor for both the upwind and downwind rotor configurations. Specimens were
made from A533 steel which was initially expected to be a candidate for the
MOD-2. From the results of these tests, a fatigue design allowable model
was developed.

When the partial span pitch control concept and its corresponding loqd
spectrum was adopted in the cunceptual design phase, and blade material
candidates were reduced to three, a second series of tests were conducted
to confirm the applicability of the model developed as a resuit of the
first series of tests.

Program:

The first series of tests was started in November, 1977. Twenty-two
specimens were prepared and eighteen of these were tested. Lach specimen
contained a pre-cracked surface flaw .06 inches deep by .25 inches long.
Specimens were tested in macnines automatically controlled by computer, which
permitted programming spectrum load cycles on a 24 heurs, 7 day work basis.
Five machines were used at the peak of the program. Testing on the first
series continued through May 1978. The second series of tests was started in
August 1978 and continued through November 1978. OQOuring this series the

four specimens not used on the first series plus seven additional specimens
were tested using spectrum load cycles representative of the tip control
configuration. Six machines were used at the peak of this precgram.

Significant Results:

The primary :nd secondary objectives were achieved. The results of the
test program were .sed to develop a fatigue allowables model which is appli-
cable to the € -ected 30 year life of the program. See section 5.1.2 for
the descripti- of the fetigue allowable model. The model accurately
predicted the expected life of the specimen tested during phase two. Test

data showed that the model was applicable to 11 four of the A grade steeis
tested. 6-17



6.3.2 Acceptance Test

As the conceptual and preliminary design of the MOD-2 WTS progressed, ind
the major teatures of the configuration became &nown, c plan €5 1ts testing
was inftiated. The plan and its later implementatinn is part of an overall
systems ¢iYineering approach to the MOD-2 rryject. The plan identifies the
various steps Uy which increments] assurance in the design and manufacture
of the WIS clerentc {11 pe attained, starting from the tests of components,
threlgi assembiy and test in the factory, and ending with operational and
acceptance tests at the chosen MID-2 WTS site.

A primary source of requirements in developing the test plan is Exhibit B
of the M0D-2 Statement of Werk. Other requirements are derived from an
analysis of drawings, the structural criteria, and iower level hardware
specifications. ’

The preliminary plan calls for a comprehensive series of tests on the com-
pietely assembled nacelle and rotor in the manufacturing assembly

area, independent tests of the erected tower at the chosen field site,
checkout of the fully assembled WTS at the site to assure that it is cper-
ating properly under wind power, and finaily, a series of acceptance tests
during which data is obtained from which it will be shown that the M0D-2 WTS
is operating within the specified design limits and is capable of operating
in a utility network. list of the engineering measurements to be imple-
mented to support the acceptance tests will be included in the release of
the system test plan.



APPENDIX A
LIST OF SYMBOLS AND ABBREVIATIONS

SYMBOL MEANING

a power scaling exponent

a windage churning loss

a length

A amplitude of gusts

AEP annual energy production

AH amphere hours

AISC American Institute of Steel Construction
Alt altitude

Ap particular value of "A"

AOM annual operations and maintenance costs
b width

BEC Boeing Engineering and Construction
BFL basic factory labor

BTU British thermal unit (s)

c cord (airfoil)

c Weibull constant

c.g. center of gravity

Cp (C4) drag coefficient

cL (¢ lift coefficient

COt cost of electricity

COEP cost of electricity program

Cp power coefficient

C.P.G compact planetary gear
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D (DIA)
da/dn
db

DOE

EOCP
Es

Fer
FCR
FMAT
FMEA
FMFG

F (P)
FPS
FR

MEANING

maximum system efficiency
maximum rotor power coefficient
critical buckling stress
computer remote terminal

copper

cudpic feet

cubic yards

diameter

crack growth rate
decibal (s)

direct current

diesel driven generator

Department of Enerqgy

modulus of elasticity
energy output computer program

specific energy

limit load stress

critical load

fixed charge rate (annualized)
material factor

failure mode and effects analysis
manufacturing factor

frequency requirement

Toad

feet per second

failures per year
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freq. frequency

ft. feet

£t.2 square foot

g acceleration due to gravity

G modulus of rigidity

GCB generator circuit breaker

GR steel grade

hr(s) hour(s)

Hz (HZ) Hertz (cycles/sec.)

IC total WIS cost

in (s) inch {es)

K Weibull constant {exponent)

K ane thousand

Ke buckling constant

Kmax maximum stress intensity for each block of cycles
Kol maximum stress intensity in each spectrum
KPC pitch contrel cost factor

KRO baseline value {(cost)

Ksi thousand pounds per square inch
KV kilovolt (s)

KVA Kilovolt amphere (s)

KW Kilowatt (s)

Kwh kilowatt hour (s)

Kips thousand pound (s)

1b(s) (#) pound (s)

L.E. leading edge

LERC (LRC) Lewis Research Center
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min
mph
M.S.
MSB
MTBF

Mwh

O&M
0.D.

PF

psi

Powgn
PT

meters

moment

maximum

mean down time
minumum

miles per hour
margin of safety
most significant bit
mean time between faflure
mega watt (s)

mega watt hour (s)

number of spares

circular frequency

efficiency

National Advisory Committee for Aeronautics

National Aeronautic and Space Administratior

operations and maintenance

outside diameter

power factor

specific power

pounds per square inch

power error gain

particle test methoa

radial distance from hub center
radius of WTS rotor

minimum stress/maximum stress



ROT

RT
RTGX

s (sec)
SCF
S0

T.E.
TFT

ues

radian (s)

revolution

rotor cost

revolutions per minute
radio-graphic test method

rate error gain

stress

second (s)

structural compousites industries
standard temperature day

thickness

reorder time

trailing edge

transverse filament tape

torque extracted from wind

uninterruptable power supply

ultrasonic test method

volt (s)
wind velocity
rated wird velocity
velocity
cut-in wind velocity
design wind velocity
empirical homogenous wind speed
cu.-out wind velocity
reference wind velocity
visual test method
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NTS

Of
o¢
$F

weight
wind turbine
wind turbine system

reference axis

reference axis

year (s)

reference axis

elevation above ground level

surface roughness length

reference height

feet

inches

cents

dcllars

percent

temperature, Fahrenheit
temperature, Centigrade
cost of failure

degrees

less than

less than or equal to
equal to

greater than

greater than or equal to



<<< much less than

>>> much greater than

A failure rate

o solidity

¢ phase (electrical)

¢ (P) wind yaw error

c standard deviation

8¢ collective pitch angle

oy Tongitudinal component of turbulence spectrum
Ox longitudinal turbulence intensity
A wind velocity separation distance
o air density

8 rotor rate

A change

P density

u Poisan's Ratio

9 pitch angle

n efficiency
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Exhibit B Page

SPECIFICATIONS AND CONSTRAINTS

1.0 User Requirements

1.1 The wind turbine shall generate rated power at all wind sneeds between
rated and cut-out speeds, and will operate at reduced power output at wind soeeds
between cut-in and rated.

1.2 The wind turbine shall generate three-phase €0 Hz power fn the menawatt
rar. e.

1.3 The wind turbine, including 211 components, shall be desianed for a
useful utility service life of 30 years. )

2.0 System Design Requirements

2.1 General

2.1.1 The wind environment that the wind turbine will be exnosed to is
that resulting in a yearly mean wind speed of 6.3 m/s (14 nph). The maximum wind
loeds shall be computed for a maximum design wind of 53.6 n/s at 9.1 m (120 mph
at 30 ft) above grade, and a gust factor of O.

2.1.2 The unit shall be designed for a minimum availability of 90 per-
cert over the service life with special consideration given to servicing and
maintenance of critical areas.

-1.3 Network service protection against wind turbine faults and tur-
bire protection 2gainst network faults shall be provided.

2.1.4 The system design shall provide a method for safely transmittin-
lichtning strikes anywhere on the system to the ground.

2.1.5 The color of any coatings and other identification markinns used
on the wind turbine shall be provided by the NASA Project Manager.

2.2 Rotor
2.2.1 The design shall be of horizontal-axis configuration.
2.2.2 The rotor shall have a minimum diameter of 91.4 m (300 feet).
2.2.3 The wind turbine sha1l be capable of self-protection in the

event of an emergency.
2.3 Control Modrs

2.3.1 HManual operation of the wind turbine at the site.

2.3.2 Remote ronitoring and control by a dispatcher located a consicer-
able distrnce from the sfte. The distance will depend on the selected site.

2.3.3 Unattended, fail-safe automatic wind turbine operation.
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2.4 Desiaon Codes and Standards

A1l applicable design codes and standards shall be used in the design,
fabrication, installation and operation uf the wind turbine.

2.5 Data System Instrunentation

2.5.1 The engineering instrumertation, which shall be limited to a
maximum of 96 channels, shall include the foliowing items:

Component
Blades

Hub

Shafts

Transmission
Brake(s)

Generator

Bed Plate
Bearings

Hydraulic System

Nacelle

Measuremants

Strafin gages to measure flarwise, chordwise,
and torsional strains on each blage.

Blade pitch angle, strain gages located in
areas of stress concentrations.

Rotating speeds (hinh and low), strain.ga2qss
on low-speed snaft to measure shaft torgue,
bending moments and thrust loads, blade pesi-
tion in rotation, proximity probes to measure
shaft position.

011 temperature

Temperatures

Rotating speed, winding temperatures, field

current, voltage out (each phase), current out
(each phase), KW and KVARS.

Strain gage
Temperatures, vibration

0il1 pressure, oil temperature, oil level, pump
motor temperature

Temperatures at various locations.
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Yaw Drive Motor temperature, anguler position of nacelle,

strain gages to measure yaw torque.
Environment Ambient temperature, wind direction, wind speed.
2.5.2 The operation {nstrumentation shall record parameters such as
temperature, pressure, voltage 2nd power which are necessary to meet the opera-
tional needs of the participating utility. No rapidly changing signals such as
vibration and dynamic strains need be recorded.

3.0 Environmental Constraints

3.1 Nind Environment

3.1.1 Steady Wind Model: The annual distribution of steady wind
speeds is given by the following Weibull distribution:

p(V2\p) = =X?[—(—\éi)k]r

Where p(VZVp) = prcbability that v2vp

YV = steady wind speed, m/s

\/f= prescribed value of V¥

C = empirical constant = 7.06 m/s
K= empirical constant = 2.27

The subscript, r, indicates the parameter is evaluated at

a reference elevation of 9.1m (30 ft.). The empirical

Weibull constants, c and k, specified above define a site

Y;ghfa ?ean yearly wind speed of 6.3 m/s (14 mph) at 9.1m
t.).

5.1.2 Wind Shear Model: Wind speeds at elevations other than
the reference elevation are given by the following equations:

VoV (3)

steady wind speed at elevation of {nterest, m/s
. steady wind speed at reference elevation, m/s

elevation of interest, m

reference elevation = 9.1m (30 ft.)

= O(O (|_ ‘gﬁ Vr)
z, \°20 ‘23 Ve
X, = (-F:)

Z,= surface roughness length = 0.05m (0.16 ft.)
V,* empirical homogeneous wind speed = 67.1 m/s (150 mph)

Where

FL<

and

R
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3.1.3 Turbulence Model: The wind turbulence associated with a specjfic
steady wind speed at the reference elevation is a Gaussfan
random process with the following turbulence intensity:

- l.o&
(I;Bx' - \/;.1:32"”(2%%F'* |

Oy = ©-8 Trx

o-r,i = 0‘5 G'r,x

where 07 = turbulence intensity (i.e., the standard
deviation of turbulent fluctuations)
assocfated with V‘. » W/S

and the subscripts x, y, z indicate longitudinal, lateral,
and vertical directions, respectively. The turbulence
spectrum for the longitudinal component of turbulence is.

x h,V) = G:'z,x '"‘4(72'/725; \
u(mh,V) n ‘.H—o.teq-(jrz/;m)”a_\

where ns= circular frequency, Hz
= annual average spectrym for longitudinal component
of wind turbulence, my;s
M = reduced frequency = nh/V , dimensionless
"Zo,x' dimensionless constant = 0.0144

Similar equations apply to the lateral and vertical components
with:

%o,y = 0.0265
Moz = 0.0962

The longitudinal turbulence intensity at a given elevation and steady wind
speed for a specific wind turbine is given by the following equation:

Ox = [jn.nfgxd"]yz

ifn which the circular frequency 1imits, nmax and ngin, are
determined from the response characteristics of the specific
wind turbine. Similar equations zpply for the lateral and
vertical turbulence intensitias,(y and 0z , respectively. The
corresponding longitudinal gust an?;ﬂitude is distributed
according to the Gaussian random process:

C el (A ‘]
p(As) = Ehoy, ¥ '&i‘)
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. t
probability density that a Yongitudinal gus
vhere ?(A;} will occur with amplitude Ay, s/m

Ay = longitudinal gust amplitude, n/s

Similar equations apply for the lateral and vertfcal gust
amplitudes, A, and Az, respectively. The turbulence of the
winds consists of a set of discrete gusts with Gaussian random
amplitudes, as defined above, and with shapes and periods
specified by the following equations:

V@) = V, + A{l-ms(z_];,i)] , OLtLT

with similar equations for Vy(t) and Vz(t). and

T - %‘Gk- ) 2—““‘!;'\ é‘ ‘ﬁe -L-z“m
i /2:--- y Yo <%n min
max 'Y Te 72N
where t= time, s ¢ [To max
T = gust period, s
To= most probable period of a gust with amplitude
A, S
3.1.4 Site Nata: Once the site at which the wind turbine is to be
instal 2d is fdentified, any new wind data from this site will
be documented and furnished to the contractor.

3.2 Lightninc Mode!

The currents flowing in a lightning flash to ground are separated into
three categories:

3. Return stroke surges Peak current on the order of up to
100,000 A or more.
Duration on the order of tens of
microseconds.

b. Intermediate currents Peak current on the order of up to

10,000 A -or rore.
Ouration on the order of milliseconds.

¢. Continuing currents Peak current on the order of up to
1010 A.
Duration on the order of hundreds of

milliseconds.
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The current time history for a model lightning flash to ground is shown
diagrammatically in figure B-1 with some further details being presented in
Table B-1. The flash is a very severe discharge. The model is formulated in
terms of certain key points (A throush I in figure 3-1) at which specific values
of current, i, and time, t, are attained. Between successive key points the
current is assumed to change in a steady straight-line fashion with time.

The model is essentially developed for applied purpcses, and it has ccase-
quently been simplified. In physical reality. a severe discharge would have far
swre strokes and also, more phases of continuing current than indicated on
figure B-1; however, the integrated effects of a very severe natural discharce
and of the model are similar. )

3.3 Seismic Loads

The entire wind turbine assembly shall be capable of withstanding
Zone 3 seismic Joads without sustaining damage to the assembly or any of its

components.
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TABLE p.).= DETAILS OF LICHTNING MODEL

Stage Key pointe Nate of current change Charge paseing
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2. TFlrst etroke « 100 po = 7 kA
fntermediate “ S -1 kA Lineor fall = 6 kA in 4.9 me 1%9.8 ¢
cvrrent
3. Continuing 5 me L =1 kA ,
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firet phase = 33 e 1 = 400 A
4, Contlnuing = 3% m3 1 » 400 A
current - - - Stazdy current 120,0 €
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