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1.0 SUMMARY 

This report  documents the work accomplished during the Concept Design and Pre- 
l iminary Design phases o f  NASA Contract DEN 3-2. These phases were desi nated 
the Task 11 Analyses and Design phases o f  the MOD-2 Wind Turbine System WTS) 
project. 

9 
The MOD-2 WTS pro jec t  i s  a 36 month e f f o r t  f o r  the analyses, design, fabrica- 
t ion, assembly and i n s t a l l a t i o n  o f  a wind turbine system configured f o r  minimum 
cost o f  e l e c t r i c i t j  i n  a region w i th  a 14 mph average year ly  wind a t  a 30 foot  
reference height. The wind turbine described i n  t h i s  repor t  which meets these 
objectives has a 300 foo t  diameter r o to r  w i th  the center o f  ro ta t ion  200 feet 
above the ground. The system generates e l e c t r i c i t y  when the steady wind speed 
a t  hub height (200 feet )  exceeds 14 mph. A t  27.5 mph and higher ( a t  hub height) 
the wind turbine produces the rated power o f  2500 kW. Above 45 mph ( a t  hub height) 
the system i s  shut down t o  avoid high operating load conditions. The annual 
energy output a t  a s i t e  w i th  a 14 mph average wind speed referenced t o  30 fee t  
height (20 mph a t  the hub) i s  nearly 10 m i l l i o n  kwh. This energy output com- 
bined w i th  an estimated lCOth production u n i t  turnkey cost o f  $1,720,000 resu l ts  
i n  a predicted cost o f  e l e c t r i c i t y  o f  3.3b/kWh. 

The features and character ist ics o f  the MOD-2 WTS evolved from a series of trade 
studies, inputs from NASA and several e l ec t r i c  u t i l i t y  companies, and other 
analyses. Major features include an upwind ro to r  w i th  a teeter ing hub and p a r t i a l  
span p i t ch  control;  a planetary, l i g h t  weight step-up gearbox d r i v ing  a synchronous 
gefierator; and a low natural frequency (so f t )  s teel  she l l  tower. 

Supporting analyses and t es t  data used i n  the design studies are presented. 
Methodology t o  assure accuracy o f  such analyses and data are included. Production 
and ccnstruct ion methods and development tests are reported t o  show the method 
by which BEC w i l l  assure tha t  the speci f ied design w i l l  perform as predicted, 
and tha t  i t  w i l l  meet the maintenance and r e l i a b i l i t y  standards estabiished. 



2.0 INTRODUCTION 

Mind energy systems have been used f o r  centuries as a source of energy f o r  man. 
A t  times considerable in terest  i n  developing large w i  nd-driven e lec t r i ca l  gen- 
erat ing systems has existed. However, i n te res t  i n  these systems declined be- 
cause they were not cost competitive wi th the fossi l  fuel  system i n  use. These 
efforts were also generally pr ivate ly  financcd and suffered from the lack o f  a 
sustained research and developnent ef for t .  

Recent shortages i n  our energy supplies coupled wi th  the increasing costs of 
foss i l  fuels have forced the nation t o  reassess a l l  forms of energy including 
wind power. The Department o f  Energy, the NASA Lewis Research Center, and Boeing 
Engineering and Construction (BEC) are engaged j o i n t l y  i n  the developnent of a 
multi-megawatt wind turbine system (WTS) designated as MOD-2. The goal of the 
MOD-2 project  i s  t o  produce a wind powered e lec t r i ca l  generating system f o r  
u t i l i t y  appl icat ion which i s  economically competitive wi th  conventional power 
generating equipment. This goal spec i f ica l ly  requires tha t  the cost o f  elec- 
t r i c i t y  f o r  the one-hundredth production u n i t  does not  exceed 4t/kWh when the 
machine i s  working a t  a s i t e  where the average mean wind a t  a 30 foot height i s  
14 mph. 

Task I I o f  the contract consisted o f  concept design wherein many design conf i guration 
studies were performed t o  establ ish the configuration for 1ea9t cost o f  e lec t r i c i t y ,  
and the preliminary design o f  the selected configuration wherein the subsystats 
were ref ined through design, cost, and fa i lu re  mode and effect analyses. 

To a r r i ve  a t  the configuration described i n  section 3.0, BEC evolved a baseline 
design and then performed many trade studies, sens i t i v i t y  studies, f a i  l u re  mode 
and ef fec t  analyses, and consulted wi th several u t i l i t y  companies. These 
studies and how they were used t o  evolve the f i n a l  configuration are reported i n  
section 4.0. Supporting analyses such as structural  , weights, cost, performance, 
safety, r e l i a b i l i t y ,  maintainabi l i t y ,  and produci-bi l i ty are described i n  section 
5.0. Manufacturing, assembly and t es t  a c t i v i t i e s  and plans are recorded i n  
section 6.0. During these studies, emphasis was placed on u t i l  i r i n g  design 
information and t es t  data from other NASA/DOE Wind Turbine programs, such as 
MOD-0 and MOD-OA. 



3.0 SYSTEM DESCRIPTION 

This section describes the MOP2 WTS(Yind Turbine Systern)as i t  stands a t  the 
completion of the Task I1  preliminary design phase o f  the project. 

The current configuration evolved from a series o f  trade studies and sensi- 
t i v i t y  studies coupled wi th inputs f r o m  NASA, several u t i l i t i e s ,  and the re- 
sul ts  o f  a Fai lure Mode and Effects Analysis ( M A ) .  These studies resulted 
i n  a system optimized f o r  a minimum cost o f  e l e c t r i c i t y  whi le maintaining 
compat ib i l i ty  wi th current u t i l i t y  networks and meeting the safety, r e l i a -  
b i l i t y  and log is t i cs  requirements as described i n  section 5.4 o f  t h i s  report. 

3.1 GENERAL ARRANGEMENT AND CHARACTERISTICS 

The general arrangement and characterist ics o f  the current WTS configuration 
are shown i n  Figure 3-1. It i s  designed f o r  operation a t  s i tes  where the annual 
average wind speed i s  14 mph measured a t  30 feet  (20 mph @ hub height). The 
system generates e l e c t r i c i t y  when the wind speed a t  hub height (200 feet) 
exceeds 14 mph. A t  27.5 mph and higher ( a t  hub height), the system produces 
the rated power o f  2500 kW. Above 45 mph ( a t  hub height), the system i s  shut 
down t o  avoid high operating load conditions. The annual energy output a t  a 
s i t e  wi th a 14 mph average wind speed i s  nearly 10 m i l l i o n  kWh. This energy 
output combined wi th an estimated 100th production u n i t  turnkey cost of $1,720,000 
( i n  1977 dol lars)  resu l ts  i n  a predicted cost of e l e c t r i c i t y  of 3.3t/kUh a t  the 
bus bar. During operation, the wind turbine i s  t i e d  t o  the u t i l i t i e s  power 
g r i d  through standard transmission 1 ines. 

The WTS i s  a horizontal axis machine u t i l i z i n g  a 300 foot  diameter pa r t i a l  
span control, upwind rotor .  The ro to r ' s  center o f  ro ta t ion i s  200 feet above 
ground level. It i s  coupled t o  the low speed shaft through an elastomeric 
teeter bearing. A 2500 kU synchronous generator i s  driven via. a step-up 
planetary gear box and "soft" qui 11 shaft. The generator, gearbox, hydraulic 
systems, electronic controls and other support equipment are enclosed i n  ci 
nacelle mounted atop a cy l indr ica l  steel tower. The nacelle can be yawed 
(rotated) t o  keep the ro tor  oriented correct ly  in to  the wind as the wind di rect ion 
changes. A hydraulic p i t ch  control system i s  used to  control the pos i t ion of 
the movable ro to r  t ips .  The movable ro tor  t i ps  are used t o  obtain the rated 
rotat ional  speed o f  17.5 rpm, and t o  maintain the proper power output a t  wind 
speeds above rated wind speed (27.5 mph @ hub). 

The WTS i s  control led by an electronic microprocessor. ' The microprocessor i s  
designed t o  allow unattended operation o f  the WTS a t  a remote s i te .  The micro- 
processor monitors wind conditions and the operational status o f  the wind tu r -  
bine. Equipment fa i lu res resu l t  i n  automatic shutdown of the WTS. The systems 
status i s  monitored a t  the u t i l i t y  substation, from which maintenance crews are 
dispatched as needed. 



R a w  p o w  
Rotor diameter 
Rotor type 
Rotor orimtnim 
Rotor airfoil 
Ratad wind 8 hub 
Cutoff wind wead 8 hub 
Rotor tip spaad 
Rotor rprn 
Cmerator rpm 
Generator type 
Grw box 
Hub height 
Tomr 
Pitch control 
Ymr oontrol 
Electronic control 
Svnem p o w  coefficient 

2,500 KW 
T)O ft 
Teetered -tip control 
Upvvind 
NACA 2PXX 
27.5 mph 
45 mph 
275 ftlnc 
175 
Is00 
Synchronous 
Cornprct plme tary pear 
ZOO ft 
Softahell type 
Hy+rrulic 
Hydraulic 
Microproassor 
0.382 

f&um 3- I. MOD-2- 107 Configuration Fea~um & Chamcnristim 
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3.2 SUBSYSTEM DESIGN 

This sect ion describes the basic subsystems o f  the wind turbine. I t  i s  d iv ided 
i n t o  rotor ,  d r i v e  t ra in ,  nacel l  e, towerlfoundation, e lec t ron ic  contro l  and e l  ec- 
t r i c a l  power system sections. The operation o f  each subsystem, i t s  funct ion, 
and the basis f o r  se lect ion o f  i t s  p a r t i c u l a r  charac ter is t i cs  are presented. 

3.2 . i  Rotor 

The M O P 2  WTS has a steel,  two bladed, teeter ing, t i p  contro l  type r o t o r  w i t h  
continuuus car ry  through s t ruc ture  a t  the hub. I t  u t i l i z e s  a NACA 230XX ser ies 
a i r f o i l  r o ta t i ng  a t  17.5 rprn (275 f t l s e c  t i p  speed). The basic construct ion 
i s  a welded steel  she l l  w i t h  s teel  spar members. These charac ter is t i cs  
were chosen p r imar i l y  on the basis o f  the trade studies t h a t  are presented i n  
sect ion 4.2.2 o f  t h i s  report .  

As shown i n  Figure 3-2, the r o t o r  i s  d iv ided i n t o  three primary sections: the 
t i p ,  the mid-section, and the hub section. The t i p  (outer 30%) i s  ro ta ted  
w i t h  respect t o  the remainder o f  the blade t o  cont ro l  r o t o r  speed and power. 
The t i p  and mid-sections are the working por t ions o f  the blade. The hub 
sect ion i s  attached t o  the mid-section w i th  a f i e l d  sp l i ce  and i s  a t r a n s i t i o n  
from an a i r f o i l  cross-section t o  an oval cross-section. 

Figure 3-2. Rotor Blade Configuration 

Each t i p  i s  contro l  l ed  by means o f  a hydraul i c  actuator mounted on the blade 
mid sect ion adjacent t o  the t i p  sect ion as shown i n  Figure 3-3. The f low con- 
t r o l  t o  the actuators i s  governed by a signal from the automatic contro l  system 



t o  servo valves. The pos i t i on  o f  the t i p s  i s  monitored by p o s i t i o n  transducers 
and fed  back t o  the contro l  system. The normal r a t e  o f  r o t a t i o n  of blade t i p s  
i s  from 0.1 t o  1 degree per second. 

I n  the event o f  a major system f a i l u r e ,  the actuators d r i v e  the blade t i p s  t o  
the feathered pos i t i on  a t  rates o f  4 t o  8 degrees per second (depending on 
actuator pos i t ion) ,  using energy stored i n  separate hydraul ic accumulators. 
The p i t c h  ra tes  are such t h a t  under any f a i l u r e  mode no overspeed w i l l  exceed 
15% o f  nomial rpm. Redundancy i s  provided by the a b i l i t y  o f  e i t h e r  one c f  the 
operating actuators t o  shut down the system should one actcator become in -  
operative. Locks are provided t o  hold the blade t i p s  i n  the feathered pos i t i on  
when the hydraul ic  system i s  depressurized. 

The blade t i p  sect ion w i th  the spfndle assembly and the hydraul ic  actuator are 
attached t o  the blade mid sect ion as a u n i t  (Figure 3-3).  The attachment i s  
made by 6 b o l t s  f o r  ease o f  assembly and removal. E i ther  blade t i p  can be 
removed independently from the W7.S. The spindle protrudes i n t o  the blade mid 
sect ion i n  a way t o  provide a load path f o r  cent r i fuga l  and bending moments. 
Tapered r ings  a t  the outboard r i b  and a close tolerence bushing a t  the inboard 
r i b  assure a t i g h t  f i t  between the spindle sleeve and the mid-section o f  the 
ro tor .  The bearings are lubr icated by a l o n g - l i f e  grease. 

Blade tip 

Figure 3-3. Tip Spindle installation 



The p i t c h  control hydraulic system consists o f  an e lec t r i ca l  motor driven punp, 
reservoir. accuwul ators, fi 1 ters, heat exchangers, control valves, associated 
pluabing and actuators. Hydraulic comonents not located i n  the blade are 
ins ta l led on and ntate with, the low speed s h f t  (Figure 3-4). E lec t r i ca l  
power and control signals are transferred from the nacelle e l ec t r i c  power and 
control u n i t  by brushes a d  a s1 i n  r i n g  assembly. 

Because the hydraulic system i s  located i n  a ro ta t ing  enviromtent, special 
attention has been extended t o  desiga for  th i s  environment. The coaponents 
on th? l w  rpeed shaft are exposed :J approximaioly 1.3 g's and the reservoir 
has been tested i n  t h i s  envirormnent ui t h  ;.o adverse effects. The blade t i p  
control actuator, r o t a t i y  i n  an I! g env i romnt ,  has been selected w i th  
oversize rod and piston bearings, and i s  i n  the retracted pos i t ion when exposed 
t o  t h i s  environment. 

The attachment of the ro to r  t o  the 10w speed shaft i s  by a teeter  type bearing, 
which minimizes the one per revoiut ion blade fl apwise loads and the effects o f  
small unsymnetric gusts, resu l t ing i n  reduced fat igue loads. The teeter motion 
takes place i n  two elastomeric radia l  bearings which also transmit the ro to r  
output torque i n t o  the ro tor  (low speed) shaft (Figure 3-5). The use of the 
elastomeric bearings e l  iminates 1 ubricat ion requirements and prevents f re t t i ng  
that  would be 1 i kely to  occur i f  r o l l e r  bearings were used. The elastomeric 
bearings consist o f  concentric a1 ternate layers o f  sheet steel and rubber 
bonded together forming a package that  i s  highiy f l e x i b l e  i n  tors ion and has 



suff ic ient radial load capability. Trade studies outlined i n  section 4.2.2.2 
of the report showed that use o f  the teeter hub i n  place of r i g i d l y  mounted 
blades not only reduces the *e igh t  o f  the rotor  assembly but also the t w e r  
and nacel l e  weights, thus reducing fabrication and materi a1 ccsts. 

Stops are provided t o  l i m i t  teeter motion to + 5 degrees. A teetor brake i s  
provided t o  preveat rocking when the rotor is-in the standby node, and t o  
dampen teeter excursions during start ing and stopping. bring erection, the 
rotor, with teeter besrings and upwind end of the low speed shaft insta l  led, 
can be l i f t e d  i n  one piece and bolted i n  place a t  the l o w  speed shaft b o l t  
f 1 ange . 

The ent i re rotor assembly i s  sealed, to  allow use of a f l o w  type crack detec- 
t ion system. The occurence of a signif icant crack i n  the rotor structure ni 11 
resul t  i n  WTS shutdown. This crack detection system i s  further described i n  
section 4.2.2.8 

3.2.2 h i v e  Train 

The drive t r a i n  sub~c,sembly c ~ n s i s t s  of a low speed shaft, q u i l l  shaft, gearbox, 
high speed shaft, couplin~s, r o t ~  parking brake, and generator. These major 
cmvonents are shwn i n  Figure 3-6. 



Fipure 36. Drive Tram 

The large diameter low speed shaft transfers the m t o r  forces i n t o  the nacelle 
structure through the two shaft support bearings. The forward bearing supports 
the rad ia l  load while the a f t  bearing transfers both thrust and radia l  loads 
t o  the nacelle. The rotor  t oque  i s  transmitted t o  the gearbox through the 
"sof tw q u i l l  shaft. The purpose of the softness i s  t o  reduce the two per revo- 
l u t i o n  m t o r  torque fatigue effects a t  the gearbox and t o  improve the qua l i t y  
o f  the generator output. The shaft designs were optin;ized through the trade 
studies described i n  section 4.2.3.2 of th is  report. 

A 103: 1 step-u; of rpm from 17.5 t o  1800 rpm i s  provided by a three stage 
epicyc l ic  gearbox, which i s .  smaller, l igh ter  i n  weight, less expensive, more 
e f f i c i e n t  and mcre tolerant t o  support defiections than a para l le l  shaft type 
gearbox w i  t h  a simi lar rating. The trades involved between the epicycl ic and 
para l le l  shaft gear boxes are f u l l y  described i n  s e c t i ~ n  4.2.3.1. The low 
weight o f  the gearbox (39,000 lbs)  enhances the overal l  design o f  the suppor- 
t i n g  structure. I t i s  f lex ib ly  mounted to the nacelle to  reduce the effect 
o f  nacelle deflections on gear loads. Maintenance i s  enhanced by the small 
s ize o f  the gearbox; major repairs can be accomplished i n  the nacelle. 

The generator i s  a synchronous e lect r ica l  generator, rated a t  2500 kW. The 
UII~ t i s  an open frame, d r i p  proof, four sal ient pole 3rushless machine that  
operates a t  1800 rpm and has a shaft mounted exciter. This generator was 
chosen as a resu l t  of the trade studies described i n  section 4.2.4.1. 

The ro to r  parking brake prevents rotor  rotat ion when the WTS i s  not running. 
This prevents gearbox damage due t c  ro ta t i  on w i  tnout lubrication. The braking 



mechanism consists of a disc mounted on the high speed shaft and a spring 
actuated brake attached t o  the generator frane. The brake i s  disengaged by 
an e lect r ica l ly  actuated hydraulic valve and engaged by spring force hen  the 
electr ical  c i r c u i t  i s  open. The disc u t i l i zes  a replaceable element t o  mini- 
mize maintenance time i n  the event o f  brake disc wear. 

As a resul t  o f  the f3EA and maintainability studies a posit ive mechanical 
:ock mechanism i s  incorporated i n  the high speed shaft. This prevents rotat ion 
of -ind turbine during maintenailce periods. 

2.2.3. Nacelle 

The nacelle houses the major ,bsystems o f  the )100-2 UTS such as the drive 
train, generator w i t h  i t s  accessories, yaw bearing and drive, and associated 
hydraulic systems for p i tch and yaw control as i s  shom i n  Figure 3-7. Other 
equipent i n  the nacelle includes generator cooling a i r  ducts, gearbox o i l  
cooling radiators, maintenance l igh t ing  f ixtures and wall plugs, electronics 
cooling and heating system, general nacelle a i r  c i rcu la t i ry  system, f i r e  
protection equipment, and maintenance pro-!isions equipment. 

I t s  primary fu~c t i ons  are to provide a r i g i d  mounting platform fo r  the system 
canponents. react to  rotor loads and provide environmental protection for the 
conponcn ts  . 



The nacelle structure i s  o f  welded steel truss construction. I t s  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 f loor  i s  steel 
safety plate. A central f loor  hatch provides normal access frola the tower, 
while hatches a t  ei ther end provide e r g e n c y  egms by mans of a non- 
powered emergency man-lareri ng device. This general nacel 1 e configuration 
wcs chosen as a resc l t  of the studies discussed i n  section 4.2.5.2 of this 
report. 

Other primary considerations i n  the design o f  the nacelle were maintainability 
an6 safety. The MID-2 design u t i l i zes  two overhead monorails f o r  equi-nt 
handling. One o f  these exten& through a large door i n  the dovnwind side of 
the nacelle. It can be used i n  conjunction with a portable hoist  to  raf se 
equiplent from the ground. There are also large overhead hatches for the 
ins ta l la t ion o r  removal o f  large pieces of equipment. Care has been taken t o  
a1 lar suff icient mm f o r  maintenance procedures t o  occur within the nacelle. 

Safety features o f  the nacelle are the integral f i r e  extinguisher system, the 
emergency hatches and lowering devices, the a b i l i t y  to m v e  an injured per- 
son on a stretcher, and the posit ive mechanical shaft locking 
device. I n  addition, there i s  a nacelle intrusion a lam which w i l l  shut darm 
the YTS should a person inadvertently enter the nacelle wf th the YTS operating. 

The nacelle also houses the yaw drive system. The yaw systew connects the 
nacelle to  the tower as i s  shmm i n  Figure 3-8. It rotates the rotor  and nacelle 
in to the wind a t  a rate o f  1/4 degree per second, and holds them i n  positton as 
corn~nded by the yaw control system. A l l  rotor and nacelle loads ate transferred 
to the tower through the yaw bearing which i s  o f  a crossed r o l l c t  configuration with 
an internal ~ i n g  gear. The raceway diaa3e-r i s  approximately 120 inches i n  
order to  handle the large overturning ~ # e n t s  and to mzc t  t o  the rotor toque. 

Proper nacelle orientatiw, to the wind i s  maintained by the yaw control systen. 
The control system u t i  1 izes a wind sensor t o  determine wind direction. To allow fo r  
the short period, wide directional variations comm a t  low wind speeds, the yaw 
control system uses a 25.6 second average to deternine wind direction. The control 
system then provides co~wnds t o  the yaw drive system with the g a l  of maintaining 
orientation within + 7 degrees o f  the ~ i n d  direction t o  minimize energy loses. If 
the average deviation over an approximate 5 minute period exceeds + 7 degrees, the 
control system w i l l  i n i t i a t e  yaw drive to a l ign the nacelle with tk wind vector. 
If the yaw error, averaged over a 2 minute period, exceeds 20 degrees, the machine 
i s  automatically shut dorm. 

The yaw drive system operates a t  2000 psi and consists of an electr ic motot, 
hydrual i c pmp, heat exchanger, reservoir, acclmulators, f il ters, and the 
necessary valves and tubing. These drive a hydraulic mator which runs a pinion 
meshing with the gear on the inner race o f  the yaw bearing. The dr ive pinion 
and shaft are protected from overload and subsequent mechanical damage by a 
shear pin arrangement. The hydraulic drive system uas chosen on the basis o f  
the trade study discussed i n  section 4.2.5.1 of th is  report. 

A hydraulic brake i s  applied t o  provide damping during yaw motion. The 
requirements for th is  brake were Getermined i n  the study described i n  section 
4.2.5.3. An additional s i x  brakes hold the nacelle fran inadvertent yawing 
duo to wind loads during "no yaw'' operation. The yaw brake cal ipers are 



spring actuated and hydraul i ca l  l y  released thmugh the yaw dr ive hydraulic 
system. This i s  a fa i lsa fe  feature assuring tha t  the brakes are applied if 
there i s  a hydraulic fai lure. The brake disc has a replaceabie e l e ~ e n t  t o  
minimize maintenance time i f  there should be excessive wear. A weather 
shield surrounding the yaw dr ive system provides both weather protect ion and 
a plat fonn in#1 which yaw brake and bearing maintenance can be performed. 

Figun? 38. Yaw Drive imtdcatian 

3.2 - 4  Tower/Founda ti on and Faci 1 i t y  Layout 

The nacel l e  assembl/ !'s supported by a 193 foot  t a l l  cy l indr ica l  welded 
steel tower. The tower i s  10 feet  i n  diameter wi th a base section f l a r i n g  
to  21 feet i n  diameter a t  the ground. i t  i s  bolted t o  a foundation o f  re in-  
forced concrete. I n  normal soil  conditions, a buried octagonal stepeed foun- 
dation configuration w i  11 be used as shown i n  Figure 3-9. 

The toner i s  designed t o  have a low natural bending frequency (approximately 
1.3 per ro to r  revolut ion) t o  reduce the a1 ternating ro to r  loads transmitted 
t o  the tower. This tower concept was chosen af ter  consideration of several 
other concepts as discussed i n  section 4.2.6 of t h i s  report, and as a resu l t  
of  vendor inputs concerning welded vs.  bolted construction. 



The tarer contains an internal l i f t t o  provide transportation frun the ground 
to nacelle. The lift ends a t  a platform near the top of the tower, with f i na l  
nacelle access by a ladder as shcmn i n  Figure 3- 8 . A 1 adder with safety r a i  1 
runs the ent ire height of the tower to allow access i n  the event o f  a l i f t  
failure. The power cable runs from the electr ical  s l i p  r i ng  a t  the top of the 
tower, d m  the tower side t o  the bus t i e  contactor urri t 1 oca ted on a separate 
concrete pad external to the tower (Figure 3-10). A step-up transformer i s  
also located on th is  pad. Additional electr ical  and control equipment i s  
located i n  the base- ;rhc power cable l ines are buried frola the tower t o  
th u t i l i t y  connection a t  the transformer wd. 

3.2.5 Electronic Control System 

The control system provides the sensing, computation, and carmands necessary 
for unattended operation o f  the UTS as shown i n  Figure 3-11. 

The control ler i s  a microprocessor which i s  located i n  the nacelle control 
un i t  and in i t ia tes  start-up o f  the UTs when the wind speed i s  within pre- 
scribed 1 in t i  ts. After start-up, i t computes blade p i tch and nacelle yaw 
coimnands t o  maximize the power output fo r  varying wind conditions. Continuous 
monitoring o f  wind conditions, rpm, power and equipment status i s  also pro- 
vided by the micmprocessor which w i  11 shut down the WTS fo r  out-of-tolerance 
conditions. 





Figure 3- 1 1. Control Sysm Block Diagram 

A contro l  panel and CRT terminal a re  located i n  the tower bzse t o  provide 
operating and f a u l t  data displays and manual contro l  f o r  maintenance. A 
remote CRT terminal a t  the u t i l i t y  substation w i l l  provide d isp lay  and 
1 imi ted  WTS contro l  s. 

The WTS i s  protected from computer system f a i l u r e  by an independent f a i  lsafe 
shutdown system. The f a i l s a f e  system also provides sensor redundancy on 
c r i t i c a l  components, and i n i t i a t e s  shutdown independent of the primary con- 
t r o l  system when necessary. The design o f  the fa i l sa fe  system was governed 
by the resu l t s  o f  the FMEA. 

The contro l  software fo r  the microprocessor occupies approximately 12 
thousand bytes of programable read-only memory w i t h  an add i t iona l  four  
thousand bytes of random access memory f o r  operat ing and h i  s to ry  data storage. 
The software contro l  cyc le i s  accomplished a t  a r a t e  o f  10 Hertz t o  provide 
a One Hertz resgonse d i g i t a l  feedback contro l  t o  the blade p i t c h  system. I n  
addit ion, each program cycle a lso samples a l l  sensors, schedules the proper 
operating mode, and generates comnands as requi red t o  cont ro l  nacel l  e posi t i o n  
w i th  respect t o  t 9e wind. 



3.2.6 E l e c t r i c a l  Power System 

The WTS e l e c t r i c a l  power system i s  designed t o  d e l i v e r  power t o  a u t i l i t y  
transmission network. The system consists o f  the e l e c t r i c a l  equipment re- 
quired f o r  the generation, condit ioning and d i s t r i b u t i o n  o f  e l e c t r i c a l  
power t o  the u t i l i t y  and w i t h i n  the WTS as shown i n  Figure 3-12. I n  n o n a l  
operation the generator receives i t s  power i n  the fonn o f  t o q u e  a t  synchronous 
speed from the gearbox. E l e c t r i c a l  power a t  appropriate vol tage i s  del i vered 
a t  a u t i l i t y  in ter face p o i n t  which i s  the output s ide o f  a fused manila1 d i s -  
connect swi rch  located a t  the f o o t  o f  the tower. Once the WTS a ~ l d  the u t i l i t y  
are e l x t r i c a l l y  connected, the existence o f  the t i e  w i l l  automatical ly r e s u l t  
i n  generator vol tage and frequency contro l  s ince the u t i l i t y  power g r i d  i s  
e f fec t i ve l y  an i n f i n i t e  bus t o  the WTS. Thus constant generator and r o t o r  rpm 
w i l l  be maintained. 

.---------------I  - - 1" 480 Volt 2011120 Vdc 
m m -------- -------------------------------------------------- 

T r r r r i r i a L i m  --------- ------------------------------------------------- 
m k n m *  

Figure 3- 12. Electrical Power System Block Diagram 

The MOD-2 e l e c t r i c a l  power system employs a four pole synchronous generator 
containing an in tegra l  brushless exc i te r .  It i s  a 3 phase, 60 Hertz, 4160 v 
v o l t  generator rated t o  provide 3125 KVA a t  0.8 power factor ,  i .e. 2500 kW, 
a t  a l t i t udes  t o  7,000 feet,  o r  temperatures t o  50 degrees C. This generator 
choice i s  based upon the resul t s  of the trade studies out1 ined i n  sect ion 
4.2.4 o f  t h i s  report ,  and the requirement f o r  operat ion a t  a1 t i tudes  t o  7000 
f e e t  above sea leve l  . Exc i ta t ion  contro l  i s  provided t o  maintain proper 
voltage p r i o r  t o  synchronization w i t h  the u t i l i t y  and t o  provide a constant 
power fac to r  output afterwards. Protect ive re lays are provided t o  guard 
against po ten t ia l  e l e c t r i c a l  fau l  ts,  out-of- to1 erance performance, o r  
equipment bai 1 ures. 
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These relays w i  11 de:?ct over-voi tage, loss o f  exc i ta t ion ,  underfrequency, 
overcurrent, reverse phase sequence, reverse power and d i f f e r e n t i a l  current, 
and w i l l  p ro tec t  the system by i n h i b i t i n g  synchronization, d i r e c t i n g  the 
contro l  system t o  shut down or, if required, t r i p  the generator c i r c u i t  
breaker. The operation of these pro tec t ive  relays was governed i n  p a r t  
by the resu l t s  of the FMEA. 

Power i s  del ivered t o  the u t i l i t y  transmission l i n e  through a bus t i e  con- 
tactor .  I t s  operation i s  cont ro l  l ed  by automatic synchronization equipment , 
located a t  the tower baqe. Accessary power f o r  operation, contro l  and main- 
tenance i s  obtained from the u t i l i t y  or  generator output dependin? on the 
operating mode, and i s  i n t e r n a l l y  condit ioned t o  appropriate voltage levels .  
A battery, f l o a t i n g  across a charger, provides an uninterruptable power 
supply f o r  operation o f  p ro tec t ive  devices and c r i t i c a l  loads. The use of 
a ba t te ry  resul ted from the t rade studies i n  sect ion 4.2.4. The resu l t s  o f  
the FMEA a lso contr ibuted t o  the design o f  the uninterruptable power supply 
sys tem. 

3.3 SYSTEM PERFORMANCE 

The performance o f  the MOD-2 WTS i s  speci f ied by i t s  system e f f i c i ency  curve, 
i t s  poker and energy output d is t r ibu t ions ,  and i t s  annual energy output. 

The e f f i c i ency  o f  the MOD-2 WTS i s  described by a nondimensional number known as 
the power coe f f i c i en t .  Physical ly,  the power c o e f f i c i e n t  i s  t ha t  f r a c t i o n  
o f  the wind's k i n e t i c  energy passing through the r o t o r  d isk which i s  c ~ n v e r t e d  
i n t o  e l e c t r i c a l  energy. 

The system power c o e f f i c i e n t  for the MOD-2 WTS i s  shown i n  Figure 3-13. As 
indicated on the f igure, the system power c o e f f i c i e n t  i s  derived from the 
ro to r  power c o e f f i c i e n t  and the e f f i c i enc ies  o f  the d r i v e  t r a i n  and e l e c t r i c a l  
subsystems. These subsystem e f f i c ienc ies  are discussed i n  more d e t a i l  i n  
section 5.3. Also indicated on Figure 3-13 i s  a ra ted  power l i n e  f o r  2500 
kW a t  sea leve l  standard condit ions. 

P a r  
ca(timt. Cp 

W n d  rprd . mph (a1 hub h*l - rn 11.1 

Figure 3 13. Cp Versus Wind Speed - Sea Level ST0 
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The system ef f ic iency curve can be t ranslated i n t o  a powor d i s t r i b u t i o n  curve 
when the atmospheric densi ty  i s  given. A der iva t ion  o f  t h i s  atmospheric 
density f o r  spec i f i c  s i t e  ambient condit ions i s  discussed i n  sectiott 4.4.2. 

The MOD-2 system power output d i s t r i b u t i o n  i s  shown i n  Figure 3-14 f o r  standard 
temperature a t  sea leve l  and 7000 foo t  a1 t i tude. The cut- in,  rated and cut-out 
wind speeds are a lso indicated on t h i s  f igure.  The ra ted  wind speed i s  
predicated upon use o f  a 2500 kW generator. The cu t - in  and cut-out wind 
speeds were selected i n  a trade study which i s  discussed i n  sect ion 4.4.1.2 
and 4.4.1.3. 

Figure 3- 14. System Powr  Output Versus Wind Speed 

The energy output frequency d i s t r i b u t i o n  f o r  the  MOD-I WTS i s  derived by com- 
b in ing the output power d i s t r i b u t i o n  curve w i t h  the wind frequency d i s t r i b u t i o n  
for  a given s i te .  The energy output frequency d i s t r i b u t i o n  f o r  the MOD-2 WTS 
i s  shown i n  Figure 3-15 for  sea leve l  standard conditions. The associated wind 
frequency d i s t r i b u t i o n  i s  presented i n  Figure 3-1 6. The wind frequency d i  s t r i  bu- 
t i o n  was speci f ied by the NASA f o r  MOD-2 design (see Appendix B, Specif ications 
and Constraints). I t  represents a t yp i ca l  wind environment f o r  po ten t ia l  wind 
turb ine s i tes.  The frequency d i s t r i b u t i o n  i s  t yp i ca l  of a s i t e  w i t h  a mean wind 
speed o f  14 mph a t  an a l t i t u d e  of 30 f e e t  and was used f o r  opt imizat ion of the 
WTS character is t ics.  Following spec i f i c  s i t e  select ion, any new wind data for 
the s i t e  w i l l  be evaluated for  possible impact on design o r  operating constraints.  

The area under the curve i s  i nd i ca t i ve  o f  the time the WTS spends i n  d i f f e r e n t  
operating regimes. Approximately 59% o f  the t ime the WTS experiences winds 
between cu t - i n  (14 mph) and rated (27.5 mph), whi le  18% o f  the time the wind 
speed i s  between rated and cut-out (45 mph). The remaining time (235) the 
wind turb ine experiences e i t h e r  winds too l i g h t  o r  too strong f o r  operation. 
O f  t h i s  i d l e  time, most occurs due t o  low wind speeds. 

The annual energy output o f  the MOD-2 WTS i s  ~ b t a i n e d  by in tegra t ing  the energy 
frequency d i s t r i b u t i o n  between the cb t - in  and cut-out wind speeds. For the 
MOD-2 WTS the t o t a l  annual energy i s  9,750,000 kwh, inc luding the 0.967 system 
w a i l a b i l i t y  discussed i n  sect ion 5.4.2. The MOD-2 WTS derives 61% o f  i t s  
energy when operating between the cu t - i n  and rated wind speeds, whi le  39% of the 
annual energy i s  derived when operating above rated wind speed. 
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Figure 3- 15. Energy Output Frequency Distribution 
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Figure 3- 16. Wind Speed Frequency Distribution 



3.4 WEIGHT 

Table 3-1 presents the weight breakdown a t  the completion c f  the 
Task I 1  period. The weights are estimates based on e i t h e r  pre l iminary 
desiqn drawings, o r  vendor (catalog) weight estimates. Each drawing i s  
broken i n t o  i t s  separate components for which weights are estimated. This 
information i s  used as data f o r  a computer program which determines the 
overa l l  group weights as presented i n  the table. This weight information i s  
used f o r  both component design and cost estimation. As the cost o f  the WTS 
i s  c lose ly  re la ted  t o  i t s  weight, any s i g n i f i c a n t  weight changes are care- 
f u l l y  examined t o  insure they are required t o  meet the design i-equirements. 

.-able 3- 1. Tier IN Weight Report 

3 5 DESIGN ENVIRONMENT 

To insbre the s t ruc tu ra l  i n t e g r i t y  o f  the MOD-2 WTS and i t s  a b i l i t y  t o  operate 
i n  adverse environmental condit ions, the design environment was defined as 
shorn i n  Table 3-2. Most o f  the design environment was defineri i n  Exh ib i t  6 (see 
Appendix 0)  of the contract. Some elements o f  the environment resu l ted  frm Boei ng 
der i  ved addit ions t o  Exh ib i t  0. The environmental c r i t e r i a  co~rsiders both the 
sao-physical environment, and environments induced upon the WTS by each o f  i t s  
subsystems (i .e. v ibrat ion,  electromagnetic, e tc ) .  The gust c r i t e r i a  contained 
w i th in  the wind c r i t e r i a  was developed by Boeing and NA5.1 t o  a'i lo\v c - l c u l a t i o n  
o f  the gusts ef fects on fa t igue l i f e .  Previous gust models had been d iscrete 
which d i d  no t  a1 low determining t h e i r  e f f e c t  on fa t igue l i f e .  



T&& 3-2. W TS Design Environment 
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3.6 COST 
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Estimated 103th ?roauct ion u n i t  costs f o r  the MOD-2 WTS a re  sumar i zed  i n  
Figure 3-17. Thr Surnkey estimates inc lude  a1 1 costs associated w i t h  the  
manufactctre, 3ssemb;y and i n s t a l  l a t i o n  o f  the dTS. The ri lanufacturing costs 
are based upJn a dedicatsd h igh  r a t e  product ion f a c i l i t y  as discussed i n  
sect ion 5.5.3. The spares and operat ions and maintenance cast ground ru l es  
a re  presented i n  sect ion 5.5.4. 
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The 25 u n i t  fann has a t o t a l  r a t 4  power o f  62.5 W. Each u n i t  contains a step- 
~p transformer tha t  increases the generator output io l tage t o  69 kV f o r  trans- 
mission. Costs beyond the step-up transfarmer are not included i n  the turnkey 
costs. 

3.6.1 Cost o f  E l e c t r i c i t y  

The primary objective i n  the development o f  NOO-2 WTS i s  t o  provide a UTS t ha t  
produces energy a t  a cost of e l e c t r i c i t y  cnder 4g/kWh b a d  on 1977 cost fore- 
casts. The t o t a l  cost o f  the MOP2 WTS .3f $1,720,000 tog ther wi th  the 0 L W g costs o f  $15,000 and an annual energ output o f  9.75 x 10 kWh resul ts i n  
a projected cost o f  e l e c t r i c i t y  o f  3.3C/kWh. This i s  based upon a levelized 
f ixed charge ra te  approach as presented i n  section 5.5.5. 



4.0 SYSTEM DEVELOMNT 

This section documents: (1) the i n i t i a l  m)D-2 requirements, (2) the 
approach used t o  optimize the UTS design, and (3) the work accampl ished t o  
evolve the MOD-2 configuration described i n  section 3.0. 

The general approach employed t o  optimize and define the configuration i s  shown 
i n  F i  ure 4-1. The process started w i th  a set o f  requirements specified by 
NASA 9 Exhibit  8 o f  the contract). A base1 ine configurat ion was defined to- 
gether wi th i t s  cost, perfonnance and weight. A production scenario was 
established and a farm o f  25 MOO-2 un i ts  was defined as a basis for the cost 
analyses. S i te  ground rules and a maintenance and operations scenarie was 
established. 

Design trade studies were ident i f ied based upon t h e i r  c r i t i c a l i t y  t o  the 
system's performance and cost. Appl icable scbsys tem o r  system designs 
were prepared f o r  these selected studies and appropriate structural  analyses 
were conducted. Design i tera t ions were performed as a resu l t  of the s t ruc tcra l  
analyses and the f i n a l  configurations were then analyzed f o r  weight, perfonnance 
dnd cost and then compared t o  the baseline or  other trade configurations. The 
f i na l  configuration was selected on the basis o f  the lowest cost of e l ec t r i c i t y ,  
personnel safety and program r i sk .  

Other related efforts that  had a major influence on the f i n a l  desigr! described 
i n  section 3.0 were the sens i t i v i t y  analyses applied to  the specif icat ions 
(4.4). the f a i l u ~  mode and effects analyses (4.5).  the inputs frw u t i l i t y  
company consul t j n t s  (4.6) .  and the varicus anaiytic, tes t  ana operational data 
obtained from ?IASA/DOE- 

4.1 OBJECTIVES AND 4ECUIREHENTS 

A l l  design and trade studies have been b a s d  on the specification, and constrdints as 
given i n  Exhibi t  B df the contract (see Appendix B). The major i ty  of  these specifica- 
tions together wi th  addit ional major c r i t e r i a  developed coincident w i th  the 
studies a re  sunmarired i n  Table 4-1. Examples o f  the addit ional o r  refined 
c r i t e r i a  devel3ped are tne new wind p r o f i l e  expressions and the gust z r i  t e r i a  
discussed fur ther i n  sections 5.1.5. A1 1 c r i t e r i a  developed was thoroughly 
explored fat- the effect on cost, safety and p r o g r a m ~ t i c  r isk .  

4 .2  TRADE ET!!C I ES 

Engineering ef for t  during the concept design phase o f  the program was directed 
primari ly toward conducting and evaluating numerous trade studies. The ob- 
jec t ive  of t h i s  e f fo r t  was t o  optimize system performance to obtain least  ccst 
of e l ec t r i c i t y  p r i o r  t o  proceeding wi th the de ta i l  development and design ghases 
of the program. As a resu l t  of these studies, several basic concept changes were 
made t o  the or ig ina l  proposal configuraticr, such as: change t o  an a l l  steel 
welded rotor; change to an upwind rotor; change t o  a teetered rotor; and change 
to  par t ia l  span p i t ch  control system. 

I n  the preserttation o f  these studies, the objective has beer1 to  adopt a stand- 
ard format and to cmpare to an i n i t i a l  baseline configuration whenever possible. 
As the concept design phase progressed, the trade studies i ncorpol-pora :ed changes 
to  the base1 ine. S m  o f  the studies have been carr ied t o  the levei  which 





Rqui m n t / O b  jective Value 

Design Requirmmts 
Service Life 
P e r  Output (3 phase,60 Hi) 
Rator Orientation 
Meight and D i m s  ional (Transport) 
Finish Duratlm 
Cut-injb WCut -ou t  Yind Speed 
Co!or and Identif ication Harlrings 
Rotor Diaraeter 

Envi-tal 
e a r .  Yearly Yind Speed at  Site 
Y ind Gradient 
W i n d  Speed Duration 
h1st Criteria 
A1 titude 
Lightning Model 
Seism'c 
Temperature range 
Other (rain, hail, snow, etc) 
Max. Design Wind 

Safety 
Fni 1 Safe (Unattended) 
Fire Deticti on 
Site Security System 
Hazard Protection 
Network and Tutbine Pntection 
Self Protection i n  Emergency 
Obstruction Marking and Lighting 

Dperations & Naintemnce 
Tools, Vehicles 
Autanatic/Harlual Operation 
Availabil ity 
RetnoteJunattended Control 
Data Systms Channels 
Maintenance Gmcept 

Cost 
Cost of E lect r i r i ty  
b i t s  i n  Farm 
Product ion Rate 
Fixed Charge Rate 
Cost o f  Elect. Equation Specified 
Site Definition 
Transport D i  s Lance - 

30 years 
m a - w a t t  range 
Horizontal Axis 
Yes 
ves 
14/27,S/45 IMP#I 
Yes 
z300feet 

14 eph a t  30 ft 
Variable Pcrwer Law 
Yelbull 
Yes 
0-7000 ft 
Yes 
Yes 
-406 F, t o  1200 F. 
Yes 
120 mph at  30 ft. 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Cmmrci a1 
Yes 
-90 Mininufll 
Yes 
c1m 
Yes 

Under #/kWh 
25 
Yes 
-18 
Yes 
Yes 
1000 miles 



presents the effect of a subsystem change on the to ta l  NTS configuration and on 
the result ing C.O.E. Sam studies, where the results shared a conclusive trend 
of optimization, wre evaluated mly to the subsystea level. For a11 studies, 
the results are presented i n  tern that a n  t appropriate to the particular 
study. Each stucty, if not cqmrund to the i n i t i a l  baseline described belaw, 
had a consistmt set of basic c r i t e r i a  a d  therefore the results and conclusions 
are val id- The trade studies described in  th is  section (4.2) are l is ted i n  
Table 4-2. 

4.2.1 Trade Study Baseline 

k Detection Systtm 
k Stopping Design 
1 vr m i t e  Rotor 

I n  general, the i n i t i a l  baseline fo r  the trade studies was the original 
proposal configuration, upUated to ref lect  more accurate cost and weight data. 
Figures 4-2 and Tables 4-3, 4-4 and 4-5 i l l us t ra te  th is  base1 i n  configuration. 
features, weights, and costs. 

Nacelle Configuration Studies 
Yaw Stiffness Requirements 
Soft vs S t i f f  Tower 
Soft vs Soft-soft Tower 
Braced vs Conical Base 
Transition Section 
Machine Size Optimization 
Analog vs Hicroprocessor 
Multiplexer, Ground  Coaputer vs Nacelle 

Hicroprocessor 

4.2.5.2 
4.2.5.3 
4.2.6.1 
4.2.6.2 
4.2.6.3 
4.2.6.4 
4.2.7 
4.2-8.1 

4.2.8-2 



Rated powcc 
Rated wind a hub 
Mtanwkdatmfi 
Rotor tip rperd 
Rotorrpm 
Gcnntorrpm 

Figure 4-2. Trade Study Baseline ConfM- 

Tab& 4-3. Trodc Study Wh? &ahrrcs 
n d C h r d &  

RATED mum 2SOO 101 

ROTS ORIENThTIrn WYIYIIO 
WlmR DINETER 3 W m T  

R O W  BLADE WTERIAL SlEQ/PAPER IIMEVCOII 

RATED YIIIO e HUB am 
S A l l  YIIID C 30 FEET 14 IIR( 

DESI6N YIlO C HUE 20WH 

@TOR TIP SPEED 27s FT/SEC 
R O ~  ~ ~ l l  17.5 

6Emm RW la0 
6EKRAToR nPE S Y m m m U S  
6 W  MX STEPUP RATIO 102.8 
GEAR BOX m 3-nm PLIVIET~Y 
tRm MI6MT 200 FEET 

srra (SHELL) TWE 

FACm 0.37 
DESI6a CL 1.0 
DES 1G11 TIP SPEED MTIO 9.4 

lux. svsm Pam cm. .38 

2500 kW 
28 m ~ h  
14 mph 
275 FPS 
17 5 
1aQO 



r 

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 b ENCLOSURE 35,000 

TOWER 300,1100 

656 ,C!OO# 
i 

Tdb 4-5. 1i.k Study Badin Productiorc Calr (1- Unid 

ELEMENT (lo3$) 

1. SITE PREPARATION 153 

2. TRANSPORTATION (1MW)mi) 4 0  

3. ERECTION & CHECKOUT 197 
4. ROTOR SUBASSEMBLY 268 

5. DRIVE TRAIN 462 

6. NACELLE SUBASSEMBLY 21 5 
7. TOWER SUBASSEMBLY 201 

8. I N I T I A L  SPARE PARTS 20 

9. TOTAL I N I T I A L  COST 1,557 

10. ANNUAL OPERATION & 20 
i MAINTENANCE COST 

Where other than the above configuratfon was used as a comparison baseline, 
the actual baseline used is appropriately descrfbed as part of the 
fol  lwlng individual study descriptions. 
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4.2.2 Rotor 

This section reports the results of trade studies conducted t o  evaluate 
a1 ternative rotor conf igura t i  ons and characteristics. 

4.2.2.1 Tr~o V-S. Three Blade Rotor 

The MID-2 two blade ro tor  configuration i s  described i n  Section 3.2.1. This 
trade study provided the basis f o r  selection of the nabr o f  blades. 

WECTIVE: The objective o f  t h i s  study was to determine whether the increased 
energy captured by a 3-bl ade rotor  due to i t s  higher rotor eff iciency was off- 
set by the added cost o f  the t h i r d  blade and a mre coaplex hub. 

The blades were a s s d  t o  be of identical planforin f o r  both 2-blade and 3-blade 
rotors, with plate gages and weights adjusted t o  agree w i t h  the respective loads. 
The hub was reconfigured f o r  the 3-blade rotor  and a splice added f o r  shipment 
considerations. Both hubs were o f  the f ixed o r  r i g i d  type. 

The yaw drive, braking systems, and drive t r a i n  were resized i n  accordance 
with the loads and ro tor  rpm. Other UTS components were assumed t o  be unaffected. 

RESULTS: I t  was detemined that the increased energy output o f  the 3-blade 
rotor  i s  more than offset by the increased system cost, such that  the cost o f  
energy i s  higher f o r  the 3-blade system. 

The net system cost increase resulted primarily f rom a 3-blade rotor  being more 
complex and the requirement f o r  a higher r a t i o  gearbox. 

The essential parameters effect ing the 2 o r  3 blade rotor  trade study are shown 
i n  Table 4-6. 

The increased performance o f  the 3-blade configuration as shown i n  Figure 4-3 
i s  2.5%. 
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Rotor Diameter, ft- 
Generator Rati ng , kY 
Solidi ty 
Rotor ~p ln  
Tip speed, f.p.s. 
Bendtng I(olcnt, ft. lb. X 

(0 = -200, R / r  = ,156) 
Flapwise Steady 

A1 ternating 
Chordwise Steady 

A1 t e r m  ti ng 
Resulting Weight, Ib. 

Single Blade 
Total Rotor 

i 

2 

2 Blade 

300 
2500 
-030 
17.6 
275 

-13.78 
6-77 - .997 
17.29 

52,000 
177,000 

3 Blade 

300 
2500 
-045 
14.4 
225 

-9.66 
5.6 
- .408 
16.6 

48.m 
262,000 



SUMMARY: Table  4-7 summarizes this study. 

.5 

.4 

.3 

C~ 

2 

.1 

0 

Table 4-7. Summary - Effect of Number of Blades 

* 

3 blades, Vt = 225 FPS * - - " 2bkder. Vt = 275 FPS 

- 
Note: 

- 1. Taper ratio3:l 
2. Wind = 20 mph Q hub 

- 

I I I I I I 

0 .O 1 .02 .03 .W .05 .06 .07 
solidity 

F N r e  43. BIade Number Performance Effect 

CONCLUSIONS: The increased energy o u t p u t  of  a 3-blade r o t o r  i s  more than o f f -  
s e t  by increased cos ts  f o r  a wind t u r b i n e  o f  s i z e  and capac i t y  s i m i l a r  t o  the  
MOD-2. 

C 

Criteria 

Rotor diameter. h 

System C max 

Yaw system con. S 

Rotor cost. f 

Drive train cost . S 

System cost - 1 OOth unit, S 

Opetations & maintenance 
cost per year. $ 

Energy out, kwh per year 

Cost of electricity, C /kwh 
s 

Remarks 

50 ft ground clearance used for both cases 

3 blade system requires smaller drive & brakes 

3 blade hub requires splices for shipping 

3 bbde mnfiguation requires larger gearbox 

Factored to account for downtwne 

Configuration 

2 blade 

300 

.380 

85.m 

268.000 

462,000 

1 557.000 

20,OOl-J 

8,686,000 

- 

3 b W  

300 

396 

72 .m 

371,000 

53&000 

1,723,000 

22.000 

8.890.000 

Adds .20 



4.2.2.2 Teetered VS Rigid Rotor 

The term "teetering" refers t o  the addition o f  one degree o f  freedom t o  ro to r  
restra int ,  such that  the ro tor  i s  free t o  teeter i n  and out of the disk plane. 
Flapwise al ternat ing bending moments from gust and other transient loads are 
reduced by t h i s  method. Three studies were undertaken which deal t  w i th  the 
teeter i  ng concept. 

OBJECTIVE: The object ive o f  the f i r s t  study was t o  compare the cost o f  
e l e c t r i c i t y  o f  a WTS which incorporated the teetering method o f  ro to r  r es t ra i n t  
t o  one r i g i d l y  restrained. The second study compared various methods of stopping 
the ro to r  a t  the 1 i m i  t s  o f  the teeter angle. The t h i r d  study compared ro l l e r ,  
plain, and e las tmer ic  bearings for  the teeter hinge. 

RESIJLTS: Loads-Significant perzsntage reductions i n  system loads, par t i cu la r l y  
a l ternat ing loads, are experienced wi th teetering as shown i n  Figure 4-4. 

Bbde chord r/R 

Wind 45 mph at 20' Yaw 

-- 

Figure 44.  'Load Change Summary 

Tower Stiffness - Tower wall thickness reductions are possible because the s t i f f -  
r~ess designed tower reacts the teetered ro tor  as though the ro tor  weight were 
lumped a t  the center o f  rotat ion. Reductions are shown in Figure 4-5.  

4-9 



Elevation, ft 

100 

Stiffness design (fixed) 

110 inch dia 
cyl~ndrical tower 

0 .25 .50 .75 1.00 1.25 

Tower wall thickness , in 
(Upwind - fixed & teetering rotor) 

Figure 4-5 . Tower Des* 

Weight - S ign i f i can t  reductions are possible i n  the fat igue designed areas o f  
rotor ,  the s t i f f n e s s  designed tower, and the yaw d r i ve  as shown i n  Table 4-8. 

the 

Table 48. Weight Comparison (Teetering Versus F i x d  

- -- 

Total weight reduct ion = 61,216 1b. 

ITEM 

Blades ( 2 )  
Hub 
Rotor Shaft 
Control System 
Nacel 1 e 
Yaw System 
Tower 

Total 

Table 4-9 sumnarizes teeter ing vs f i xed  hub r o t o r  study. 

Teetering Resul t s  

Increased Weight, l b .  I Decreased Weight, Ib .  

10,000 
9,063 

2,926 
1,513 1 

+4,439 

7,960 
11,027 
27,600 

-65,555 ! 



Table 4-9. Trade Study Summary - Teetering Versus Fixed Hub Rotor 

CONCLUSION: Based on the reduced cos t  o f  energ) the teetered r o t o r  concept 
of fers the best design f o r  a la rge  wind turb ine system. 

TEETER STOP STUDY RESULTS: Various methods were invest igated to  minimize the 
loads induced by teeter  stop contact. The methods included hard or  high spring 
r a t e  bumper stops, 4 conf igurat ions o f  springs, hydraul i c  dampers, and f r i c t i o n  
brakes. F r i c t i o n  brakes combined w i th  bumper stops a t  the t rave l  l i m i t s  d is-  
olayed the l eas t  technical and design impact on the ro to r .  Table 4-10 summarizes 
t h i s  study. 

8 

Table 4- 70. Teeter Stop Study Summary 

Remarks 

Well within stateaf-them 

P a  thousand miles 

Due to redwed loads 

For blades & hub only - 
Per year 

Gum & alternating loads have less 
effect on structure & yaw system 

Teetering rotor 

More complex Design complexity 

. 
Fixed rotor 

Basline 

. 
Design complexity 

Weight iibs) 

Damping 

Cost $ 
Teeter lockx r  

, ma~ntenance 

Erection 

'iransportatlon 

Weight 

Annual energy - kwh 

Similar 

- 
Rigid 

ckg$:ex 
400 

None 

3,200 

Baseline 

Baseline 

Damper 

Average 

750 

Viscous 

4.7W 

Spring 

Average 

600~3,600 

Little 
4 

$1900 reduction 

61,000 Ib lighter 

$66,800 reduction 

10% reduction MTBF 

$20200 

Hardware cost 

fieliability 

Maintainability 

;amt 

%A$:' 
om€ itpm 

mai$enand . Maintainability imaintenanJnaintenana 

Smne 
1 

Baseline 

Baseline 

$20 ,000 

Brake 

Average 

900 

Friction 

4,600 

Tool required 

risk 

Low 

Resists 
tei:_tzng 

Safety 

Technical risk 

Cost of electrtc~ty 

Remarks 1 I 

Provided 
by brake 

me Least Low 

ra . e rovdes desagn 
!e$bibi& ' 

Causes 
rebaund 

, 
Rotor excursions 
(low rpm or parked) 

Technical risk Hi hest 
sha load 

---- 
ome 

Travels stop-to-stop 

Rotor design impact 

Similar 

sh!Aih$id 

Baseline 

Baseline 

Lower 

.14/kw h r  reduction 



CONCLUSION: Tt,,. f r i c t i o n  brake i s  the besl  concept f o r  minimizing tee ter  
stopping loads due to- lower loads and comparable cost. 

TEETER BEARING STUQY RESULTS 

Rol ler,  p la in ,  and elastameric bearings were compared f o r  use i n  connecting 
the t t e t e r i n g  r o t o r  to  the d r i v e  shaft .  Twenty four  bearing charac ter is t i cs  
were compared as shown i n  Table 4-11. 

Table 4- 1 1. Teeter Bearings Camparison 

The teeter  bearing study i s  summarized i n  Table 4-12. 

r 
Character istic 

I 

1. Requiies lubrication 
' 2. Lube distribution problem 

Plain 

Yes 
Yes 
Yes 
Yes 
Seal ages 
Lube affected 
No 

Roller 

Yes 
Yes 

No 
No 
Visual crumbs 

8. Fretting corrosion 

- 

Elastomeric 

No 
No 

Yes 1 Dep on lube dist 

3. Requires lube seal 
4. Requires anvironmental seal 
5. Ages in sunshine 
6. Temperature exrremes 
7. Compression set 

No 
Sun & oil sh~eki 
Yes 
Stiff when cold - 
Yes 

19. Brinnelli :9 . Yes 1 No 
10. Failure detectron - I Noise I Measure clearance 

Yes 
Yes 
Seal ages 
Lube affened 
No , 

4 

11. Shape and finish of matirgpas critical for inst'l Yes No 
12. Alignme~t critical for even loading No 
13. Inner face rotation No ! Yes No 

, 14. Outpr race rotation 
, 15. Interface fabrication risks (rework or scrap mating parts) 
16. Requires preloading 
17. Axial motions detrimental to bearing 
18. Breakout torque 
19. Cantering spring rate 

No 
H k h  .- 
Yes 
Yes 
No 
No 

I 

No I No 
Medium 1 LOW 
No ; No 
No I No 
Yes No 
Yes I Yes + 

20. Field replacement difficulty Most Medium 
Yes 
36OU 
$1 7,600 
Good 

21. Operational experience 
22. Distribution of bearing material 
23. Pricing per set (bearings only) 
24. Cleanliness 

Least 
Yes 
Where required 
$8,000 - 11.000 
Bad 

Yes 
300" 
$8,000 
Good 



CONCLUSION: The elastomeric bearing i s  the best bearing f o r  the teeter  hinge 
due t 9  less complexity and mintenance costs, ease o f  erection, and long l i f e .  

4.2.2.3 O p t i r r i  Rotor Speed 

R m v k s  I 

R d k r  81 pllin bcrinpr 
require lube s y s t e m  and 
ruk 
R d k r  kng requires 
intedmum fit & 
u w  

R d k r  Plrin ELatomaic 

The MOD-2 ro to r  speed i s  17.5 rpm. This trade study provided the basis for t h i s  
speed selecticn. 

D-p awndcxity 

E m i o n  ~ ~ t i o n l  

OBJECTIVE: The object ive and purpose o f  t h i s  study was t o  determine whether 
the cost of e l e c t r i c i t y  could be reduced i f  the UTS operated a t  higher speeds. 
Although the avai lable annual energy was less f o r  operating a t  higher speeds 
(see Figure 4-6) i t  -.s f e l t  t t d t  a possible reduced cost o f  e l e c t r i c i t y  could 
resu l t  because o f  the loner d r i v t  t oque .  The three ro to r  speeds considered 
were 17.5, 19, and 20.5 rpm. 

Costs ibmclronl~) 

RESULTS: The resul ts  of t h i s  study are described below: 

Cr is id  fin 
&Il;smrcnt 

Mortdifficuh 

Rotor - The weight o f  the ro to r  was r e d x e d  (-2,100 lbs. and -4,130 
lbs. for the 19 and 20.5 rpm speeds respect ively).  This was caused by the 
beneficial effects of the blade centr i fugal forces redbcing the compression 
buckling loadq. 

Life Limitedbylute Lintmdbylube BestlifeapKity j 
Ilkint&n&il:ty 1 Mort difficult 3ifficulr LM difficuit Elatomcric requires no 

lube. osiest tc inspcq I 
Technical risk 

8000 17,600 , 8000-11m I 

Wprtr ' Leasta~npkx 

Mastpra L c a  d i f f i i  



't u 
I I I I J 

18 19 3 31 

ROTOR SEED. m 
F i g m  4 4  A& Energy Verstrr Rotor Speed 

Drive Train - The low speed shaft, q u i l l  shaft and gear box were l i gh te r  (8,400 
lbs. f o r  19 rpn and 14,~r)O lbs. f o r  20.5 rplrl). The 1 ighter  weights were due 
pr imar i ly  t o  the reduced t o q u e  a t  the higher speeds and a s t i f f e r  q u i l l  shaft. 
No w i g h t  change was ident i f ied for  the generator. 

Nacel!e - The l i gh te r  rotor, low speed shaft, q u i l l  shaft and gear box prc;.Juced 
smaller ioads in to  the nacelle structure. Additionally, the shorter q u i l l  shaft 
a1 lowed thp length af the nacelle t o  be reduced. These caused the weight of the 
nacelle t o  be reduced by 6,000 pounds f o r  the 19 rpm speed and by 10,000 pounds 
fgr the 20.5 rpm speed. 

Tower - Tlie higher speeds required 6 s t i f f e r  tower to  be designed. The tower 
weight increased by 24.500 and 44,900 pounds f ~ r  the 19 and 20.5 rpm ro t c r  speeds 
respectively. 

Foundat ;on - The foclndation volume was I educed by S i  cubic yards f o r  each of the 
higher speeds. 

Energyoutput-  Theavai lableannual ene was 1.1: l e z s f o r  t he19 rpmand  
5.0% 'cess .'or tho 20.5 rpm ro to r  speeds. "7 See Figure 4-5) 

Costs - The costs o f  the wind turbine systems were reduced by 320,400 and 534,100 
for the 19 rpm and 20.5 rpm speeds respectively. This cost reduc t im was not 
enough t o  offset  the reduced wind energy avai lable for operating a t  the higher 
speeds. Combining the energy avai lable and the cost redac t io~s ,  no change 
i n  COE resulted for tne 19 rpm speed and a COE increase of .12C/kblh f o r  the 20.5 
rFm. 



STUDY S W Y :  
19 RPH 20.5 RW 

WEIGHT. LBS. + 8.000 +16.400 

COST. $ -20,400 -34.100 

ANNUAL ENERGY. - 1.1 - 5.0 

COST OF ELECTRICITY. Q/kW '0 +. 12 

CONCLUSION: No change i n  ro to r  rpn was recommended for  the HOD-2 because 
there was no cost advantage offered by higher rpm. 

4.2.2.4 Par t ia l  vs Fu l l  Span Rotor Control 

The t i p  control trade study was conducted t o  evaluate a ro to r  which i s  fixed 
i n  p i t ch  over most o f  i t s  length. The outer t i p  only i s  capable of p i tching 
for startup, shutdown, speed control, and gust attenuation. 

OBJECTIVE: The object ive of t h i s  trade study was t o  compare the cost of energy 
of a system with f u l l  blade span p i t ch  control w i th  one incorporating pa r t i a l  
span p i tch control. Two data points. Zm of span and 40% o f  span were selected 
for study. 

RESULTS: Design Requirements - The a b i l i t y  to  startup i n  Ion wind soeed using 
par t ia l  span blades were compared to  f u l l  span startup as shotn? i n  Figure 4-7. 

-14 mph w ~ c d  @ hub full span - 1 4 m p h w i n d 8 h u b 2 0 9 6 ~  --F ull span I 

F &re 4 - 7. Startup Characterisria 



It was established that partial span startup could be acconpl ished with m i n i m  
& e l l  time i o  the critical frequency range of the tower. Similarly, capability 
was established for normal and emergency shutdm without detrimental overspeeding 
of the rotor, and for ability to maintain synchronization. Relative annual 
energy was determined to be .995 for 40% and -985 for 20= compared to full span 
control. 

Rotor - Considerable design sinplification is possible with partial span by 
using carry-through structure in the in~b  area (See Figure 4-8)- 

PAL ;PM PITCH C0117110C U K  PMT I M  SPM PlTCH CONlROl UlS 

Frpure 44. Con firation Comp#ison 

The pitch control system is also simplified since the loads and resulting 
mechanism envelope are considerably reduced and the location is mved to the 
rotational interface. (See Figure 4-9). 



Pitch W krwta 

F w m  4-9. Piroh Control 

Significant rotor weight reduction resulted from the reduction i n  high wind 
belrding moments,el imination of the hinge overlap areas near the root, and a 
more eff ic ient  chordwise bending section i n  the root ' -ea. (See Figure 4 - l n ) .  

r 120 mph mnd 
HorizontJ rator 

.Flyrmrek&sumcouxboard i 
of t ~ p  tnterface 

F~llspmbkdc fk-tdrpnbhde 

Fhpmr moment. 
it-lb x lo6 

Figure 4- 10. Parked B M e  Labds 



Dr've Train and Nacelle - Design simpl i f icat ion o f  the teetering yxhanism i s  
possible with par t ia l  span control since straight-through hub structure pemi t s  
s s i e r  attachnents. However, a laore f lex ib le  q u i l l  shaft i s  necessary t o  
attenuate cor io l i s  loads because o f  the increase i n  teeter angle excursion of 
the par t ia l  span blade. A longer q u i l l  shaft was required f o r  the par t ia l  span 
to sat isfy st i f fness requirements which resulted i n  a longer nacelle. A longer 
nacelle tr, house a longer q u i l l  shaft was a necessary item for the par t ia l  span 
concept . 
laser - A l igh ter  tarer i s  possible with a par t ia l  span rotor  since weight of 
structure a lo f t  i s  reduced. 

The trade study i s  s w r i z e d  i n  Table 4-13. 

EIIECI la 
~ T A I I O I I  

Y lW BMtLI& 81.500 IS LESS 8.40 1 BS US 
I I -- - 

COST IUSLlt I SI93,YD LEIS 1 $19.900 - US p - WIRE Lfal* M F $iXgi 

CONCLUSION: The par t ia l  span control concept provides a lower cost of 
e lec t r i c i t y  for a large wind turbine system. A 30% span t i p  control i s  best 
because of the rarginal startup capabil i ty of smaller control spans. 

4.2.2.5 Alutninur~ vs Steel Tip 

OBJECTIVE: The objective o f  the study was t o  determine i f  weight and cost 
could be saved by making the MOO-2 wind turbine blade t i p  out o f  alwninun. 

RESULTS: I n i t i a l  loads indicated that most o f  the t i p  was buckling c r i t i c a l ,  
and that an aluminum t i p  would save both weight and cost. Yowever, a re- 
evaluation of the wind environment indicated a large part of  the blade t i p  to 
be fatigue c r i t i ca l .  A weight and cost study using the new loads was performed 



giving the following results: 

Weight Saved Over Steel - 600 2ounds 

Cost Difference 

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

Additional Cost f o r  Aluminum.. .$16,000 

CONCLUSION : 

For a typical  t i p  blade section, the a1 lowable stress o f  a buckling c r i t i c a l  
aluminwn structure i s  about 2/3 that  o f  a steel structure. Therefore, the 
weight of the aluminun buckling c r i t i c a l  structure i s  about lli that of steel.  
For the same fatigue loading spectrum, the allowable stress for aluminum i s  
about 1/3 that  o f  a steel structure resul t ing i n  structures of approximately 
equal weight. 

I n  addition, the use of the aluminun! t i p  would require development work on 
the aluminum structure i n  addit ion t o  the development on the steel structure. 
%erefore, the steel t i p  was considered best a t  t h i s  time f o r  the M03-2 YTS. 

4.2.2.6 A i r f o i l  Scowtry 

OBJECTIVE: A trade study was conducted to  optimize the a i r f o i l  shape f o r  the 
ROC-2 rotor .  

RESULTS: As noted i n  Section 3.2.1, the NACA 230XX a i r f o i l s  were selected for the 
baseline trade study rotor. The i n i t i a l  port ion o f  t h i s  study was directed toward 
the selection o f  a sec~nd a i r f o i l  shape to be used i n  ro tor  design. 

The a i r f o i l  famil ies considered f o r  the second a i r f o i l  snape were the standard 
NACA 44XX a i r f o i l s ,  modified NACA 44XX a i r f o i l s ,  and modified NACA 430XX a i r -  
fo i ls .  Prof i les fo r  the twenty-one percent th ick members of these a i r f o i l  
families are i l l u s t r a ted  i n  Figure 4 - i l .  The p ro f i l e  o f  the NAC4 23021 a i r f o i l  
i s  also shown for comparison. Note that the m d i f i e d  a i r f o i l  fami l ies were 
designed with blunt t r a i l i n g  edges. In addition, the NACA 430XX a i r f o i l s  were 
modified near the leading edge to  remove surface concavities. 



A parametric comparison of the four a i r f o i l  families i s  presented i n  Table 
4-1 4. The indicated parameters are considered relevant t o  a i r f o i l  selection 
f o r  rotors designed t o  operate i n  the windmill state. As a resu l t  o f  t h i s  
comparison, the modified NACA 430XX a i r f o i l s  were selected as the second 
a i r f o i l  shape. 

TBble 4- 14. Psnmetric Airfoil Comparison 

Small est numbers have the 1 east e f fec t  on aerodynamic performance 

NACA 
44XX 

.0162 
8 Deg. 
T.E. 
No 

Yes 
4 

Major 
-0.08 

PARAMETER 

Cd @ C l  = 1.0 
S ta l l  Margin (@ C1= 1.0 
S ta l l  Characteristic 
Blunt T.E. 
Potential Buckling 

Problems 
Effect of Roughness 
Prwature T.E. 

Separation 
C, (Aero Center) 

i 

NACA 
230XX 

.0147 
6 k g .  
L.E. 
No 

No 
1 

Moderate 
-0.01 

N AC A 
430XX 

(L.E. & T.E. Mod.) 

,0138 
1 8 k g .  

T.E. 
Yes 

No 
2 

Min. 
-0.035 

NACA 
44XX 

(T.E. Mod.) 

.0140 
8 Deg. 
T.E. 
Yes 

Yes 
3 

M i  nor 
-0.08 

- 



The Modified NACA 430XX a i r f o i l s  were then used t o  design an a1 ternate rotor .  
The i n i t i a l  design approach retained the s o l i d i t y . (  a = 0.030) of the baseline 
rotor. The resu l t ing alternate ro to r  was found t o  produce two percent more 
power a t  the design point  than the baseline rotor .  However, t h i s  r o to r  optimized 
a t  a ro to r  speed o f  15.9 rpn, while the baseline ro to r  speed was 17.5 rpm. 
Because the rpm decrease impacted other system components, the a1 ternate ro to r  
was redesigned by trading s o l i d i t y  for r o to r  speed. The f ina l  alternate 
rotor, which optimized a t  a s o l i d i t y  of 0.025, s t i l l  produced two percent more 
power a t  the design point  than the basai ine rotor .  The design parameters for  
the baseline and a1 ternate rotors are compared i n  Table 4-15. 

T&ke 4- f 5. Comparison of Rotor Des@ 

The two ro tor  designs were subjected t o  further analysis. For example, the 
alternate ro to r  using the modified NACA 430XX a i r f o i l s  was found t o  produce 
only 0.1% more energy than the baseline ro to r  using the NACA 230XX a i r f o i l s .  
Also, f o r  ident ical  operating conditicns, the a1 ternate ro to r  was found t o  
operate a t  higher load levels over the baseiine. As a resul t ,  the blade 
weight would increase t o  obtain the same fatigue and buckling margins. 

Design Farameters 

A i  r f o i  1 Shape 
Diameter 
Design Velocity 
Rotor Speed 

CONCLUSION: Based on the resul ts of t h i s  study, the NACA 230XX a i r f o i l s  were 
selected as most suitable f o r  the MID-2 rotor. 

4.2.2.7 Blade Material and Configuration Studie3 

Rotor Confiqura t i on  
Baseline A1 ternate 

The current a1 1-steel blade design configuration i s  described i n  Section 3 . 2 . : .  
The ro tor  weight affects the weight and cost o f  many other items i n  the wind 
turbine system; therefore, the minimum rotor  weight shculd correspond t o  the 
lowest wind turbine system cost. 

NACA 230xx 
300 ft. 
20 mph 
17.5 rpm 

So l id i t y  (a ) I 0.030 
Taper Ratio 1 3.0 
Twist 8.0 Deg. 

OBJECTIVE: The object ive of the study was t o  determine a ro to r  construction 
such that the cost of e l e c t r i c i t y  i s  minimized. 

Mod. NACA 430xx 
300 ft. 
20 mph 
17.5 rpm 
0.025 
4.0 
8 .3  32s. 

RESULTS: A i r f o i  1 characterist ics such as a i r f o i  1 type, thickness, taper, 
twist,  planform area, and t i p  speed determine the blade configuration. Some 
o f  these are discussed i n  section 4.2.2.6 ( A i r f o i l  Geometry). Within 
the constraints o f  the blade geometry, additional trade studies were made to 
select the spar and t r a i l i n g  edge materials and designs. 



To select the optimun blade design, a  steel "0'; spar was examined i n  combina- 
t i o n  w i th  24 d i f f e r e n t  concepts f o r  the t r a i l i n g  edge i n  s u f f i c i e n t  d e t a i l  t o  
evaluate the cost, weight, and technical r i s k  , Table 4-16 
shows r e l a t i v e  mer i ts  o f  the e igh t  most prominent design candidates. 

Tale 4- 16. Preliminary Evaluation of Trailing E&e Concepts 
RESULTS OF STUDY 

M S I C  CONFIGURATION 

5 170.000 85WI HIOI ti0 

~ M M  FACE0 SIV(CUICH I S T R U T V W ]  SHELL I 9 $15 000 '45001 HIGH NO 

1 I 1 i 

IFow i lLLEo a L a K s  sTiyGd fwc ; 1 32001 MIOERATE M) 

rfW FILLED F I S  FAIRIN6 w- SHELL / 1 $36 000 Z6OOt LOU YES 
!STRUCTURAL 
I 

STRUCTURAL WELL I . 3  $4; 000 162504 LOU YES - 

Two o f  these, a  foam-f i l led f iberg lass f a i r i n g  and a  steel p la te  weldment, were 
selected f o r  a more de ta i led  comparison w i th  the baseline, a  s teel  skinned 
honeycomb o r  foam f i  11 ed panel construction. The three conf igurat ion candidates 
are shown i n  Figure 4-1 2. 



- -Jf===f= .-- . --. - 
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H L E D  PUTL T.E. FIBERGLASS W P E D  FOeYl 
YEIW S9,bOO W Ml6HT E9.IW 

STEEL sum Honrrcaa OR m~ SUW~QI 

BLADE IR16HT 65.300 

Table 4-1 7 shows a cost comparison f o r  the three blade configurations , and 
Table 4-18 gives the f ina l  trade study resul ts.  

Note: L.E. designates the "Leading Edge" o r  steel  "DM spar and T.E. the 
"Tra i l ing Edgen o r  blade a f t  spar. 

4-23 

STEEL 

STEEL SKIN 
Honeycomb or  
Foam Sandwich 

WRAPPED FOAM 

L.E. 

T. E. 

L.E. 

T. E. 

L. E. 

T.E. 

* 
2 BLADES TOTAL 

-. 
217,332 

42,405 

$259,737 

252,700 

49,297 

$301,997 

265,398 

33,027 

$298,425 

1 

MFG 

55,520 

28,619 

$84,139 

79,200 

28,101 

$107,301 

89,750 

18,525 

$108,275 

MATL 

161,812 

13,786 

$175,598 

173,500 

21,196 

$194,696 

175,648 

14,502 

$190,150 



Tabk 4- 18. Trade Study Summary - Blade Deen  

CONCLUSIONS: The resu l t s  o f  t h i s  study show the a l l  steel blade t o  be the 
optimum design f o r  large wind turbines s im i l a r  t? the MOD-2 WfS. 

3LADE i E  IGHT(PER BLADE) 

HCjST SIGh  I F ICANT 
STRUCTUiUL FA i LURE 
MOST S i G N I F I C A N T  
NAI?iTi>iAhCE ITEA 

' TECHNICAL R I S K  

DES IGh COMPLEXITY 

COST COMPARISON 

4.2.2.8 Crack Detection System 

A major wind turb ine system problem i s  r o t o r  fa t igue.  The MOD-2 r c t o r  i s  
subjected t o  approxifiiately 200,000,000 a1 te rna t i  ng st ress cycles during i t s  
30 year design l i f e .  H i s to r i ca l l y ,  s t ructures o f  t h i s  type occasional ly 
develop f3 t igue cracks, i n i t i a t i n g  from e i t h e r  i n te rna l  flaws o r  external 
damage. Since r o t o r  f a i l u r e s  are both expensive and dangerous, some means 
o f  detect ing cracks p r i o r  t o  u l t imate  f a i l u r e  i s  desirable. F a i l  safe 
s t ructure,  combined w i th  frequent inspections, serves t h i s  purpose on a i r -  
c ra f t .  However, t h i s  type s t ruc ture  i s  excessively expensive f o r  wind turb ine 
appl icat ion and the large number o f  fa t igue cycles requires very frequent and 
cos t l y  inspections. Therefore, development o f  an automatic crack d e t ~ c t i o n  
system was i n i t i a t e d .  

ALL STEEL T.E. 
(STRUCTURAL ) 

59,000 4 

OF D-SPAR 
OR T.E. 

REPAINTING 

LOW 

MEDIUM 

$260,000 

OBJECTIVE: The purpose of t h i s  study was t o  examine several po ten t ia l  fat igue 
crack detect ion systems and, if possible, se lect  one fo r  fur ther  development. 

RESULTS: It was determined tha t  a crack could be detected i n  a pressurized 
blade by measuring e i t h e r  the a i r f l o w  through the crack o r  the resu l t i ng  
pressure drop i n  the blade. The essent ial  element i n  the system i s  the com- 
parison of the pressure o r  f low i n  the two blades t o  minimize the effects 
of ambient temperature changes. A f low system was selected fo r  fur ther  study 
as i t  i s  less impacted by leaks and environment than a pressurized system. 

STEEL SKIN HONEYCOM~ 
OR FOAM CORE 

65,30011 

FATIGUE OF D-SPAR 

80hD FAILURE & 
R E P A i N i  IPG 

HIGH 

HIGh 

$302,000 

I n  the proposed system, tha t  was developed (see Figure 4-1 3) a i r  i s  compressed 
t o  100 pounds per square i w h  (ps i ) ,  dried, and stored i n  a tank. 

P L A S Y l C  T . E .  
( 3 0 ~ -  STRliCTli17rlL. ) 

L 

69,700s I 
I 

FAYIGUE OF 0-S?AZ 

TOUCH LID OF P L A S f i i  
Fih;Sn b 

MEDIUM 

i03 

$298,000 
A 

A i r  i s  bled out o f  the tank through a pressure regulator  which maintains a one 
ps i  pressure downstream o f  the tank. The low pressure a i r  i s  divided and fed 
through flowmeters i n t o  each o f  the two blades. The a i r  ex i t s  the blades 
through f i xed  o r i f i c s s ,  Re l i e f  valves protect  the s t ruc ture  i n  case of  m a l -  
funct ion o f  the presssre regulator  o r  plugging o f  the e x i t  o r i f i c e s .  



Fhure 4- 13. Blade Crack Detection System Block Diagram 

The outputs o f  t he  flowmeters a re  compared. When t he  d i f f e rence  i n  f l ow  exceeds 
a predetermined amount, a s igna l  i s  sent t o  the con t ro l  system which then shuts 
down the  wind turb ine.  

The system has a threshold capabi 1 i t y  o f  de tec t ing  a 12 i nch  long crack i n  the  
MOD-2 blade. There are approximately 28 days from the threshold  t ime t h a t  a 
crack can f i r s t  be detected u n t i l  the crack reaches a c r i t i c a l  l eng th  of 30 
inches {F igure 4-14). 

Critical 
crak(30 in) 1.0 
lenqth 

0.8 - 

0.6 - 
Clack length 

Critical a s k  k s  

0.2 - 
d.hctim capability- 0e2 +----- 

I 
I 

0- I 
I I r 0 

40 30 20 10 0 
D m  

Figure 4- 14. Margin Between Detectable and Critical Crack Size 

l.6185in2) 
Critical area 

Orif ics 8r.8 
Critial ru 



The arrangement o f  the  system f o r  the MOD-2 wind t u rb i ne  i s  showc i n  F igure 
4-15. 

Figure 4- 15. Crack Detection System 

COhiLGSION: The f low r a t e  comparison system i s  bes t  because i t  can de tec t  a  
crack 28 days i n  advance of complete f a i l u r e ,  and i t  i s  l ess  c o s t l y  and has a 
lower r i s k  than a pressur ized system o r  crack stopping design ( sec t i on  4.2.2.9). 

4.2.2.9 Crack Stopping Design 

One way o f  reducinl j  rhe  p r o b a b i l i t y  o f  a  blade f a i l u r e  i s  t o  incorpora te  crack 
stoppers i n  the  blade design. 

OBJECTIVE: The purpose of t h i s  study was t o  examine techniques used f o r  stopping 
cracks and eva lua t ing  t h e i r  use on the  MOD-2 wind t u rb i ne  blade. 

RESULTS: The technique used t o  s top cracks i s  t o  d i v i d e  the  ;+,in s t r u c t u r e  f n t o  
panels and use bo l ted  j o i n t s  a t  the edge o f  the  panel where i t  i s  des i red t o  
stop --he crack. Some of the  c o n f i g ~ ~ r a t i o n s  s tud ied ace shown i n  F igure 4-16. 
Crack stoppers are used on the edges q f  panels sub jec t  t o  h igh fa t igue  stresses. 

The combination o f  welded and be1 ted s t r uc tu re  i s  more c o s t l y  t o  b u i l d  than a l l -  
we1 ded s t ruc tu re .  The bo l t ed  j o i n t s  g ive  r i s e  t o  s t resb concentrat ions s ince 
the welded s t r uc tu re  tends t o  p ick  up more than i t s  share o f  load. The combina- 
t i o n  o f  s t r u c t u r e  may be more suscept ib le  t o  fa t igue  cracks than a l l -welded 
s t ructures.  The cracks should stop a t  the bo l t ed  j o i n t s ,  bu t  w i l l  r e s u l t  i n  
add i t i ona l  s t ress  a t  these j o 4 q t s .  This, i n  t u r n  can r e s u l t  i n  a  new crack 
s t a r t i n g  on the o ther  s ide  o :  the j o i n t .  The r e s u l t  i s  an extremely sho r t  
per iod requi red between inspect ions t o  ensure t h a t  a  f a i  1  u re  does n o t  occur ,  

CONCLUSION: For the above reasons, a crack stopping syste1.1 i s  no t  cons i i2red 
p r a c t i c a l  f o r  wind t u rb i ne  blades. 



F&um 4- 16. Crack Stowing Rppmahes 

4.2.2.10 Metal vs. Composite Rotor 

The basel ine r o t o r  f o r  MOD-2 i s  o f  welded steel  c o n s t r ~ c t i o n .  This trade study 
evaluated the techcical, programmatic and economic comparison between the base- 
l i n e  steel  and a composite : f iberg lass)  rotor .  The design and anaiysis leading 
to  the development o f  the composite r o t o r  i s  provided i n  sect ion 4.3. That data 
i s  the basis f o r  t h i s  comparison. 

OBJECi IVE:  The purpose o f  t h i s  study was t o  provide a technical, p rogramat ic  
and economic comparison o f  the two ro tors  w i th  the ob jec t ive  of recommending 
the appropriate blade concept f o r  MOD-2. 

RESULTS: The resu l ts  of t h i s  trade study are provided i n  Tables 4-19 through 
4- 24. 

COVCLUSION: As indicated i n  Tables 4-1 9 througn 4-24, the 
steel  ro to r  i s  t sluated as the more mature system w i t h  some add i t iona l  devel- 
opment requi .d f o r  the car,posite ro to r .  The composite r o t o r  conf igurat ion (sec. 4 . 3 )  
i s  be1 ieved J be a good design for  the MOD-2 system and  hen fu l  l y  developed 
may o f f e r  advantages i n  the scenario o f  quant i ty  production. 



The primary reasons for recommending the continuation o f  the steel rotor as 
baseline for  MOD-2 are: 

1) Less technical r i s k .  

2)  A more firm understanding o f  material properties and fabrication processes. 

3 )  Design 1:aturity - no impact on prototype program sched~les. 

T&& 4- 19. ROW C L Y I ) ~  T- 

Table 4-20. Rotor Weaht Comparison - Pounds 

Mtreklr*rWw 

-mu 

07.730 

-t.or 

3q- 



Tabk 4-22. Rotor Ca# Camparism (1- Prod~u:tion Unit) - Dollarr 
- -- 



FIGURE 4-17 OELETED 

T& 4-24- Rotor T k k  Study Sunmvy 

4.2.2.11 Upwind Vs. Downwind Rotor 

The current  unwind r o t o r  conf igurat ion i s  described i n  sect ion 3.1. This trade 
study provided the basis f o r  the conf igurat ion select ion. 

- 1 &dm -- 1 n 

OGJESTIVE: The object ive and purpese of t h i s  study was t o  compare the cost 
o f  e l e c t r i c i t y  as gmerated by an upwind r o t o r  w i th  tha t  produced by a aown- 
wind arrangeinent. The p w e r  and loads generated by YOSTAB, under i den t i ca l  
wind condit ions, served as the basis o f  the comparison. 
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RESULTS: 

Rotor - It was detemined that the blade flapwise arid chordwise bending maneqts 
were sl ight ly lower with an upwind rotor as shorn! i n  Figure 4-18 3nd 4-19. The 
blade loads were smaller fw the upwind rotor because tower wake effects were 
eliminated, al!owing a total  blade weight saving o f  300r3 It. 

B U  dorm 
F*ure 4- 18. Bhde FIapw* Bending Mamen? 

Azimuth. degrees 

Blade down 
Figure 4- 19. Blade Chordwise Bending Moment 



Blade weight savings are  i l l u s t r a t e d  i n  Figure 4-20. Nearly all the weight 
saving accured between blade stat ions 528 and 948 as t h ~ s  was the area designed 
by fatigue. 

Figure 4-20- Weight Sading .4rear 

Yaw Drive System - The loads were of nearly the same inagni tude j s ?  though a t  
d i f ferent  wind veloci t ies ) as  shokn i t 1  Fiatire 9-21 . T!;erefor~, conf iguraticns 
were pract ica i ly  the satw and were of l i k e  cmplex i ty  2nd cost, arid dc nat 
impact the cost o f  e l e c t r i c i  ty. 

Y!w S y E D  :wi) 

Figure 4-21. Yaw Torque Vers~fs Wind Speed 
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T 
,OWE? - a t  the t ice  a f  t h i s  study the s t ruc tu re  w ~ s  destgned f o r  to rs iova l  
s t i f f ness  and therefore was o f  the sme  configuratSon whether upwind o r  down- 
+ i ~ " ( F ; n s r ~  Y 3 - 2 2 ) -  T h " j , i h e  ;obi o f  eiectricitv was no t  affected. I t  should 
be nclted t h z t  the tower described ir. sect ion 3 . 2 . 3  i s  now designed by fa t igue 
3nd i ii-it ;oads. Hmev4r. t h i z  d id  rtot chanqc3 :he v a l i d i t y  o: thcr sub ject  
study nor o f  i t s  t:cnc?usions. 

?:ace; I ?  - The study i nd i ra ted  t h a t  the s:y:teii loads were ?ot  se t s i  t i v e  t o  
gcwind o r  downh-ind r o t o r  locat ien, because the tower shadow e f fec t  on hub 
Io~L: ~ 3 s  :-inimaf. 

%in$ Sensors - In an r iw ind  r o t c r  conf igurst lon,  t h j i  sy;tem may 5e I W I . ~  
czmplex and i t  was estimated i h a t  a ccs t  penalty o f  abobt $5005 c c ~ l d  be 
incurred. 

-. 
Encrgj 5ucput - i pe  near e l i ~ i n a t i o n  c f  the tcwer wake i n  an gpw?nd r o t c r  
install at?^^ r?su!ts i c  2-65 increase i n  a ~ n u a l  energy c..:put,thus fur ther  
reduc'ng ;he cost  of  e l e c t r i c i t y .  

Ccsts - 'he cprinr;  3lade cast 1s 53000 i e ~ s  than f o r  tr.e dcwn.rind ccqfigura- 
t i o n  b b t  the upwiw w i d  sensor cost i s  S50CO mre. This resu l ted  i n  an 
overa l l r;TS cost  increasc o f  52390; however, t l ~ c  cost of  e l  ec tr! c l  t y  was re-  
duced ! : E c ~ ' J s ~  o f  the hiqncr er~crg!~ output o f  'Ine apwind r ~ t o r  confi p - a  t i o n .  



Table 4-25. Upwind/Downwind Trade S t d y  Summary 

CONCI.USiON: Based on the r e s u l t s  o f  t h i s  study, i t  i s  concluded t h a t  the 
u ~ x i n d  r o t o r  l oca t i on  was super ior  f o r  wind tu rb ines  o f  MOD-2 s i ze  as i t  
resu: t s  i n  13wer Cost o f  e l e c t r i c i t y .  

Design compkxitv 

Erection 

Transportation 

Weight 

i Annual eneigy outplt 

Cort 

Reliability 

Maintainability 

Saf ew 

Technical risk 

Cost of electricity 

4.2.2.12 T ip  t o  Ground Cleai.ance 

The cur ren t  tower con f i gu ra t i on  provides a r o t o r  t i p  t o  ground clearance of 
53 fee t .  This t rade  study prov ided the bas is  f o r  the  se lec t i on  o f  t h i s  
con? i gura t i  on. 

36dECTIVE: The ob jec t i ve  o f  t h i s  study was t o  compare the  cos t  o f  e l e c t r i c i t y  
generated using the basel ine 50 f o o t  r o t o r  t i p  t o  ground clearance con f igu ra t ion  
w i t h  t h a t  generated us ing 25 foot ,  75 foot ,  and 1GO f o o t  r o t o r  t i p  t o  ground 
clearance conf igurat ions.  

Remarks 

Higher fatigue I& downward 

Output increase with upwind rotor 
becam tower shadow is eliminated 

10(lth WTS costs $2.000 more (upwind) 

2.6% less (upwind) 

Upwind I Downwind 

Swna 

Same 

Sxne 

Baseline 1 12%highsr - 

APPAOACt1: The 5wo major f ac to r s  t h a t  vary w i t h  r o t o r  he igh t  and a f f e c t  the  
cos t  o f  e l e c t r i c i t y  a re  the  annual energy produced by the WTS and t he  i n i t i a l  
costs o f  the tower and f ~ l ~ n d a t i ~ r l .  Dbe t o  the e f f e c t  o f  the  wind grad ient ,  an 
increase i n  r d t o r  he igh t  r e s u l t s  i n  an increase i n  the  annual energy produced by 
the WTS. However, an increase i n  r o t o r  hub he igh t  a l so  r e s u l t s  i n  an increase 
i n  tower he jght  and over tu rn ing  moment a t  the tower base. Thus, the  tower weight 
and fouodatior, s i ze  i n i r ease  r s s l t s  i n  h igher  i n i t i a l  costs o f  these two items. 
The study aoproach was t o  design towers and foundations f o r  25 foo t ,  50 foot,  
75 foo t ,  a ~ i d  ?Oc) f o o t  r o t o r  t i p  t o  g r o u ~ d  clearance con f igu ra t ions  and t o  compare 
tne e f f e c t  3f the ~ n n u d l  enet-gy produced and the  i n i t i a l  costs  o f  these conf igurat ions 
on the c2s t  of e l e c t r i c i t y .  

Baseline 

8aseline 

RESULTS: T+e study resu l t ed  i n  a 51igt l t  increase i n  cos t  o f  e l e c t r i c i t y  f o r  
the 75  f o o t  and 100 f o o t  t i p  cfearancc con f igu ra t ions  as compared t o  the 50 
f o o t  t i p  clearance bzsei i l ie.  The cgst  o f  a l e c t r i c i  t y  f o r  the 25 f oo t  t i p  
clearance 2nd the 50 f oo t  t i ?  clearance con f igu ra t ions  were e s s e n t i a l l y  the 

2.6% lower 

0.1% Idwsc 

same 

%me 

Sxne 

Same 

Baseline Adds 0.1 f / KW hr 



same. However, the 50 f o o t  t i p  clearance conf igurat ion was selected based on 
a considerable increase :F power produced per year, r e s u l t i n g  i n  less u n i t s  
requi red t o  produce a s ~ e c i f  i c  power requirement. See Table 4-26 fo r  a 
sunmary of study resu l t  

T&bk 4-26. Rotor T b  to Ground Ckmrxu Shrdy 

CONCLUSION: The optimum t i p  t o  ground clearance f o r  wind turbines the s ize  o f  
MOD-2 i s  50 feet. 
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4.2.2.13 T i l t e d  Vs. Non-t i l ted Rotor 
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The MOD-2 UTS conf igurat ion has the r o t o r  shaf t  posit ioned hor izonta l  l y  wi thout  
any tilt (sect ion 3.0). 

i 
i 

o o 1 ~ . r c a s " . ~ * ~ v  chm9cs  .R I).J(- 

004 * W5 not- Co n c . c i ~ s  t l r r  ro 'err n iterr ch.n* r --I- I 1 -14d d . 1 ~ c ' l b  .I I.+<# W*O. hk-411 

3 ~ 3  rm 636 200 I 

OBJECTIVE: The main purpose of t h i s  study was t o  assess the po ten t i a l  advan- 
tages o f  a ti 1 ted r o t o r  shaft, especia l ly  w i th  respect t o  the resu l t i ng  cost 
o f  e l e c t r i c i t y .  

:"CIPI~CS f n C i F f  xlk! ~ * Y W  OUI *(WW h * ~  ~Q.'~.I(.L( - - -  I Ti- ~ k * ~ r  i pJ,yal** t j bw ~ C * = A * {  s . s * m  c S ~ "  

1 

RESULTS: Figure 4-23 shows tha t  the cost of e l e c t r i c i t y  could be reduced 
s l i g h t l y  f o r  small angles of tilt. This i s  because the tilt allows less 
nacel le overhang for  constant blade t o  tower clearance. A t  higher angles o f  
tilt, the increased blade a l te rna t ing  f l a p  loads cause higher r o t o r  weight and 
costs. This increase, plus the lower energy output, soon negates any advantage 
o f  tilt. 



Rotor tih. dwms 

F&ue 4-23. Con of electricity Venw Rotor Tilt 

CONCLUSION: The non - t i l t ed  r o t o r  w i l l  be maintained for  MOD-2 a t  the present 
time. The only s ign i f i can t  advantage of small angles of tilt would be t o  gain 
blade clearance if i t  should be found necessary. 

4.2.3 Dr ive Tra in  

This sect ion repor ts  the resu l t s  o f  trade studies conducted t o  evaluate a l -  
te rna t ive  d r i ve  t r a i n  conf igurat ions. 

4.2.3.1 Epicyc l ic  vs. Para l le l  Shaft Gearbox 

This section repor ts  the l a s t  o f  several t rade studies conducted t o  select  the 
optimum gear box f o r  the HOD-2 wind turbine. 

OBJECTIVE: The ob jec t ive  o f  t h i s  trade study was t o  compare the r e l a t i v e  
mer i ts  o f  a p a r a l l e l  shaf t  gearbox and an ep i cyc l i c  type gearbox. They were 
compared p r imar i l y  w i th  respect t o  cost o f  e l e c t r i c i t y  and impact on other  
WTS subsys tems . 
RESULTS: The two candidate gearboxes were the p a r a l l e l  shaf t  design by 
Phi 1 adel phi a Gear Company (USA) and the epi cycl i c gearbox by STAL LAVAL (Sweden). 
The general features of each gear box and t h e i r  ef fect on the WTS are shown i n  
Table 4-27. As i s  noted, the large s ize  o f  the p a r a l l e l  shaf t  gear box re- 
quires a much la rger  nacel le and i t s  higher weight s i g n i f i c a n t l y  increases the 
weight o f  both the nacel le  and tower. The select ion matr ix  i s  shcwn i n  Table 
4-28 and shows tha t  the cost o f  e l e c t r i c i t y  i s  16% higher f o r  the p a r a l l e l  
gear box wind turb ine conf igurat ion. 
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CONCLUSION: For wind turbines +he size of the MOD-2 WTS,an epicycl ic  gearbox 
i s  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 o f  the dr ive t r a i n  i s  described i n  
section 3.2.2. This trade study provided the basis f o r  the configurat ion selec- 
t ion; however,the study design may d i f f e r  i n  certa in deta i ls  from that  shown 
i n  section 3.2.2. 

OBJECTIVE: The purpose of th i s  study was t o  compare al ternate shaft support 
systems for  the rotor .  Configurations studied are shown i n  Figure 4-24. 

Quill shaft 
P O D ] .  / r Gear box 

""' // \&I 
Radial bearing f 

shahJ Rotating shaft configuration 

lnpiane bearing (radial. thrust. moments) 

lnplane bearing co~figuration Fixed shah configuration (Baseline concept) 

Figure 4-24. Low Speed Shaft Design 

RESULTSICONCLUSION: I t  was determined that  the ro ta t ing shaft configuration 
concept supported by the f ixed and f loat ing bearings was the best choice on 
the basis o f  low cost and low weight. The study resul ts are sumnarized i n  
Table 4-29. 



T&bh 4-19, Study Summary - AItsmrtinr Shaft Suppo~ System 

4.2.3.2.2 Hydraul ic System Trades 

The cur ren t  p i t c h  con t ro l  hydrau l i c  system design was developed a f t e r  con- 
s ider ing  several  f ac to r s  as f o l  lows: 

.CmcEPT 

DESlQ COBPlEXltY 

Emerge~cy Feather - Being capable o f  r e l i a b l y  stopping the  r o t o r  i c  the case 
of an emergency inc lud ing  a loss  of power o r  a  l oss  of e l e c t r i c a l  con t ro l  
was considered t o  be one of the most important design features of the  p i t c h  
con t ro l  system. This requi red an a u x i l i a r y  energy source independent o f  the 
prjmary source. The choice of a  compressed gas emergency hydrau l i c  accumu- 
l a t o r  was made. The hydraul ic  system a lso has the c a p a b i l i t y  o f  c o n t r o l l i n g  
the p i t c h  r a t e  toward the feather p o s i t i o n  w i thou t  the  benef i t  of the  e lec-  
t r i c a l  con t ro l  system. Other methods, such as e l e c t r i c a l l y - d r i v e n  actuators  
and mechanically d r i ven  actuators,  could no t  meet both requirements re1 i a b l y  
and cost  e f f e c t i v e l y .  

ROTATING 
N4PlAM I S l U F l  

SIMILAR 

flWEO StUn 

WRE 
C W L f X  

System S t i f f ness  - A t i p  con t ro l l ed  WTS requi res a mechanism t h a t  has h igh 
s t i f fness,  low 1 os t  motion and h igh  response. The h y d r a u l i c a l l y  con t ro l  l e d  
l i n e a r  ac tua to r  met these requirements wi thout  undue costs. 
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Maintenance - Although many hydrau l i c  systems have troublesome leakage 
problems, the MOD-2 p i t c h  hydrau l i c  system i s  designed t c  keep these t o  a  
minimum. For example, no hydr~au l i c  swivel j o i n t  i s  used between the nace l le  
and the r o t a t i n g  shaft. The hydrau l i c  system i s  mounted t o  the s h a f t  thus 
avoiding the necessi ty o f  the swivel .  'The hydrau l i c  reservo i r  has been 
tested and found t o  func t ion  s a t i s f a c t o r i l y  i n  the  r o t a t i n g  environment. 
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No transfer bearing i s  required w i th  the MID-2 system. Mounting the hydraul ic 
system on the low speed shaft eliminated the need for  t rans fe r r ing  t i p  motion 
from f i xed  actuators i n  the nacel le t o  the ro ta t i ng  system. 

4.2.3.2.3 Drive Train Shaft Alignment 

The dr ive t r a i n  f l ex i b l e  couplings are l im i t ed  t o  the high speed shaft 
and are defined i n  section 3.2.2. 

OBJECTIVE: The purpose of the i n i t i a l  trade study was t o  determine the most 
cost e f fec t ive  and compatible shaf t  coupl ings tha t  would s a t i s f y  the a1 ignment 
requirements. Subsequent gearbox conf igurat ion decisions (sec 4.2.3.1 ) e l  i m i  n- 
ated the need f o r  low speed shaf t  f l e x i b l e  couplirigs. 

RESULTSICONCLUSIONS: The coupl i ng  configurat ion trade study i s  sumnari zed i n  
Table 4-30. Subsequent evaluations o f  high speed coup1 i ngs ccnfirmed the 
choice o f  f lex-d isc  types based on cost and lack o f  l ub r i ca t i on  maintenance. 

Table a. Shaft Ai&ment Couplings 

4.2.3.2.4 Q u i l l  Shaft St i f fness Study 

r 

~MPLEXITT 

YE16HT 

CRIPLII' EO~T 

MLIMILI~ 

The current q u i l l  shaft configuration i s  described i n  sect ion 3.2.2. This section 
reports the resu l t s  o f  studies condurted t o  optimize q u i l l  shaf t  tors ional  
stiffness. 

OBJECTIVE: To minimize dr ive t r a i n  tors ional  fat igue problems and t o  maintain 
steady e l e c t r i c a l  power output by i so la t ing  the gearbox and generator from 
tors ional  osci 1 l a t i ons  of the rotor ,  which are caused by Cor io l  i s  accelera- 
t ions due t o  blade teeter ing and flapping. 

RESULTS: The ob ject ive  was met by using a "so f t "  q u i l l  shaft, which places 
the rotor lgenerator  tors ional  natural frequency a t  .5  per rev, which i s  wel l  
below the tors iona l  forc ing frequency 3 f  2 per rev. This l i m i t s  the dr ive 
t r a i n  a l ternat ing torques a t  2 per rev t o  less than i 10% of rated torque 
under a l l  operating conditions. This s o f t  shaft configurat ion becomes essen- 
t i a l  w i th  the choice of the teetering pa r t i a l  span ro tor ,  due t o  i t s  somewhat 
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higher a l ternat ing shaft torques. The soft q u i l l  .shaft i s  preferable t c  a C lu id  
coupling, which has a substantial energy loss and therefore resu l ts  i n  much 
higher cost of e lec t r i c i t y .  A graphical comparison of d r i r e  t r a i n  a? ter-  
nating toques wi th a s t i f f  q u i l l  shaft, f l u i d  coupling and sof t  q u i l l  shaft 
i s  shown i n  Figure 4-25. I t  was determined that  a shaft torsional stiffness 
of not greater than 2 x 108 in- lb/rad would satisfy the requirement. U i t h  
t h i s  stiffness requirement established, various qui 11 shaf t  designs were 
evaluated such as so l i d  and hollow, high strength and low strength materials. 
and w:' t h  and w i  t h t  f lex ib le  coup1 ings. Early configurations, where spring 
ra te  was adjusted pr imar i ly  as a function o f  q u i l l  shaft length, w i t h  an 
equivalent change i n  nacelle length, were replaced w i th  the present con- 
figtrration where the q u i l l  shaft was nested wi th in  the low speed shaf t  
assembly. The deletions o f  the f l e x i b l e  coupling (s)  due t o  the choice of 
gearbox (reference paragraph 4.2.3.1 ) s impl i f ied t h i s  port ion of the d r i ve  
t r a i n  design. 

CONCLUSION: A "soft" q u i l l  shaft design was selected t o  sat is fy dynamic 
requirements of the H0G-2 dr ive system. 
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Fjgure 4-25. Response to 2/Rev TorurUona/ Fming Fwrctitms 

4.2.4 Ejectr ical  Power System 

This section reports the resul ts of tri'- studies which evaluated al ternat ive 
e iec t r ica l  power systeni characteristics. 



4.2.4.1 Generator Selection 

As noted i n  section 3.0, a 4 pole, 1800 rpm, 4.16 kV synchronous generatar 
has been i den t i f i ed  for use i n  tk MOO-2 WS. A high speed synchronous mach- 
ine was selected after carparing i t  to  induction and d i r ec t  current machines 
applied i n  a nuabet of system configurations and operated a t  a var iety o f  
speeds. Figure 4-26 i 11 ustrates the organization of the configurations 
considered; i t  defines t h e i r  relationship, and i t  i den t i f i e s  the major trade 
studies conducted. Minor trade studies, not shown i n  the Figure, refined 
some o f  the deta i ls  o f  the f i n a l  mnfigurat ion. 

4.2.4.1.1 Direct vs. Geerbox Driven Generator 

OBJECTIVE: The generator selected i s  coupled t o  a gearbox tirat increases the 
17.5 rpn! speed of the ro to r  t o  the 1800 rpm used by the generator. El imina- 
t i on  o f  the cost ly  gearbox by d i r ec t l y  dr iv ing a generator was considered. A 
study was conducted t o  compare the cost o f  e l e c t r i c i t y  as generated by systems 
re f lec t ing  the two approaches. 

RESULTS: As shown i n  Figure 4-26 two d i rec t  dr ive e lec t r i ca l  system concepts 
were explored and cmpared t o  the baseline design. I n  the f i r s t  concept the 
generator was designed t o  orovide a 60 Hertz output whi le driven a t  the lw  
rotor  speed. Depending on exact speed, the generator could have up t o  400 
poles. A 2500 kW machine w i th  t h i s  ma2y poles could require a ro ta t ing Field 
up t o  50 feet  i n  d i i se te r  whi le i t s  thickness need be less than one foot. A 
pancake machitbe of t h i s  s ize and proportions would require a grcat deal of 
material t o  s t ruc tura l ly  support the act ive e l ec t r i  cai elemnts. 



Weighi 3nd cost of the generator would be 20 t o  40 t i m s  that  o f  a conventional 
machine. Because the cost was so high, the concept was given no fur ther consi- 
deration. The second concept f o r  a d i rec t  dr ive  system was a more reasonably 
proportioned pancake machine t o  generate low frequency t o  be rec t i f i ed  t o  d i r ec t  
current and then inverted back to 60 Hertz power by a 1 ine conrmrtated s ta t i c  device. 
Figure 4-27 describes the power conversion component s iz ing f o r  t h i s  type o f  d i r ec t  
dr ive  system which would be more reasonably sized a t  an increased ro to r  speed of 
22.5 R M .  Tm, parts of t h i s  system are very high cost: the pancake generator 
and the power conversion electronics. Ei ther of these two e lec t r i ca l  items would 
cost more than a conventional gearbox. A trade study sumnary i s  provided on 
Table 4-31. It becam very c lear during the study that  t o  provide an outout of 
2500 kY wi th  an input o f  17.5 rpm would involve the use o f  an extremely cost ly  
generator. At very low ro tor  speeds, the cost effectf ve approach was t o  use a 
gearbox and conventional generator. 

CONCLUSION: The study concluded that  the d i r ec t  dr ive  system was not eco- 
nomical l y  c q e t i  t i v e  w i  th a conventional generator and gearbox. 
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Figure 4-27. Dimr Driw System 

4 -2 .4 .  I .  2 Direct vs . indirect  Power ;ena?r~+ictn 

OBJECTIVE: !ndirect Power Generation t o r  tn ic  study was defined as the 
generation o f  unrequlated AC D O W ~  and the use of a s ta t i c  inver ter  type 
of device to  cc?nc!i t ion the WTS cutpirt t o  60 Hertz. C i  rect  generation was 
defined as use o f  a genprator that  provided a 60 Hertz output. The purpose 
c f  the study was :G compare the cost o f  e l e c t r i c i t y  as generated by a variable 
speed high ef t ic iency rotor  wi th that pr~duced by a constatit cp& ro tor .  By  
?emi t t i r . ~  variable speed the ro tor  could t r  operated a t  closer to  i t s  maxialm 
aer3d3namic ef f ic iency a t  a l l  wind veloci t ies wi th in  the working range qf the 
#)a-2 WTS. For the e lec t r fca l  power system to  accept a variable speed a t  the 
generator , , ,af t , i  t was necessary t o  make provisions to  convert i t s  unregulated 
output to  6 0  Hertz. Fisure 4-2: i 1 lustrates functional ly the two systems that  
are compared ana the method o f  providing a regulated output front an unrequlated 
genero tor .  
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RESULTS: The study determined tha t  for a 2500 kW output: 

1. A var iable speed r o t o r  could capture 5.9 percent more energy than a constant 
speed ro tor .  
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2. The resul  t a c t  var iabie speed e l e c t r i c a l  system could oroduce 3.0 percent 
more energy than the equivalent constant speed system. 
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3. E lect r ica l  equipment fo r  the variable speed system would ccst  $335,000 
more (a t  hundredth un i t )  toan that  for the constant speed system. 

4. The e lec t r i ca l  s ys tm  efficiency a t  rated output would be 90.8 percent 
f o r  the variable speed system as compared t o  95.0 percent far the constant 
speed system. 

5. Over the 1 i f e  of the wind turbine system, i n  the wind spectrum defined, 
variable speed operation would increase the cost of e l e c t r i c i t y  by nore 
ihan 0.57 C/kWh. 

The resul ts of t h i s  study are su~laarized on Table 4-32. 
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CONCLUSION: I t  was concluded that  variable speed, o r  ind i rec t  power genera- 
t ion, when compared t o  constant speed d i r ec t  power generation, was not cost 
effective. 

4.2.4.1.3 Induction vs. Synchronous Generators 

OBJECTIVE: A synchronous generator w i l l  be used i n  the NOD-2 wind turbine. 
However, an induction generator had the apparent advantage o f  s i cp l i c i t y ,  l o w  cost 
and desirable operating characteristics. To assist  i n  making the choice between 
the two generator types, a detai led trade study was conducted. The purpose o f  the 
study was to  ident i fy  the re la t i ve  performance o f  the two types o f  generators, 
the i r  operational characteristics, and t he i r  cost. This e f f o r t  was t c  proviae 
a basis i n  fact t o  support the "comnon knowledge" that  inductior: penerators are 
simpler, cheaper., easier t o  control, and have bet ter  performance i n  wind gusts 
than synchronous generators. The study used 2500 kU as an output f o r  both 
units. Typical induction generator characterist ics are shown i n  Figure 4-29. 
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RESULTS: Results of the study indicate that :  

1. The inducticrn generator system must be closely engineered to f i t  each UTS 
eppiication because i t  has no effective controls tc  modify i t s  ooerationai 
performance as contrasted tc( the synchronous generator which could be con- 
trolled over a reasonable range of aperating conditions. Control re- 
quirerents are shown in Table 4-33. 
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2. Operation o f  the induction generator i s  very s i w l e  while that  of the 
synckronous generator i s  re la t i ve ly  c-1 ex. However. the controls f o r  
synchronous machines are well understood and i n  everyday use by the 
u t i l i t i e s .  

3.  The act o f  para l le l ing I n  induction generator i s  very sirnple while tha t  
f o r  a synchronous macr.ine i s  complex. See Table 4-34. 
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4. I n  wind gusts, both types o f  machines w i l l  del iver  additional power u n t i l  
e i ther  the wind veloci ty declines o r  the ro to r  blade p i t ch  i s  adjusted. Ex- 
treme gusts may cause the r~ximum torque l i m i t  o f  the generator to  be exceeded. 
Excessive toque  i n to  the induction generator wouid resu l t  i n  very high s l i p  
and most l i k e l y  an overspeed condition, while excessive torque i n t o  the syn- 
chronous machine would cause poles to  be slipped creating high fau l t  current 
conditions. I n  the induction generator, the .riaximum torque i s  a f ixed value 
established by the design of the machire whereas i n  a synchronous generator, 
maximum torque ma.y be control led dtiring operation by varing the exci tat ion of 
the rotor. I n  a somewhat s imi lar  mariner, the power factor of the delivered 
current w i l l  vary wi th the output of the generator. Again, the induction 
generator has a fixed, designed-in character ist ic  while the output of the 
synchrmous machine may be varied by e x c i t a t i ~ n  cantrol. See Tables 4-35 and 
4-36. 
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Tbbk 4-36. Wind Gust Reqnmse 
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5. Eff ic iency of the machines was found t o  be q u i t e  s imi la r .  A t  f u l l  load 
the synchronous generator has about one-ha1 f percent advantage. The d i  f - 
ference increases w i t h  reduct ion i n  load. I m a c t  on the cost  of e l e c t r i -  
c i t y  i s  rea l  bu t  sinali. E f f i c iency  cha rac te4s t i cs  are shown i n  Figure 
4- 30. 
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Fiqure 430. Generator Efficiency Characteristics 

6 Induct ion Generators are less c c s t l y  than synct-ronous, bu t  the difference 
i s  absorbed by required associated equipment. For p rac t i ca l  purposes the 
cgst o f  the two systems .is ide i i t i ca l  . One assessmelt of equipment cost i s  
shown i n  Figure 4-31. O f  major concern i s  the  need and high cost of a 
reduced voltage s t a r t e r  t o  i i n i t  induct ion generator inrush current.  



Figure 4 3  1. Equipment Differences and Costs 
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?. Speed controls are required f o r  both types o f  units. Impact of the choice 
o f  generator on the control system w i  11 be apparent only i n  i t s  software. 

The results o f  the trade study are sumnarized i n  Table 4-37. 
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CONCLUSION: I t  was concluded that  while the induction generator was mech- 
ani cal l y  simp1 er  than the synchronous generator, the addit ional equipment re- 
quired ( i .e. capacitors, reduced voltage starters, etc.) made the system equal l y  
or  m r e  complex. This added equipment also caused the loss of the apparent 
cost and performance advantage. 

As an additional effort,a study was condur-ted t o  determine if an induction 
generator could be used t o  reduce the need f o r  a Qui 11 Shaft i n  the MOD-2 
WTS Drive Train. As a resu l t  o f  the stucy described below, i t  was concluded 
that  the use of an induction generator w i  th about 11% s l i p  a t  f u l l  load would 
permit the ei imination o f  a Q u i l l  Shaft, but tha t  the use of a very high s l i p  
machine of t h i s  type would cause a s ign i f i can t  increase i n  the cost of elec- 
t r i c i  ty. 

The study was i n i t i a t e d  by estimating the speed-torque characterist ics of the 
induction generator and using them i n  the system simulation along w i th  soft 
and s t  iff qui 11 shafts. More accurate generator characterist ics were esta- 
blished using the t rad i t iona l  equivalent c i r c u i t  and 2500 kW machine c i r c u i t  
parameters from the machine manufacturer. It was found that  the normal induc- 
t i c n  machine was much s t i f f e r  than anticipated. S l i p  a t  f u l l  load was 0.68% 
fop a speed o f  1812 rpm and maximum torque occurred a t  1859 rpm. Performance 
of a high s l i p  machine was calculated and found t o  be only a l i t t l e  better. 
I t s  f u l l  load speed was only 1837 rpm and maximum torque occurred a t  1980 rpm. 
It was concluded that  an induction generator w i th  the characterist ics as de- 
fined, and used wi th a s t i f f  shaft, w u l d  produce excessive two-per-rev a l t e r -  
nating torques. Undesirable continuous blade p i t ch  actuation would be re- 
quired t o  provide acceptable system performance. Under these conditions the 
use of an induction generator t o  replace a q u i l l  shaft was not cost effective 
(See Table 4-38 and Figure 4-32). 

Table 438. Summary - Induction Generator Verscff Quill Shaft Study 

EACKGR?UKD 
QUILL  SHAFT DAYPENS 2 PER REV ALTERNATING TORQUES 
ACTERNATIN5 TORIUE L I f l l T  I S  + 10% OF RATED TORQUE 
T M N S ~ ! I S S I R I L I N  MUST BE LIMITED TO 14% 

STUDY RESYLTS 
STANDARD IVDUCTION GENERATQR. 0.7% SLIP, 117% TRMSRISS I B I L I T Y  
HlSH SLIP INDUCTION GENERATOK: 3.0% SLIP, 31% TRANSYISSIBILITV 
11% SLIP REQUIRE9 I N  GENEMTOR FOR htCEPT/ULE TRANSPllSSIBILITY WITHOUT 
W I L L  SIIAFT 

CEHEMTOR EFFICIENCY FALLS 9% BELOW STANDARD MCHINE 
COE INCREASES 0 . 2 1 t / ~ W ~  (EXCLUDES ADDED GENERATOR COSTS) 

CONCLUSIONS: 
INDUCTION GENERATOR WITH 112 SLIP AND STIFF SHAFT CAN REPUCE SYNC!{RONOUS 
GENEMTOR A!iD SOFT QUILL SHAFT 
LOSS CF GERRATOR EFFICIENCY CAUSES A SIGNIFICt7NT INCREASE I N  COE 

RECOMf<ENDATION 
'TAlN SOFT JUlLL SFAFT AND SYIICHRONOUS GENERATOR 
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figure 432. induction Generator Full Load Efficiency as a Funcrion of Siip st Full Load 

4.2.4.1.4 Generator Speed 

OBJECTIVE/RESULTS: The i n i t i a l l y  proposed conf igurat ion of the MOD-2 WTS used 
a 1200 rpm generator. A viable a1 ternat ive i s  1800 rpm. Choice of speed has an 
impact on the generator, high speed d r i v e  t r a i n ,  and the gearbox. A 2500 kW 
generator cperat ing a t  1800 rpm costs approximately 10%less than a 1200 rpm 
generator o f  the same capacity. The diameter of the four  pole machine (1800 rpm) 
i s  s l i g h t l y  less than t h a t  o f  tee s i x  pole u n i t  (1200 rpm). I n  the dr ive  t r a i n  
an increase o f  speed a t  a constant 2500 kW load resu l t s  i n  a propor t ional  reduc- 
t i o n  i n  load torque. The gearbox reduction r a t i o  increases from about 65:1 fo r  
1200 rprn t o  about 100:l f o r  1800 rpm; however, the gearbox cost does not change 
appreciably. 

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

4.2.4.1.5 Generator Voltage 

The concern w i t h  generator voltage i s  associated w i th  the economics o f  trans- 
m i  t t i n g  the output o f  ind iv idua l  wind turbines t o  a comnoo po in t  where they 
are summed and then t ransmit t ing the resu l t i ng  block o f  power to  the u t i l i t y  
t i e  poiot.  Power losses i n  the transmission system, s t a b i l i t y  o f  operation, 
and cost o f  the equipment t o  the t i e  po in t  must be c~ns idered.  Elec t r i c a l  
design considered these concerns and evolved a conf iqurat ion tha t  may be 
adapted t o  ind iv idua l  mu1 t i - u n i  t insta1:ations e f f i c i e n t l y  and economical l v .  



The MOD-2 WTS generator w i l l  provide i t s  rated output a t  4160 Volts (4.16 kV). 
This value was i n i t i a l l y  selected because i t  i s  the industry  standard f o r  
genzrators rated t o  provide 2500 k i lowat ts .  Changes increase the generator 
cost and may change i t s  procurement lead time. Other than 4.16 kV, both 6.9 
kV and 13.8 kV are i d e n t i f i e d  as NEW standard output voltages and generators 
can be b u i l t  w i t h  e i t h e r  o f  these outputs without increasing technical r i s k .  
Use o f  4.16 kV as the WTS generator voltage i s  h igh ly  r e s t r i c t i v e  because i t  
cannot be used t o  transmit 2500 KW f o r  any s i g n i f i c a n t  distance. Pract ica l  
distances w i t h  i t  are considerably less than one mile. The 6.9 KV level  i s  more 
prac t ica l  but again, the range i s  q u i t e  short. A t  two miles, the l i n e  losses 
w i l l  be high and the .high .reactance o f  the l i n e  may cause operat ional s tab i  li ty 
problems. The 13.8 KV 1 eve1 w i  11 penni t transmission over reasonable d i  stances 
and i s  the  p rac t i ca l  upper l i m i t  f o r  the generator output. 

OBJECTIVE: A trade study was conducted t o  compare a system using a 4.16 K\r 
generator and 13.8 KV output transformer t o  a system using a 13.8 KV generator. 
E l  in i  nat ion of the output transformer appeared a t t rac t i ve .  

RESULTS: Information obtained from vendors confirmed tha t  4.16 KV was the 
standard voltage fo r  a 2.5 MW genei.dtor and i t s  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, o r  $26,130 more than the standard us i  t. 
Weight would increase 4550 pounds from 15,250 to  19,800. The s ize  would 
increase s l i g h t l y ,  and there would be minor s ize  and weight growth i n  the 
nacel le and tower. The cost o f  the output transformer i s  about $27,900. 
Transformer costs vary as a funct ion o f  KVA r a t i n g  and over reasonable ranges 
are r e l a t i v e l y  independent of input  and output vol tage levels.  The cost of 
~ h e  appl icable e l e c t r i c a l  equipment i s  i d e n t i f i e d  on Figure 4-33. The cost 
of the 13.8 KV generator e l e c t r i c a l  equipment i s  on ly  $1770 less than tha t  of 
the standard, and the costs associated w i t h  the enlarged nacel le  and tower 
are not  l i s t e d .  

CONCLUSION: Use o f  a wind turb ine e l e c t r i c a l  power system conf igurat ion tha t  
contains a power output transformer a t  the foo t  o f  the tower provides the 
f l e x i b i l i t y  required f o r  s ing le  u n i t  and farm ins ta l l a t i ons .  The output vo l -  
tage of the transformer may be specif ied t o  accomodate the WTS usage. I n  the 
baseline design a 69KV output voltage i s  specif ied t o  assure de l ivery  of WTS 
power t o  a u t i l i t y  transmission l i n e  rather  than a d i s t r i b u t i o n  l i n e .  For 
other s ing le  u n i t  i n s t a l l a t i o n s  the output voltage can be specif ied t o  match 
the power l i n e s  a t  o r  near the s i t e .  For mu l t i p le  u n i t  i n s t a l l a i i o n s  o r  farms 
the WTS output voltage may be optimized f o r  power transmission w i t h i n  the farm 
and the f a n  output voltage set  t o  match the u t i l  i t y  1 ines. As ::oted below, 
t h i s  can be done a t  no cost d i  sadvi . tage. 

4.2.4.1.6 High A1 t i t u d e  Operation 

OBJECTIVE: The purpose o f  t h i s  study was t o  evaluate high a1 ti tude operation 
o f  a genera to r .  

RESULTS: The capacity o f  a generator i s  l i m i t e d  by i t s  maximum permissibie 
temperature. This value i s  a funct ion o f  the class of e l e c t r i c a l  insu la t ion  



used i n  the machine's construction. The power output r a t i n g  o f  a generator i s  
based on i t  reaching t h i s  l i m i t i n g  temperature w i th  cool ing a i r  o f  a defined 
maximum temperature a t  a given maximum a l t i t ude .  A constant volume of a i r  
f 1 ow i s  assumed. 
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Figure 4-33. 4.16k V Versus 13.8k V Generators Cart Analysis 
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For comerc ia l  machines, the National E lec t r i ca l  Manufactugers Association 
has shandardized the r a t i n g  condit ions as 50 degrees F (10 C )  t o  104 degrees 
F (40 C ) ,  a t  a l t i t udes  up t o  3300 fee t  (1000 meters). Operation of a standard 
comnercial machi ne a t  condit ions beyond these 1 i m i  t s  requires tha t  the machi nes' 
power output be derated. 

L W  VOLTAGE GENERATIOW 
4.16 kv 

2.5 CY. 0.8 FT 
SS0.25K 
St7.90K 
$78.151: 

4 
10 tU 0.8 CF 

363.211: 

For generators o f  the MOD-2 size, the fol lowing derat ing factors may be used 
f o r  i n i t i a l  approximations. F inal  r a t i n g  data must be provided by the generator 
manufacturer. 

S78.15K S98.26K $1 00.031: 



Dera t i  ng f o r  Ambient Temperature 

- 10 Kk per degree F above 1 0 4 ~ ~  o r  - 18 KW per degree C above 40oC 

Derat ing f o r  A1 t i  tude 

- 45 KW f o r  each 1000 f e e t  above 3300 i , t  t o r  - 15 KW f o r  eacn 100 meters above 1000 meters 

Based on these two fhc to rs ,  a generator r a ted  2500 KW a t  tii- tandard condi t ions 
o f  3300 f e e t  a1 t i t u d e  and 1 0 9 F  ambient temperature would p. c ide on ly  2183 
K!i a t  7000 f e e t  and 120°F. Using 12bOF a t  7000 f e e t  f a i  1s t o  recognize t he  
na tu ra l  environment. The design temperature l i m i t s  w i l l  be 120°~  maximum a t  sea 
l eve l  and decrease l i n e a r l y  t o  95OF a t  7000 ft. Under these more r e a l i 5 t i c  
condi t ions f o r  tenperature a t  a l t i t u d e  the standard aachine would have a r a ted  
capaci ty o f  approximately 2333 kbi a t  7000 f ee t .  

Data provided by a generator vendor ind ica ted  t h a t  the  requ i red  2500 kW r a ted  
output can be provided a t  7000 f e e t  i f  the machine s i ze  was s l i g h t l y  increased. 
Cost increase i s  n e g l i g i b l y  small.  

CONCLUSION: Based on the above in format ion,  i t  was concluded t h a t  a s i n g l e  
generator design should be employed f o r  a l l  WTS i n s t a l l a t i o n s  from sea l e v e l  
t o  7000 feet  above sea l e v e l .  

4.2.4.2 Dele t ion o f  the Diesel  Driven Generator 

OBJECTIVES: The basel ine e l e c t r i c a l  power system propu: id f o r  the MOD-2 wind 
t u rb i ne  contained a d iese l  d r i ven  g e n e r ~  t o r .  The d iese l  J r i  ven generator (DG) 
functions t o  prov ide long dura t ion  ..and-by e l e c t r i c a l  power t o  WTS a u x i l i a r y  
equipment when power i s  no t  ava i l pJ l e  from the WTS r o t o r  d r i ven  generator o r  
from the  u t i l i t y .  This loss  of normal p w e r  could occur as a r e s u l t  o f  u t i l i t y  
outages o r  f a u l t s  on the  t ransmission l i n e  connecting the WTS t o  the  u t i l i t y  
i n f i n i t e  bus. The DG i s  an i tem o f  emergency equipment t h a t  can be au ton la t i ca l l y  
s t a r t ed  immediately a f t e r  l oss  o f  the u t i l i t y  and run f o r  as long as tleeded. 
This study evaluated the need f o r  a d iese l  d r i ven  generator. 

RESULTS: A survey o f  the requirements o f  the WTS a u x i l i a r y  e q ~ i p n e n t  has no t  
i d e n t i f i e d  any i tern of equipment t h a t  requi res long dura t ion  standby power. 
It was concluded t h a t  the f a i l - s a f e  design employed i n  I h subsystem would 
cause the con t ro l l ed  shut down and secur ing o f  the !dTS - . the case of t o k l  
loss of e l e c t r i c a l  power. Continued absence o f  e l e c t r i c a l  power w i l l  no t  
degrade the  equipment. It i s  expected t h a t  some eqvipment w i l l  coo l  below 
i t s  minimum operat ing temperature. A f t e r  the u t i  1 i ty  connection i s  restored, 
operat ion of the  power generat ion system w i l l  have t o  be delayed wh i l e  t h i s  
temperature sens i t i ve  equipment i s  heated t o  acceptable temperature 1 i m i  t s .  
This cons t ra i n t  appears reasonable. 

Dele t ion of the DG from the e l e c t r i c a l  system w i l l  no t  e l im ina te  a standby 
power capab i l i t y .  Energy w i l l  cont inue t o  be dva i l ab l e  from the Uninterrup- 
t ab l e  Power Supply (UPS). As p resen t l y  sized, t h i s  supply w i l l  p rov ide  48 
VDC frm 50 amp-hour ba t t e r i es .  Loads on t h i s  supply a re  such t h a t  based on 
an 8 hour r a t i ng ,  the ba t t e r y  can support the continuous load f o r  over 8 hours. 
If required, the s i ze  of t h i s  ba t t e r y  can be increased a t  low cos t  and w i thou t  
any increase i n  the requi red maintenance time. To date, t h e w  i s  no i nd i cs -  
t i o n  the ba t t e r y  s i ze  wil l  be requi red t o  change from the  50 AH s i ze .  



Elimination o f  the 06 was encouraged by the u t i l i t i e s .  During U t i l i t y  Techni- 
cal  Interchange meetings concern was expressed about the need for  the 06. 
They pointed out  that  i t would require additional maintenance and would re- 
quire periodic inspection by a f i r e  inspector. They found t h i s  unatt ract ive 
and encouraged the development of a design that  would not  require a ffi. 

COHCLUSION: Based on the above assessment the diesel driven generator was 
deleted frcm the MID-2 design. 

4.2.4.3 Lacation of the Generator C i r cu i t  Breaker 

06JECT: This study evaluates the locat ion of the generator c i r c u i t  breakers. 

RESULTS: The generator c i r c u i t  breaker [GCB) functions t o  prevent the gen- 
erator from loading the dr ive t r a i n  t o  a torque leve l  tha t  exceeds the capa- 
c i t y  o f  the gear box. Excessive generator loads are possible during sane 
unusually high w i d  gusts and during some e lec t r i ca l  fau l t  si tuations. 
Munt ing the GC9 i n  the nacelle puts i t  as close as pract ical  t o  the genera- 
t o r  terminals, khich al!ows it ~3 in ter rupt  current t o  faults i n  the nacelle 
downstream of the GCB, a1 lows i t  t o  respond very rap id ly  t o  excescive currents, 
provides maximum assurance t ka t  fau l t s  can be is01 ated, penni t s  c a r l i e s t  
detection of generator fauits, and reduces the number o f  c i r c u i : ~  tha t  must 
be carr ied across the yaw bearing. 

The 4.16 KV GCB functions t o  in ter ru?t  the 4.16 W c i r c u i t  from the generator 
under a l l  possible current levels. I n  doing this, i t  reduces the power out- 
put of :he generator and the dr iv ing torque i t  requires to  essent ia l ly  zero. 
Operation of the GCB ss c ~ n t r o l l e d  by a standard camplement o f  protect ive 
relzys which responds t o  the 4.16 KY power and current. These relays, which 
operiite on signals front current and potential  t ransfomrs,  are adjusted t o  
provide +!~e GCB wi th a t r i p  signal when the monitored parameters indicate 
that  ercessive torque levels are approached. 

The a1 ternative t o  mounting the GCB i n  t3e nace i l e  i s  t o  mount i t  3n the 
ground a t  the foot  o f  the tower. This location infers tha t  the generator 
d i f fe ront ia l  protect ion zone would include the path around the yaw bearing 
and the 4.16 KV power cables tha t  extend from the liacelle t o  the foot of the 
toner atld then t o  the GCB equipment enclosure. A pa r t  of t h i s  path may be 
underground. I n  the a1 ternative GCB location, fau l t  currents due t o  cable 
fa i lu re  would be reduced more slowly by removal of generator exci tat ion 
rather than by the d i rec t  opening of the 4.16 KV power feeders a t  the 
generator terminals. An equipment enclosure f o r  e l e c t r i  t a i  power apparatus 
would continue t o  be required i n  the nacelle. It wauld house the generator 
exci tat ion control apparatus, potent ia l  and curn-nt instnitrentation trans- 
formers, and a nunber o f  protect ive pel ays. 

CONCLliSION: The best location of the GCB i s  i n  thc nacelle. 

4.2.4.4 Wiring Transfer Across t4e Yaw Bear-:ng 

OBJECTIVE: A requi r e x -  L exists t o  transfer power, control, and siqnal elec- 
t r i c a l  c i r cu i t s  from the rotatable nacelle t o  the stat ionary tower. I n i t i a l l y  



i t  was proposed t o  do th is  with f lexible cables and to  1 i m i  t nacelle rotat ion 
to  + 360 degrees frola an index position. As a resul t  of the study described 
below the design was changed t o  s l i p  rings rather than f lex ib le  cables,and 
the l im i t s  applied t o  nacelle rotat ion were eliminated. 

RESULTS: Detailed preliminary requirements defined a to ta l  o f  64 individual 
c i r c u i t  paths between the nacelle and tower. Host c r i t i c a l  design item was 
a 3Ui MM path for the flow of 2500 kU o f  4160 volt,  three phase 60 Hertz power. 
Individual discussions with six d i f femnt  cable manufacturers provided a 
unanimous mamendation that the high voltage power cables not be twisted. 
Using tk f u l l  height o f  the L w ,  the cable b i s t  would be a t  least plus 
and minus two degrees per fwt o f  cable length. This would cause the cable 
electr ical  insulation t o  f a i l  a f te r  re la t ive ly  few operatiorkt1 cycles. This 
information plus the fact  that the twisted cable would claim the space inside 
the tower allocated +n the hoict caused twisted cables t o  be dropped from 
f ~ r t h e r  consi deraticn. 

Cab1 e manufacturers i n d i c a t d  that contrul led and 1 i m i  ted bending of the higl" 
voltage W.sr cables was acceptable. L i f e  would be l imited with no prediction 
available f o r  duration. Prel i r inary  designs that exploited the bending concept 
indicated that the cab!e must lay i n  a toroidal tray,thus 1 i m i  t i ng  aecess t o  
the nacelle t o  an 80 inch diameter space i n  the center of the tower- The 
movatle par t o f  the cable would weigh i n  excess o f  a thousand pounds and 
would have t o  be attached t o  a skid plate and a push plate. Not analyzed 
was the impact of the magnetic f i e ld  of the required coi i configuration- 
Concern existed about impact o f  the magnetic f i e l d  on power 1 ine fmpedance, 
mechanical properties during electr ical  faults, and o f  induction heating of 
local structure. Uhen cornpared with s l i p  rings the Sending cable configura- 
tions were unattractive. 

S l ip  rings are being used successfully i n  the MOO-0 and MOD-OA wind turbines and 
are i c  the MOD-1 design. Technical r i sk  fo r  s l i p  rings i s  low and re l ia -  
b i l i t y  has been demonstrated. Cost fo r  s l i p  rings i s  known. Fixed price 
quotes, based on M00-1 experience, are avai lab1 e. 

CONCLUSION: Based on the above assessment, the baseline design was revised 
to  delete f lex ib le  cables across the yaw bearing and to  carry a l l  c i rcu i ts  
through s'l i p  ricgs. This study i s  sumr ized i n  Table 4-39. 

4.2.5 Nacelle 

This section shows the resu: t s  o f  trade studies which evaluated a1 t e r n ~ t i v e  
nacel l e  configurations. 

4.2.5.1 Electr ic Vs. Hydraulic Yaw Drive 

OBJECTIVE: The subject trade study was conducted, comparing the base1 ine 
hydraulic rotor driven yaw drive system (including caliper disk brakes) with 
an e lect r ic  notor and worn-gear drive system. 

RESULTS/CONCLUSION: i t  wa- concluded that the hydraulic motor driven yaw 
drive system offers t i  

- - w i n g  advantages over the e lect r ic  m t o r  and worn- 
Gear drive: 
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1 .  Lower cost (S103.CO0 Iesb For I O O t n  uni t ) .  

2. S,m!ler s i r e ,  allowing s m l l e r  raunting plate and structure.  

2 .  Fot ts r  location and accessibil i ty for maintenance of prime mover (mtor -  
PUIEF! . 

4 .  Mill merrdn safely without special precautions ( s l i p  clutches). 

5 .  Hiaher s t a l l  tcraue - also may be s tal led without damage. 

The  trade study was terminated and no f ~ r t h e r  consideration was given to  the 
e lec t r  ;c notor!wom-gear dri ve yaw svstem. 

4.2.5.2 Nacelle Ccnfigdration Studies 

Nacelle configuration i s  impacted by every major wind turbine e l m n t .  Suc- 
cessful inteqration of the nacelle requirements for suDoort. access. hoisting, 
~aintenance,  e t c . ,  sppears t o  be a do-inant factor i n  the successful 
desi3n and operatfon of a win4 turblne system. Az a resul t .  47 major layouts 
were pregared durina tbc- evo; u :;on 3 f  the current ,WD-2 nacrlll e rncf i c l ~ r a  t i  nv . 
Sorw o f  tne more imporca~t, t.1-ddes ~ssoc ib ied  wi th  thi evoiuticn are reported 
be1 ow. 

OB?ECTI';E: To aev~lcg a nace? l e  confipuratton that ~ o s i  ef f i c ien t ly  integrates 
the requi revents .fi ; i a < s ~ d  above. 



RESULTS: The f ive concepts selected as base1 ine a t  d i f fe rent  points i n  the 
program are b r i e f l y  sunnrarized i n  Table 4-40. General arrangement views are  
shown i n  Figures 4-34 thmugh 4-39. Configuration 107 has been adopted f o r  
the m)0-2 YTS. 

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

T&Ul.  tkaric-kcanerlpir 

Width-Height-Lmgth 

153 x 153 x 663. 

208 x 168 x 580 

139 x 139 x 712 

116 x 109 x 420. 

CfflCLUSION: The truss cot~cept was adopted because o f  lowest weight and cost. 

6earbox 

Paral lel  Shaft - 
Wide 

Paral lel  Shaft - 
Ta l l  

Paral le l  Shaft - 
Wide 

Para. el Shaft - 
Wide 

w e p t  

Truss 

Heavy Bed Bean 
Semi - A O M K O ~ U ~  

' k igh t  - Lbs 

30,675 

45,0111 

67,472 

3u ,JU- 

1 132 x 112 x 442 I Epicycl i c  32,836 - qn I 

M i g h t  - Lbs. 

30,675 

32.875 

31,828 

. 
Comparative Cost 

1.00 

2.06 

2.15 







Frigure 4-38. Nacelle Arrangement MOD-2- 107 

Figure 4-39. Nscelle Structure MOD-2- 107 

4-61 



Nacelle Encl oscrre Studies : Several enclosure concepts were evaluated as shown 
i n  Table 4-42. 

CONCLUSION: Corrugated steel sk in was adopted on the basis o f  lowest hardware cost. 

Rotor Bearing Support Studies: Several methods o f  supporting the ro to r  bearing 
system were evaluated for st ructural  weight e f f ec t  on the nacelle as shown i n  
Table 4-43. 

Comparative cost 

1.72 

1.58 

1.00 

1.30 
I 

Skin Concept 

Fiberglass - Integral St i f fener 

Fiberglass - Bonded St i f fener 

Corrugated Steel Skin 

Sheet Steel - Brake Formed Stricgers 

Layout Concept Weignt - Lbs 

3 7 Single Forward Bearing 13,028 

38 Live Shaft 7,856 

39 Fixed Shaft 7,913 - 

Weight - Lbs 

13,355 

12,075 

12,556 

12,225 
I 

CONCLUSION: The l i v e  shaf t  system was adopted on the basis o f  lowest weigkt. 

Nacelle Joint  Study: Steel fabr icator  provided comparative costs for the following 
types o f  st ructural  j o i n t s  (Figure 4-40): 

COST 2.C CCIST 1.0 

F k r e  440. Types of Strwtural Joints 

CONCLUSION: The "C" type s t r uc t~ i r a l  j o i n t  coacept was selected and i s  being 
incorporated i f i to  the detai 1 design. 



4.2.5.3 Yaw St i f fness  Requirements 

The current  hydraul ic  yaw d r i v e  system i s  described i n  sect ion 3.2. This 
study provided the basis f o r  the d e f i n i t i o n  of s t i f fness  and brake torque 
requi rements. 

OBJECTIVE: The ob jec t ive  of t h i s  study was t o  determine a cost-ef fect ive 
yaw mechanism conf igurat ion having adequate s t i f f n e s s  t o  ensure optimum 
ef f i c iency  o f  the WTS. 

RESULTS: Analysis o f  the operating condit ions indicated t h a t  the t o q u e s  
applied t o  the yaw mechanism by the r o t o r  had a predominant two per  rev fre- 
quency content, and a s ign i f i can t  non-zero mean bias f o r  both upwind and 
downwind condit ions. The system tors ional  frequency requi  rement was estab- 
l i shed t o  avoid the predominant r o t o r  fo rc ing  frequency. To assure proper 
p l  acement of the coupled tors ional  frequency, requi rfments were estab- 
l ished for  various uncoupled system frequencies as -shown i n  Table 4-44. 

Table 444. Yaw Frequency Des&n Requiments 

I Rigid Yaw System ! Uncoupled nacel le/mast nat  . frequency t o  
j be ~ 7 . 0  per rev. i .. -( 

f ITEM 
I 

Tower/Yaw Sys tern 
I 

! 
: Rig id Nacelle & Tower Yaw mech. tors ional  frequency t o  b ?  > 15.0 
/ (Max, brake torque) per rev. 

REQUIREMENT i 
Fundamental coup1 ed to rs iona l  frequency t o  
be 3 2.3 per rev and free o f  resonance w i t h  1 

R ig id Nacelle 8 Yaw Tower tors ional  frequency t o  be 5.0 per r e v .  

J , integers o f  r o t o r  speed 1 
I I ! 

~ y s  tem --- ---- 

The ;?K sjstem brake requ i rmen t  was established t o  hold the r o t o r  wi thout  
s l i p p i  ng under a1 1 opera t i ng condit ions t o  provide s t ruc tu ra l  i n t e g r i t y  across 
the yaw inter face and a t t a i n  the yaw frequency requirement. I n  addit ion, the brakes 
hold the r o t - r  without s l i pp ing  i n  winds i n  excess of cut-out spzed, i n  a l l  r c t o r  
and nacel le or ientat ions,  up t o  steady winds o f  81 mph. rloove t h i s  wind speed, the 
nacel le d i l l  slowly yaw ( a t  a r a t e  less than 3 rpm) t o  a downwind pos i t ion .  
This protects the yaw d r i v s  motor f r n m  Cmage, whi le  keeping blade loads t o  
acceptable le.,' ,. The predicted osci! l a l i n g  torques indicated the pe?d f s r  
a yaw dr ive  brake, appl ied whi le  yawing, t o  assure t h s t  yaw o s c i : i a t i ~ n s  are 
a d ~ j u a t e l y  damped. 

CONCLUSION: The MOD-2 yaw system s t ruc tura l  s t i f f ness  requi-ements were de;ired. 
Analysis were cond cted which shbded that t k  Mod-2 design, w i th  6 brakes prov id ing 
a torque o f  432,000 f t - l b ,  met the t t i f i n e s s  requirevent ar,d d i d  jo t  adversely 
a f f e c t  other s ,ructural subsysrems . 



4.2.6 Tower 

This sect ion reports the resu l ts  of t rade studies conducted t o  evaluate 
a1 t e r n a t i  ve tower designs. 

4.2.6.1 Sof t  vs S t i f f  Tower 

The sof t ,  monocoque she l l  tower o f  the WTS conf igurat ion, described i n  sections 
3.0 and 3.2.4, was selected on the basis o f  t h i s  trade study. Although 
the study was performed f o r  a braced tubular  tower and a downwind ro tor ,  the 
conclusions drawn from the resu l t s  o f  the study are equal ly  appl icable t o  the 
pure monocoque conf igurat ion and an upwind r o t o r  shown i n  the above referenced 
sections . 
OBJECTIVE: The ob jec t ive  o f  t h i s  study was t o  compare the technical and 
economic f e a s i b i l i t y  o f  the baseline s o f t  tower conf igurat ion w i t h  t h a t  o f  a 
s t i f f  tower by examining the r e l a t i v e  cost o f  e l e c t r i c i t y  and the technical 
r i s k s  associated w i t h  each concept. The study was conducted assming a 
downwind r o t o r  w i th  basel ine r o t o r  weight o f  177,000 I b and t o t a l  elevate3 
system weight, tower excluded, o f  356,000 lb .  

RESULTS: St i f fness  Requirements - The d i s t i n c t i o n  between s o f t  tower and s t i f f  
tower i s  made on the basis o f  combined towerlsystem fundamental frequency r e l a t i v e  
t o  t h a t  o f  the p r i nc ipa l  a1 ternat ing hub forces which occur a t  two cycles per 
revo lu t ion  f o r  the two-bladed ro tor .  The permissible freouency ranges 
establ ished f o r  the fundamental bending mode were 1.3 t o  i.5 cycles per revo- 
l u t i o n  f o r  the s o f t  tower, and 3.2 t o  3.8 cycles per revo lu t ion  f o r  the s t i f f  
tower. These ranges were selected to  reduce dynamic amp1 i f i c a t i o n  of the 
p r i nc ipa l  2 per  revo lu t ion  exc i ta t i on  force to  acceptable l i m i t s ,  whi le  s t i l l  
avoiding other  undesirable frequencies a t  i n teg ra l  numbers o f  cycles per 
revolut ion.  

Tower Configurations - The tower conf igurat ions compared i n  the study are shown 
i n  Figure 4-41. A monocoque she l l  design was selected f o r  the s o f t  tower because 
of the slenderness required t o  achieve the low fundamental bending frequency 
w i t h  minimum tower shadow e f fec t  on the downwind ro to r .  The truss conf igurat ion 
was selected f o r  the s t i f f  tower design as the most e f f i c i e n t  way t o  achieve 
the much greater s t i f f n e s s  requi red without causing excessive wind blockage. 
The t russ tower conf jgurat ion i s  o f  welded tubular  construct ion t a  improve a i r  
f low and minimize tower shadow e f fec ts .  Both towers are designed by the s t i f f -  
ness requirements and both towers meet a1 1 s t a t i c  and fa t igue strength requirements. 

Tower Shadow Effect - Blade flapwise bending moments f o r  a complete r o t o r  cyc le 
a t  maximum operating wind speed of 45 mph a t  hub height were obtained from the 
MOSTAS computer progran f o r  both sof t  and st; f f  towers. The MOSTAS resu l ts ,  
Figure 4-42, show tha t  the a l te rna t ing  blade loads are 2'% higher f o r  the s t i f f  
tower due t o  increased wind blockage. This resu l t s  i n  a 7% increase i n  ro to r  
weight t o  sa t is fy  the increased fa t igue strength requirement, which i n  t u rn  
increases the s t i f f  tower weight by approximately 6% t o  maintain the same bending 
and tors ional  frequencies. 

Start-uplShut-down Load Conditions - During shutdown the 2 per revo lu t ion  r o t o r  
load frequency w i l l  pass through the sof t  tower fundamental frequency. A 
t rans ien t  analysis was made t o  simulate t h i s  condi t ion as fol lows: 
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(1) Rotor loads were assumed decoupled from tower response 
( 2 )  Fu l l  RPM r o t o r  loads were computed by MOSTAB for  45 mph wind a t  20 degrees yaw 
( 3 )  Rotor loads were assumed propor t ional  t o  RPM during shutdown 
( 4 )  Shutdown from f u l l  RPM was accomplished i n  15 r o t o r  cycles 
( 5 )  Total 1  i near system damping o f  2.5% was assumed. 

An exact so lut ion o f  the above system f o r  uniform decelerat ion resul ted i n  a 
maximum tower de f lec t ion  o f  2.6 inches, which i s  only  3 percent o f  the s t a t i c  
1 i m i  t load tower def lect ion.  Therefore, shutdown t rans ien t  loads are considered 
neg l ig ib le .  

The high speed s tar tup  problem i s  s i m i l a r  t o  the shutdown problem caused by 2 
per revo lu t ion  r o t o r  loads crossing the s o f t  tower resonant frequency. Normal 
s tar tup a t  45 mph w i t h  one degree per second p i t c h  r a t e  w i l l  occur i n  approxi- 
mately 15 ro to r  cycles. Therefore, maximum tower de f l ec t i on  w i l l  be approximately 
the same as f o r  the assumed shutdown case (2.6 inches) and the resu l t i ng  
t rans ien t  t%er  loads can be assumed neg l ig ib le .  

Low speed star tup under ce r ta in  wind condit ions might conceivably cause 
continuous i d l i n g  w i t h  2 per  revo lu t ion  r o t o r  loads a t  o r  near tower resonance, 
causing large tower o s c i l l a t i o n s  t o  b u i l d  up. This po ten t i a l  problem w i  11 be 
solved by incorporat ing provisions i n  the s ta r tup  contro l  system t o  prevent 
such continuous i d l i n g ,  and t o  l i m i t  s ta r tup  t rans ien t  loads t o  not  greater 
than those occuring during normal high speed startup. 

A r i n d  tunnel t e s t  was conducted on a 1/20 dynamically scaled model of the 
s o f t  tower conf igurat ion. This t e s t  proved the f e a s i b i l i t y  o f  the s o f t  tower 
because i t  ver i f ied  the above ana ly t i ca l  resu l ts  . No s ign i f i can t  tower 
v ib ra t .on  was noted during star t -up o r  shut-down. 

CONCLUSIONS: The resu l t s  o f  the trade study, s m r i z e d  i n  Table 4-45,indicate 
tha t  the baseline s o f t  tower i s  techn ica l l y  and economically more feas ib le  than 
the s t i f f  tower. 

Table 445. Trade Study Summary - Soft Versus Stiff Tower 
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4.2.6.2 Soft vs Sof t -so f t  Tower 

A b r i e f  inves t iga t ion  was made i n t o  the f e a s i b i l i t y  o f  a s o f t - s o f t  tower 
w i t h  a fundamental system frequency o f  0.8 cycles per revo lu t ion  o r  less. 
Such a tower design would permit  greater a t ten tua t ion  o f  one per revo lu t ion  
a l te rna t ing  loads caused by any dynamic imbalance i n  the ro tor .  I t was found 
t h a t  t o  meet both strength and f l e x i b i l i t y  requirements f o r  t h i s  concept the 
maximum tower diameter was 8 feet o r  less, depending on r o t o r  speed and t o t a l  
elevated weight. For the base1 i ne  r o t o r  speed o f  17.5 rpm the maximum tower 
diameter was 7 feet.  Such small tower diameters were not  considered p rac t i ca l  
f o r  use w i th  the desired i n te rna l  1 i f t  and power lead conf igurat ion; therefore, 
the so f t - so f t  tower concept was rejected. 

4.2.6.3 Braced vs Conical Base 

Transferr ing ioads from the tower t o  the foundation requires a l a rge r  base than 
tha t  provided by the 120 inch tower diameter. The c u r r m t  tower conf igurat ion 
u t i l i z e s  a conical base t o  increase the tower diameter t o  250 inchns. This 
trade study provided the basis f o r  the select ion o f  t h i s  conf igurat ion. 

OBJECTIVE: The object ive o f  t h i s  study was t o  compare tower weight, foundation 
volume, and technical r i s k s  o f  conical based towers w i th  traced towers. Three 
braced tower conf igurat ions w i t h  r o t o r  t i p  t o  ground clearances o f  50 feet ,  
37.5 fee t  and 25 feet,  and three conical based tower conf igurat ions w i th  these 
same clearances were designed. These conf igurat ions are shown i n  Figure 4-43. 

RESULTS: The technical r i s k s  associated w i t h  the braced tower conf igurat ion 
are much greater than those associated w i th  the conical based tower conf igurat ion.  
The braced tower i s  s t r u c t u r a l l y  indeterminate and i t s  foundation conf igurat ion 
makes i t  susceptable t o  d i f f e r e n t i a l  settlement. These two condit ions make 
pred ic t ion  o f  the loads i n  the braces and foundation uncertain. The braces 
cause the base p la te  shear react ion o f  the braced tower concepts to  be sub- 
s t a n t i a l l y  higher than the l a t e r a l  input  loads appl ied above the bracing. 
However, the base p la te  shear react ion i s  not  ampl i fGed w i th  the conical based 
tower conf igurat ions (Figure 4-44). 

Conical based towers are widely used i n  standard prac t ice  for  s t ructures such 
as water towers and chimneys which are designed t o  r e s i s t  large overturning 
moments . 
The resu l t ing  tower weights and foundation concrete volumes f o r  each o f  the 
study configur-ations are p l o t t e d  i n  Figure 4-45. Tho conical base tower 
weight decreased 1 i near ly  w i th  a decrease i n  r o t o r  t i p  t o  ground clearance. 
The braced tower weight decrease was not 1 inear w i th  r o t o r  t i p  t o  ground c lear -  
ance, and i t s  r a t e  of decrease was less than the conical based conf igurat ions. 
This was a r e s u i t  of the unfavorable geometry of the braces a t  the lower r o t o r  
t i p  t o  ground clearances. The foundation concrete volulne required f o r  the 
conical base cortf igurations decreased l i n e a r l y  w i th  decreasing r o t o r  t i p  t9 
ground clearance whi le  the foundation concrete volume required f o r  the braced 
conf igurat ions remained constant. This was again due t o  the unfavorable 
geometry o f  the braces a t  the lower clearances. With a 25 f oo t  r o t o r  L i p  t o  
ground clearance both the tower weight and the concrete volume are less f o r  
the conical base conf igurat ions. 
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Figure 445. T o w  Wewt  & Foundation Concrete Volume 
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With a 37.5 foot  ro to r  t i p  t o  ground clearan,,? both tower configurations weighed 
approximately the same but the foundation f o r  the conical base configuration 
required less concrete. With a 50 foot  ro to r  t i p  t o  ground clearance the braced 
tower was l i gh te r  than the conical based tower and both configurations required 
the same foundation concrete voluae. 

CONCLUSIONS: Based on resul ts o f  t h i s  study the conical based tower configuration 
was consiclered best. The primary reason was the greater technical r i sks  
associated wi th the braced tower configuration. Only a t  the 50 foot ro to r  t i p  
t o  ground clearance was the conical base tower found t o  be heavier than the 
braced tower. I t  was concluded that  even f o r  t h i s  configuration the technical 
r isks, the complexity o f  the foundation, and the uncertainty o f  the loads 
outweighed the benefi t  o f  a weight savings i n  the tower. 

4.2.6.4 Transition Section 

The selection o f  the conical base tower required the design of a cone t o  a 
cylinder t rans i t ion section. The i n i t i a l  tower configuration had an abrupt 
t rans i t ion section. A c i rcu lar  T-ring weighing approxiniately 2700 1 bs. and 
72 gussets weighing approxinately 900 lbs. were required due t o  local stresses 
produced by th is  abrupt transit ion. The selected tower configuration has a 
hyperbolic shaped t rans i t ion section which eliminates the abrupt cone t o  
cylinder transit ion. This greatly reduced the local discontinuity stresses 
and eliminated the need f o r  the r i ng  and gussets, (Figure 4-46). 

HYPERBOLIC TRANSITION ABRUPT TRANS I T  I ON 
SECTION (SELECTED) SECTiON 

Figure 446. T o w  Cone to Cylinder Tmit ion Selection 



0.2.7 Machine Size Optimization 

The features and characterist ics o f  the MID-2 WTS are the resu l t  of extensive 
conceptual and pwl iminary design studies. Thorough consideration has been 
given t o  the s iz ing o f  the WTS f o r  best economic performance i n  t l ie specified 
design wind characteristics. The p r o g r a m ~ t i c  goal o f  the mD-2 project  i s  t o  
produce a system which i n  production w i l l  minimize the cost o f  e l e c t r i c i t y  (1 ess 
than 4Wwh f o r  the 100th production un i t ) .  

4.2.7.1 Approach 

Figure 4-47 i l l u s t r a tes  the approach to  machine size optimization. I n  general, 
the cost and performance o f  point  designs were evaluated i n  depth. Fundamental 
design relat ionships were formulated and empirical cost trends were f i t t e d  t o  the 
p i n t  design data. The derived cost trends make use o f  the physical parameters 
such as ro tor  diameter, torque, RPH, t i p  speed rat io,  power output, design wind 
velocity, st ructural  loads and weight trends t o  a r r i ve  a t  system cost trends as 
a function of ro tor  diameter, power rating, design wind velocity, etc. 

The cost a:gorithrm thus developed were programed wi th  the annual eneqy output 
program to  y i e l d  the cost of e l e c t r i c i t y  (COE) as a function of machine size para- 
meters. 

Figurs 447. Flow Char? for Selection of MOD-2 Optimum Pararnetr.;~ Size 
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The point designs f o r  which detailed cost estimates were prepared are defined i n  
Table 4-46, and the blade-tower geometry i s  i l l u s t r a ted  i n  Figure 4-48. Table 
4-47 provides the point design cos t  analysis u t i l i z e d  i n  developing the c o s t  trend 
algorithms. 
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Figure 4-48. Cost Validation Design Matrix 
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Table 447. P~in? M g n  Cast Analysis (lab Unit) 
($ T h o d s )  

4.2.7.2 Cost Algorithms 

The cost  algorittlms were developed for  each o f  the major cost  elements as discussed 
i n  the fo l lowing paragraphs. Table 4-48 i s  an alphabetical l i s t i n g  a f  a l l  s y ~ b o l s  
used f o r  computer prog -ami  ng . 

I 

* 

1.0 Site preparation 

2.0 Trmqmrution 

3.0 Eration 

4-0 Rotor 

5.0 Drive train 
Generator 
G4ubox 

I Shrfting 

6.0 Nrxlle 
Qmcture 
Y m  rytm 

7.0 Tawer 

8-0 Initial rpua 

9.0 Total tumkevcosts 

10.0 Annual OLM 

4.2.7.2.1 S i t e  Preparation 

The s i t e  preparation ccst  i s  p r imar i l y  that  o f  yardwork and o f  the foundation. 
The yardwork cost  i s  assumed t o  be a funct ion o f  yard s ize which i s  proport ional 
t o  the ro to r  d isk  area. The foundation cost depends p r imar i l y  on the volume o f  
concrete which i s  a funct ion o f  the overturning moment due t o  seismic loads. This 
moment i s  a f u n c t i ~ n  o f  the tower height, tower bending frequency and the mass on 
top of the tower. The tower bending frequency i s  a funct ion o f  r o to r  RPM f o r  a 
given frequency separation. The resu l t i ng  algori thm i s :  
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A l l  weight equatiovs are provided i n  section 4.2 .7 .3 .  
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TABLE 4-48 

SYMBOLS FOR COST AND WEIGHT MODELS 

A = 
AF = 
A m  = 
AOM = 
CF = 
CL = 
COE = 
CP = 
D I A  = 
DRI = 
EA = 
ERE = 
ES = 
FCR = 
FMAT = 
FMFG = 
GBC = 
GC = 
GEC = 
GR = 
HT = 
I C  = 
KE = 
KBX = 
KGB = 
IC"a = 
KHGA = 
KN1 = 
KPC = 
KRO = 
KS = 
KSHT = 
K7 = 
K T 0  = 
Ku = 
LF = 
LM = 
3 C  = 

NACS = 
NG = 
NR = 
NRE = 
li2O = 
PS = 
ROT 
SHC = 

rotor cost power exponent 
availability factor 
annual KWHR8s 
annual 0 & M cost 
capacity factor 
l i f t  coefficient 
cost of e lect r ic i ty  
rotor power coefficient 
rotor diameter- 
cost of drive train 
annual energy output 
cost of erection 
specific energy 
cost carrying factor 
Z of rotor material cost 
5 of rotor manufacturing cost 
gearbox cost 
blade ground c1 earance 
generator cost 
gear step-up ratio 
tower (hub) height 
in i t i a l  cost of UTS 
base1 i ne erection cost 
program code number 
baseline gearbox cost 
base1 i ne nacel 1 e cost 
gener. accessory cost 
nacelle instrum. cost 
pitch control cost factor 
base1 ine rotor cost 
spares cost factor 
base1 ine shafting cost 
transportation cost factor 
baseline tower cost 
kilcwatt 
load factcr  
t i p  speed rat io 
nacelle assembly cost 
nacelle structare cost 
genera tor  RPM 
rotor RPM 
non-recurring cost 
base1 ine rotor RPM 
specific power 
rotor cost 
shafting cost 

S I T  = 
S I T F  = 
S I M W  = 
SP = 
TOR = 
TOW = 
TRA = 
vc/vco = 
vo = 
VR = 
VC = 
m = 
WBO = 
WG = 
WGO = 
WM = 
wo = 
HN = 
WNA = 
WNAC = 
WNGA = 
R N I C  = 
WR = 
WRO = 
US = 
WSH = 
GISUM = 
Wi = 
GCTE = 
wo = 
WY = 
WYB = 
WYBG = 
WYBGO = 
WY83 = 
WYDO = 
UYDS = 

si t e  preparation cost 
foundation cost factor 
yardwork cost factor 
spares cost 
rotor torque 
tower cost 
transportation cast 
concrete volume 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 w t .  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 KTS weight 
tower weight 
weight of electrical equipnent 
baseline tower weight 
yaw mechanism weight 
yaw brake weight 
yaw bearing weight 
baseline WYGG 
base1 i ne WYB 
base1 i ne WYDS 
yaw drive system cost 



4.2.7.2.2 Transportation 

Transportation cost w i l l  ult imately be very much s i t e  dependent and the scenario 
o f  truck and r a i l  transport w i l l  be further reffned. A t  th is  time, the transporta- 
t i on  cost a l g o r i t h  states S.05 per l b  per 1000 miles. 

4.2.7.2.3 Erection 

The primary cost i terns i n  erection are the assembly and ins ta l la t ion o f  the tower, 
nacelle and ro tor  plus the cost o f  checkout, acceptance testing and specialized 
equiptent. A l l  these items are driven by slze and weight which are proportional 
t o  the torque and inversely proportional t o  the design wind speed. 

ERE = KE (&) ( & - - - & )  

4.2.7.2.4 Rotor 

The rotor cost i s  the sun of material cost, manufacturing cost, and the pi tch 
control system cost. 

Material cost w i l l  vary proportionally to  the structural weight. As shown i n  
m t i o n  rii.7.& the weight varies with the ra t i o  D )3.4-2a (Kw )a . (m 2500 

The manufacturing cost depends highly on the cost of welding and forming. Boeing 
manufacturing s t a t i s t i c i l  data shows welding cost f o r  Vee double groove t o  be 
proportional t o  the 1.77 power o f  the plate gauge. The plate gauge i s  pro- 
portional t o  the diameter and the length o f  weld i s  also proportional t o  the 
diameter. As shown i n  the weight expression, the weight (plate gauge) i s  also 
a function o f  the power rating. Therefore, the manufacturing cost algorithm 
i s  adjusted f o r  po,.er rat ing similar t o  the structural weight. 

From point design cost analysis, i t  was found that material was approximately 
37% and manufacturing 63% of the to ta l  structural cost. The p i tch  control 
system cost was found to be 14.85% o f  the rotor  structural cost. 

The resulting algorithm is :  

where: KPlAT = 0.37 
KMFG = 0.63 
KPc = ,1485 
KRO = basel ine rotor cost 

a = 0.4 



4.2.7.2.5 Drive Train 

The dr ive  t r a i n  cost  i s  the  sum o f  three major subsystems, i .e. : 

o Generator 
o Gearbox w i t h  l ub  systems 
o Shafting w i t h  couplings and r o t o r  brake 

0 Generator 

The gener3tor cost trend expression corre lates w i t h  actual vendor cost  
data as shown i n  Figure 4-51. 

GEC = 44.42 (KW) .898 

Gearbox 

Gearbox cost i s  proport ional t o  torque which i s  therefore expressed as: 

This trend correlates w i th  information from gearbox manufacturers as shown 
i n  Figure 4-52. 

0 Shaft w i th  Couplinqs and Rotor Brake 

The shaf t ing and associated hardware i s  designed p r imar i l y  by torque. 
The exponents i n  the cost algorithms provide adjustments t o  cor re la te  
w i th  actual cost analysis o f  design points representing var iat ions i n  power 
r a t i n g  and r o t o r  diameter. 

Kw 0e8 DIA 20 SHC = KSHT (-1 2500 (rn) 

Parallel shaft 

Trend 

Epicyclic 

c. 

B 
0 

200 - Baseline 

Rating, k W  Torque, in-lb x 1 0 . ~  

Figure 4-5 1. Generator Cost Figure 4-52. Gearbox Cost 



4.2.7.2.6 Nacelle 

The nacelle cost includes the nacelle structure and the yaw system. The 
instrumentation and generator accessory u n i t  costs have been programed i n to  
the nacelle structure cast. 

o Structure 

Based on the actual po in t  design analysis, the fol lowing cost ra t ios  
and pr incipal  cost drivers have been establ i shed. 

COMPONENT % OF COST COST DRIVER 

Bed Structure 42 Rotor torque 21 % (, ) 
Sta t ic  mcinent 21% 

Shroud 31 Volume ( 2 )  
Rotor Support 19 Rotor Weight 
Environmental Control 7 Vo 1 ume 

Power Rat i ng 
( 2 )  

Cabling 1 ( 3 )  

Notes: (1) The ef fects o f  torque and s ta t i c  moment are of  
approximately equal magnitude. 

(2;  Nacelle volume varies wi th D I A  2 - 5  
( 3 )  Include i n  the toque  term 

The resul t ing cost trend expression i s :  

DIA 1 + KNI + KNGA + -38 (m) i 

where: KNA = base1 ine nacelle structure cost 
WR = weight of rotor  (see 4.2.7.3! 
KNI = constant instrumentation cost 
KNGA = constant generator accessory u n i t  cost 

o Yaw System 

The yaw system i s  subdivided i n to  the dr ive system, the brake, and 
the bearing. The cost trend of  each subsystem i s  expressed as a 
d i rec t  function o f  the subsystem weight. The weight expressions 
(see section 4.2.7.3) are expressed as a function of  the design 
parameters. 

WY DS YDS = YDO (rn) 
WYB YDB = YBO ( r n o )  

WYBG , YBG = YBGO (m 



4.2.7.2.7 Tower 

The tower cost expression includes the tower structure, e lec t r i ca l  equi pnent 
including s l i  p rings, bus t i e  contactor and disconnect switch plus the cost 
o f  the transformer and power cable. The tower structure i s  designed t o  a f i r s t  
mode bending frequency below the two per rev forcing frequency o f  the rotor. 
The bending st i f fness requirement d i rec t l y  determines the weight and cost o f  
structure. The cost trend equation i s  therefore: 

where: 52,000 = constant e lec t r i ca l  equipment 

17 KW = transformer and power cab1 ing 

4.2.7.2.8 I n i t i a l  Spare Parts 

Spares cost are expressed as a function o f  the t o t a l  WTS hardware cost. 

SP = KS (ROT + DRI + NAC + TOW) 

Analysis f o r  machine size optimization u t i l i z e d  KS = .0184. 

4.2.7.2.9 I n i t i a l  Turnkey Cost 

IC = SIT + TRA + ERE + ROT + DRI + MAC + TOW + SP 

4.2.7.2.10 Annual Operations and Maintenance 

The cost trend expression assumes a 25 u n i t  c luster  o f  WTS wi th  crew costs fixed 
and s m  of the consumables vary with size. 

Dia 2.85 AOM = 12.500 + 4500 (rn) 



4.2.7.3 Weight Algorithms 

The weight t rend re la t ionsh ips  were developed s i m i l a r l y  t o  the cost  t rend ex- 
pressions. The fundamental design parameter re la t i onsh ips  were formulated and 
empir ica l  weight trends were f i t t e d  t o  the  p o i n t  design data. The fo l lowfng 
expressions were incorporated w i t h  the  cos t  .expressions i n t o  the energy output  
computer program t o  perform the ~nachi ne s i z e  oot imi  zat ion. 

1 - 1  DIA + GC vc - - 1m.j \ ( N R )  (T 
vco m m  200 

1 

WR 3.4-2a a - 
WRO = (2500 Kw 1 

where a = 0.4 f o r  tee ter ing  r o t o r s  

WG = KW 0.7 - 
WGO ('i~bb) 

WB = WBO + 3450 ( TOR - 13.2 x lo6)  

1 06 

WS = TOR - 6)1/3 
WSH ( 13.2 x 10 

D I A  K W 2 0 WR 
WN = WNA L( .36)  ( r n )  f*) + (.36) (rn) + ( -15)  (-) + 

2 * 5 ]  + WNIC + WNGA ( -13)  

where: 
WNIC = basel ine weight o f  instruments 
WNGA = basel ine weight o f  generator accessories 

KW 17.5 WYDS = (WYDO) ( )  (T ) 2500 

D I A  3 WYB = WYBO (rn) 
D I A  13 WYBG = WYBGO 

HT N R WM + WTE WT = WTO (m ) (m) 

4.2.7.4 Machine Size Optimizat ion Results 

U t i l i z i n g  the foregoing cost  and weight expressions combined i n t o  the energy 
o u t p ~ t  computer program allowed a comprehensive analys is  o f  design op t im iza t ion  
f ~ r  minimum cost of e l e c t r i c i t y .  This program al lows rap id  evaluat ion o f  a l l  
parameters and opt imizat ion fo r  various wind models o r  various mean wind speeds. 



As the MOD-2 program progressed, the base1 i n e  values i n  the cos t  and weight 
expressions have been updated t o  r e f l e c t  the cont inuiqg depth o f  p o i n t  design 
analysis. The program was a lso  updated t o  u t i l  i ze the  NASA recommended var iab le  
power wind gradient  instead o f  the o r i g i n a l  1y spec i f ied  gradient.  These changes 
resu l ted  i n  a continuous adjustment o f  the value o f  COE (as noted i n  o ther  data 
i n  t h i s  document) but  the machine opt im iza t ion  r e s u l t s  remain va l i d .  

As shown i n  Figure 4-55, the  optimum COE i s  on ly  s l i g h t l y  a f fec ted  by power 
r a t i n g  bu t  i s  more sens i t i ve  t o  opt imiz ing the  r o t o r  diameter f o r  a given 
power ra t ing .  Examination o f  the  cost  and weight t rend equations g ive  i n s i g h t  
i n t o  the reasons for  the buckets o f  these curves. Some o f  t he  more s i g n i f i c a n t  
fac tors  are: 

1 ) Large r o t o r  diameters f o r  a given power, even as RPM decreases, 
s i g n i f i c a n t l y  in f luences s ize  and cos t  o f  the  t o t a l  system. 

2) Small r o t o r  diameters f o r  a given power, requ i re  higher RPM and 
reach ra ted  power on ly  a t  tne  h igher  wind speeds. This r e s u l t s  
i n  s i g n i f i c a n t  loss  i n  annual energy output. 

3)  A higher power r a t i n g  optjmizes a t  h igher  r o t o r  diameters due t o  
lower RPM and achieving ra ted  power a t  a lower wind speed thereby 
increasing annual energy. 

Table 4-48 sumnarizes the  trade study performed a t  the t ime q f  the pre l iminary 
desiqn review. Based on l e a s t  cost  o f  e l e c t r i c i t y ,  the 300 f c o t  diameter r o t o r  
and 2500 KW generator r a t i n g  was selected f o r  MOD-2 a t  the spec i f ied  14 mph 
mean wind s i t e .  

The computer opt imizat ion program a1 lowed a rap id  op t im iza t ion  analys is  a t  
various mlues o f  mean wind speed as may be t y p i c a l  o f  d i f f e r e n t  s i t es .  Figure 
4-56 shows the  r e l a t i v e  COE o f  the MOD-2 basel ine as a func t ion  o f  wind speed ant  
compares t o  the COE o f  an optimum s i z ing  (KW and Diameter). I t  i s  noted t h a t  tha 
MOD-2 basel ine i s  very near optimum over a s i g n i f i c a n t  range o f  mean wind speeds. 
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Figure 4-55, Parametric COE Trends Figure 4-56. Effect of Mean Wind Speed on CO E 

Table 4-48. Optimum Machine Size Trade Study Summary 

CRITERIA 

DESIGN COUPLEIITY 

ANiiUAL ENERGY 
OUTPUT - 106 kWH 
SVSTEH COST 
1 0 0 ~ i  UNIT 

SIkU  

FARM SIZE - It W I T S  

F A N  COST -106 $ 

COST CF 
ELECTRICITVt/kWHR, 

REMARKS 

PER U1llT-INCLUOES 
.96 AVAIL FACTPR 

BASED Mc EQUAL 
ANNUAL EIIERGV 
OUTPUT PER FARH 

CO1IF ICURATlOI1 
A-3 

400 '  D l A / 4 4 5 0  kY 
ROTOR BLADES REQ. 
F IELD ASSY. 

A-2 
3 W ' D I A / 4 5 0 0  kW 

BASELIEE 
300'  0 1 A t 2 5 0 0  kW 

I A-1 
M 0 ' 0 1 A I 3 5 0 0  kW 

8'680 

1 ,560,000 

625 

?S 

39.0 

3.47 

TOWER REQUIRES LONGITUDI4AL SPLICE 

9.60 

1,840.000 

5 2 6  

22.6 

41.6 

3.66 

LARGER NACELLE REQ. ADDITlOl!AL 
F IELD ASSV. 
HIGH 1ORQVE GfARBOX AVAILABIL I  TI 
9UESTlOI4ABLE 

10.21 

2.077,OW 

461 

21.3 

44.1 

3.86 

16.44 

3.284,M)O 

739  

13.2 

43.3 

3.75 



3.2.8 Control Systecr, 

This section describes the resul ts o f  trade studies which evaluated a1 te rna t i  ve 
control systems. 

4.2.8.1 Analog vs Hicroprocessor 

OBJECTIVE: Several choices o f  technology are avai lab lo  t o  the designer for 
im~lementirig the electronic p o c t i a ~  o f  the WC-2 control system. These choices 
grossly can be categorized under the lresdings p r o g r a d  d i g i t a l  ( c m u t e r ) ,  
hardwired d i g i t a l ,  and analcs electronics. Table 4-47 describes functions 
that  are candidates t o  be perform4 by a control computer. The prime c r i t e r i a  
usrd i n  selecting the technology f o r  a function are cost, r e i i a b i l i t y ,  and 
performance. Other c r i t e r i a  n o m i l y  used i n  aerospace applications such 
as s ize  art3 power usage are not a s ign i f icant  consideration i n  the Wind 
TurSi ne System. 

Tabk 4-47. Potenttid Conttvi Fmctkms in the MOD-2 Wind Turbine Sytmn 

ALL MODES 

!<anitor f o r  alarms 
8 Notify nea re s t  u t i l i t y  s i rbstat ion cf a l a n s  

2 e s p o ~ d  t o  s abs t a i i on  coiimnds j roques t s  
Respond ( w i t h  sa fe ty  i im i t a l i cns )  t o  on-si te 
mnuai  C O ~ ? ~ T G R ~ S / ~ ~ ~ U ~ S ~ S  

Sequ2nce zechanical & e l e c t r i c 2 1  systems 

8 Turn on/off putzps, brakes,  generator  e x c i t e r ,  etc. 
a Koni t o r  f o r  equisaent  p e r f o r ~ a n c e  ( o i l  p ress ,  e t c .  ) , 

in t rus ion  
Comand p i t ch  p r o f i l e  f o r  star tup & shutdown 

a Operate on algorithms rnd cm:r,dnd p i t c h  and yaw 
a t?onitor f o r  equipment perforr;;aoce/intrusion 

Comand shutdowns [ s e ~ a r a t e  syswm will b2ck up 
c r i t i c a l  f z i l  ures, e .g . ,  v ibra t ion .  

Monitor wind f o r  yaw c r  shutdcwn c r i t e r i a  

8 lbloni t o r  f o r  equi  pnent perforrcance 
8 I.;onitcr f o r  s t a r t u p  condi t ions (wind, e t c . )  



The develqment o f  a prototype system such as MOD-2 brings i n  another 
design c r i te r ia ,  tha t  o f  f l e x i b i l i t y  o f  the system t o  change wi th  mini- 
i ~ p a c t  on costs o r  schedule. The automatic control system o f  an unattended 
s i t e  w i  11 have an inter face wi th  many o f  the mechanical, hydraulic, and 
e lec t r i ca l  elements o f  the system and i s  consequently sensit ive t o  changes 
i:~ thcse elements. F l e x i b i l i t y  i s  pa r t i cu la r l y  an a t t r i bu te  o f  the d i g i t a l  
cmputer where changes can be acconodated by software rather than hardware. 

RESULTS : Re1 i abi 1 i t y  - The m s  t coapel 1 i ng reason f o r  ccnsi dering d i g i t a l  
c q u t e r  inp leme~tat ion f o r  performing Wind Turbine functions i s  i t s  design 
simp1 i c i  t y  and consequent1 y re1 iab i  1 i ty. This i s  par t i cu la r l y  t rue w i th  the 
raicrc xmputer. In the m i  crocoaputer the same fen mono1 i t h i c  c i r cu i t s  (CW, 
timirig module, memory, etc. ) can be used f o r  the nunemus sequencing, timing, 
discrete state monitoring, and discrete coarwnd functions o f  the system. 
U i th  analog technology, eac3 o f  these functions requires i t s  own set  of 
hardware. 

One functional element tha t  n i l?  be impleniented outside of the computer i s  
the safety shutdown system. The reason for  a hardwired design i n  l i e u  o f  a pro- 
gramed d i g i t a l  system i s  the s imp l i c i t y  o f  t h i s  system and the p red ic tab i l i t y  
o f  the f ir i ture i d e s  o f  the former rather than re1 i ab i  li ty. 

Performance - I n  general, the performance requirements o f  the Wind Turbine System 
(accuracy, resolution, speed, etc. j are so modest that  e i the r  d i g i t a l  o r  
analog technology may be used. An example of  potent ia l  performance 
super ior i ty  o f  a d i g i t a l  implementation m y  be fourd i n  a f i l t e r  application. 
The control system w i l l  respond t o  dr ive t r a i n  parameters (e.g., generator 
output, low speed shaft  acceleration) t o  contrcl  the e f fec ts  o f  variable 
wind. I t  i s  desireable that  the control system not respond (a t  least i n  the 
same way) t o  dr ive t r a i n  periodic osci l lat ions.  One sc lu t ion i s  t o  f i l t e r  
those effects cc t  o f  the sensed parameter signal. 

Analog notch f i l t e r s ,  a t  the very lw  frequencies i n  question, must be f inely 
tuned co r e s t r i c t  t he i r  bandwidth. Further, both the analog f i l t e r ' s  
bandwidth, and center frequency are subject to change as i t s  indiv idual  
component parameters d r i f t  wi th temperature and age. The computer notch 
f i l t e r  jerformance i s  determined by i n i t i a l  design implementation (word size, 
processing speed) and w i  1 i not change ni t h  time or  envircnmnt. 

Cost - The potential  cost advantages o f  a microprocessor are t i ed  t o  the sane 
desigr! simp1 i f icat ion goals mentioned under re1 iabi  1 i ty. Fewer parts resu l t  
i n  a simpli f ied manufacturing process. I n  addition, the costs o f  mjcrocomputer 
components (par t icu lar ly  CPU and memory) are i n  a s ign i f i can t  down trend stage. 

Another potent ia l  cost advantage o f  the d i g i t a l  computer systems i s  i n  
the usage o f  off-the-she1 f electronics. An analog o r  hardwi red d i g i t a l  
board i s  designed especially f o r  the par t icu lar  appl icat ion and must bear 



the small quant i ty  production costs o f  tha t  appl icat ion.  D i g i t a l  computers 
(micro .or mini ) are comercia1 l y  avai lab le i n  o f f - the-she l f  boardlmodule form. 
I t  i s  the software and the amount ( ra ther  than design) o f  memory and I i O  i n  
t h ?  computer tha t  i s  unique t o  the appl icat ion. 

CONCLUSIONS: It was determined tha t  a microprocessor-based d i g i t a l  system i s  
the best technology f o r  the major i  t v  o f  MOD-2 cont ro l  funct ions f o r  the fo l lowing 
reasaris : 

1. Superior abai l a b i  1 I ty/t-el i a b i  1 i t y  as the r e s u l t  o f  reduced quant i t ies  
o f  e l e c t r i c a l  par ts  and solder connecticns. 

2.  Reduced costs due t o  a s imp l i f i ed  manufacturing process f o r  the :ess 
complex boards and potent ia l  cost benef i ts  from the current  down- 
trend on pr ices of the microprocessor and associated modules. 

3- Reduced costs due t o  use o f  comnercialiy ava i lab le  microprocessor 
boards. 

4. F l e x i b ~  i i t y  o f  the system to  change w i t h  minimum program impact. 

5. Superior performance i n  some areas. whew the analog system's d r i f t i n g  
WI t h  temperattire and age i s  c r i  t i c a l  . 

4 .?.$. 2 Mu1 t ip leser ,  Ground Capu t e r  Vs. Nacel? s Microcomputer 

OEJECTIVE: The current contro l  system (Nacelle Microcomputer) i s  described i r  
sect ion 3. Tnis trade study provided the basis fo r  i t s  se lec t ion  over the 
o r i g i n a l  basel ine (Mu 1 t ip lexer ,  Ground Comu ter!  . 

System Requirements: The contro l  s y s t w  must perform the functions l i s t e d  
i n  Table 4-4s. To perform these functions i t  interfaces w i t h  the re -  
m i n i n g  WTS systems as shown i n  Table 4-53. 

Coniigur-ation traded: The conf igurat ions studied are shown i n  Figure 4-52. 
T3e o r i g i n a l  base1 i n e  ccnsi s t s  of a microcompu ter-based system, located 
3 t  tne base of the tower, which interfaces w i t h  nacel le  UTS equipnent.~ t h r o u ~ n  
an adaptation ~f the Boeirg model 1014 Mul t ip lexer .  The praposed alter- ate 
locztes the miz~ncomputer i n  the nacel le  and uses d i r e c t  w i r i n ~  for  the few 
sensors and i o n t r o l s  located a t  the base of the tower. 

RCS'JLTS; The resu l t s  o f  t h i s  study are sumnarizeo i n  Table 4-50. The 
di f ference i n  cost and MTBF arc d i r e c t l y  re lated t o  the lower par ts  count 
o f  the nacel le microcomputer system. This lower par ts  count i s  possible 
because the major i ty  of the contro l  system tnterfaces o r i g ina te  i n  the 
nacel l e  thus e l  i m i  na t i n g  the mu1 tiplexeriDemu1 t i p l e x e r  hardware required 
i n  the o r i g ina l  baseline. 

!'Of,lCLilS ION: The Naiel l e  Microcomputer Sys tm of fers improvements i n  
r e l i d b i l i t y ,  100th u n i t  cost and ccst  of e l e c t r i c i t y  w i t h  no known penal t ies-  
Therefore, i t  i s  recmenaea tna t  tne o r tg ina l  Sasel ine be rep la izd  w i t h  the 
N ~ c e ?  l o  Mis,*ocampu:e~. Sys:em. 
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4.3 ALTERNATE ROTOR DEVELOPMENT 

4.3.1 In t roduc t ion  

On August 10, 1978, more extensive study was i n i t i a t e d  t o  include the 
prel iminary design and evaluat ion o f  a composite (F iber  lass)  r o t o r  e f o r  the MOD-2 UTS. Structura l  Conrposi tes Industr ies (S I) was subcontracted 
t o  provide pre l iminary design, analysis, program de f i n i t i on ,  and cost estimates. 
BEC supported the study w i th  d e f i n i t i o n  o f  MOD-2 requirements, loads, design 
and analysis o f  the metal components, and the programnatic comparison t o  the 
s tee l  r3 to r .  

The ob jec t ive  of t h i s  study was t o  b r i ng  the pre l iminary design of a MOD-2 
composite r o t o r  t o  su f f i c ien t  matur i ty  t o  enable evaluat ion o f  the technical 
and programnatic impacts o f  developing the composite ro to r .  

The composite r o t o r  conf igurat ion has the features w;.ich, when f u l l y  developed, 
may o f f e r  advantage t o  the WTS i n  quant i ty  production. These features and the 
canparison t o  the steel  r o t o r  are discussed more f u l l y  i n  sect ion 4.2.2.10. The 
design i s  based upon the S C I  experience i n  f ab r i ca t i on  and t e s t  of the 150 foot 
t e s t  blade. Several features as discussed i n  sect ion 4.3.5 d i f f e r  from the 
t e s t  blade design. These differences accomnodate the MOD-2 requirements, 
a l low in te rchangab i l i t y  w i t h  s teel  blades on a MOD-2 WTS and, most s ign i f i can t l y ,  
o f f e r  reduced technical r i s k  and reduced cost i n  production quant i t ies .  

The configuration, as defined i n  sect ion 4.3.5, u t i l i z e s  non-rotat ing mandrels 
and a r i n g  winding process* t o  apply Transverse Filament Tape (TFT)* t o  the 
major por t ion  of the mult i -spar blade. The f iberglass i s  wound i n t e g r a l l y  
onto steel  torque boxes a t  the t i p  blade p i v o t  area and onto a steel  hub :o 
provide the f i e l d  assembly j o i n t .  The steel  components comprise 33 percent 
of the r o t o r  weight. The f iberg lass components (67 percent) are 98 percent 
appl ied by the l ~ w  cost winding process. The small t r a i l i n g  edge minimized 
afterbody cost and el iminates the r i s k  o f  system damage due t o  possible f a i l u r e  
o f  a t r a i l i n g  edge bond. The conclusion from the trade study i s  tha t  the com- 
posi te blade i s  feasible. As compared t o  the steel  rotor ,  i t  o f fe rs  addi t ional  
tecnnical r i s k ,  o f f e r s  equivalent cost f o r  production uni ts ,  i s  less f u l l y  
developed, and would incur  program delay f o r  prototype hardware. The steel  
r o t o r  i s  therefore recomnended as the baseline conf igurat ion f o r  MOD-2. 

4.3.3 Design Requirements 

A t  the time the composite r o t o r  s t ~ d y  was i n i t i z t e d ,  the MOD-2 WTS had completed 
the system opt imizat ion studies o f  the Conceptual Design Phase and was we1 1 i n t o  
the Prel i ~ i n d r y  Desigr: Phase. The composite r o t o r  therefore had the requirements 
t o  be compatible w i th  the ex i s t i ng  MOD-2 system. Tables 4-51 and 4-52 summarize 
the requirements 3ad goals imposed on the composite ro to r  design. 

*Pa tents Pend i ng 



Table 4-5 1. O w n  Requirtmen& 

I . Compati b i  1 i t y  With 100-2 System Parameters' 

2500 KW Generator 
300 F t  Diameter Rotor 
T ip  Control Blade (30 percent span) 
NACA J30XX A i r f o i l  
+2 .5  t 0 - 4 ~ T w i s t ~  
T ip  Rotat ion from -5 t o  + 95' 
Teeter + 5O 
Upwind Rotor 
17.5 RPM 
30-yea r 1 if e 
NASA Specif ied Envi rorment 
Natural Frequence Separation . From Integer  values by 0.25 cycles/rev . F i r s t  Flapwise Frequency between 2.5 and 

2.75 cycles/rev. 

Table 4-52. Design Goals 

Minimize Cost of E l e c t r i c i t y  (<  4$/kWh) 

Minimum material  costs 
Automatic Prod!iction f o r  Minimum Labor Cost 
Minimum Maintenance Cost 

Minimize Technical Risk 

Use ex i s t i ng  technology 
Conservative Design w i th  Margins of Safety 
Redundant Load Paths a t  C r i t i c a l  Hub J c i n t  



4.3.4 Prel imary Design Load Gondi t ions 

Table 4-53 itemizes the load conditions analyzed f o r  the composite blade 
preliminary design. The 1 i m i  t operating, extreme w'nd, and control system 
fau l t  loads occur only infrequently over the design l i f e  o f  the wind turbine, 
and consequently were used on1 i n  buckling and maximum strength calculations. 
Fatigue loads were determined r, ased on the MID-2 gust c r i t e r i a  t o  establ ish 
a loads spectrum over the operating wind speeds o f  14 t o  45 mph a t  20° yaw. 

A1 1 blade loads were calculated using the HgSTAB computer program, wi th  the 
exception of extreme wind loads, which were hand-calculated. Composite blade 
mode shapes and frequencies used i n  the MOSTAB program were computed by SC: 
using the SPAR conputer program. Overspeeds and t r i m  condi ti ons used i n  the 
MOSTAB quasi-steady shutdown analysis were computed i n  a detai led aerodynamics 
program which assumes uniform time-varying f low and a r i g i d  blade, wi th p i t ch  
ra te  specified i n  the input. Stresses i n  the blade were calculated i n  a 

.MOSTAB postprocessor, which f i r s t  trans 1 ated 1 oads from the blade reference 
l i n e  t o  the e l as t i c  axis a t  each cross section, and then sumned the stresses 
due t o  chordwise bending, flapwise bending, and centr i fugal  force a t  1 ocations 
around the a i r f o i l .  Fatigue stresses were calculated f o r  the MOD-2 wind 
spectrum which resu l t  i n  a maximum discrete stress value f o r  each mean wind 
speed having a 99.9 percent probabi li t y  o f  non-exceedance. Number o f  cycles 
of loading were computed based on a Weibull d i s t r ibu t ion  o f  mean wind speeds, 
and the WD-2 WTS operating schedule. 

Table 4-53. Composrposrte Blade Preliminary Design Load Conditions 

I 

DESIGN CONDITION DESCRIPTION 

L in i  t Operati ng (0.01 % 17.5 rpn, 16.5 nph mean wind 
probabi 1 i t y  o f  non-exceedancel 

I 
Control System Fault 

150% Power 

Emergency Shutdown 

Extreme Wind 

Fatigue (Preliminary) 

I Fatigue (Final 

17.5 rpm, 54 mph, 5000 hp 

19.6 rpm, 45 mph, loss o f  generator 
1 oad 

0 rpm, 120 mph, t i p  feathered ! 
17.5 rpm, 45 mph, 30' Yaw 
with gust factors 

17.5 rpm, 14 t o  45 mph mean wind 
spectrum, extrapolated t o  200 yaw 



4.3.5 Configurat ion 

The composite r o t o r  was configured t o  meet the design requirements of Section 
4.3.3 and t o  be compatible w i th  the MOD-2 System, as discussed i n  Section 
4.3.8. The design goals o f  low cost and minimum technical r i s k  were strong 
influences on the f i n a l  configuration, as was the  recent experience gained on 
the DOE/NASA 150 Ft.  Composite Blade Program. Wherever possible, overa l l  con- 
f i gu ra t i on  and design d e t a i l s  from the BEC MOD-2 s teel  blade were incorporated 
i n t o  the cmpos i te  r o t o r  mnf igurat ion,  w i th  modif icat ions as appropriate. 

4.3.5.1 General Arrangement 

The composite r o t o r  general arrangement i s  shown i n  Figures 4-53 and 4-54. 
The r o t o r  consists o f  two composite inner  blade sections, two composite t i p  
sections, and a steel  hub. Rotor external geometry i s  i den t i ca l  t o  the BEC 
MOD-2 s teel  blade from Sta t ion  900 t o  Sta t ion  1800. Inboard of S ta t ion  900 
the chord and thickness o f  the composite ro to r  have been increased t o  provide 
adequate s t i f fness  t o  meet the MOD-2 natural frequency requirements. A f u l l  
a i r f o i l  i s  maintained fm Stat ion 360 outboard. Inboard o f  S ta t ion  360, the 
cross-section t rans i t ions  t o  an e l l i p s e  a t  the hub. 

4.3.5.2 Inner Blade Assembly 

The inner blade assembly i s  shown i n  Figure 4-55. The basic load carrying 
composite st ructure consists o f  an a i r fo i l -shaped outer blade shel l ,  w i t h  an 
inner "box spar". The box spar provides two ve r t i ca l  webs which serve t o  
r e d ~ c e  unsupported panel width f o r  enhanced buckl ing r t a b i l i  ty, and addi t ional  
thickness a t  the outer f i b e r  f o r  react ing flapwise bending loads. Planforms of 
the box spar and she l l  are tapered l i n e a r l y  to  f a c i l i t a t e  mandrel ex t rac t ion  
(see Section 4.3.7). 

Structura l  and manufacturing considerations preclude a sharp t r a i  1 ing edge on 
the s t ruc tura l  blade shel 1 ; therefore, small , 1 ight-weight, non-structural 
molded fa i r ings  are bonded onto the t r a i  1 ing  edge t o  provide the required shape. 
The e l l i p t i c a l  hub end o f  the blade she l l  i s  de ta i led  f o r  j o in ing  t o  the steel  
hub (see Section 4.3.5.4) .  The outer end o f  the blade shel 1 contains a wound- 
i n  steel torque box which mounts the p i t c h  contro l  spindle, actuator and 
controls (Section 4.5.5.5). 

4.3.5.3 Tip Assembly 

The basic composite st ructure o f  the t i p  assembly d i f f e r s  from the inner blade 
assembly due t o  the requirement f o r  the chordwise center of g rav i t y  t o  be 
located fa r ther  forward. This i s  accomplished by using two inner "D" shaped 
spar members and an .outer shel 1 as shown i n  Figure 4-56. Aaain two ve r t i ca l  
webs are provided, w i th  l i nea r  planfonn taper f o r  mandrel extract ion.  The 
t r a i l i n g  edge f a i r i n g  i s  s im i la r  to but smaller than tha t  o f  the inner blade. 
The steel and composite spindle box de ta i l s  are bonded i n  a f te r  mandrel extrac- 
t ion .  An aluminum closure i s  fastened t o  the t i p  by bo l t s  and c l i ps .  



Figure 4-53. Composite .Sotor General Anangmcant 

Figure 4-54. Composite Rotor Assembly 
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Figure 4-55. Composrposrte Rotor Inner Blade Assembly 

Figure 4-56. Composite Rotor Tip Blade Assembly 
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4.3.5.4 Hub and Hub J o i n t  

The steel  hub i s  shown i n  Figure 4-57 and a typ ica l  hub j o i n t  d e t a i l  i s  
shown i n  Figure 4-58. 

The hub i s  o f  welded steel  construct ion w i th  shaft tee ter  bearing de ta i l s  
s imi la r  t o  the M00-2 steel  rotor .  A d r i l l e d ,  tapered, e l l i p t i c a l  f lanae i s  
provided f o r  mating to the composite blade she l l  and the v e r t i c a l  webs are 
extended t o  sp l i ce  t o  the composite box spar. 

I n  order t o  ensure a good fit between the hub and blade shel 1, the cmposi t e  
shel 1 i s  wound using the hub as a mandrel t o  form the j o i n t  area. Extra 
reinforcements and s tee l  shim stock are incorporated i n t o  the composite 
j o i n t  area to g iT / t  tne desired strength, b o l t  bearing, and st i f fness 
propert ies (see Section 4.3.6). 

The f i e l d  j o i n t  i s  both bonded and bolted, w i t h  e i the r  the adhesive bond o r  
the b o l t s  capable o f  carrying the maximum j o i n t  loads. 

4.3.5.5 P i v ~ t  Jo in t  

The p i t c h  contro l  p i vo t  j o i n t  i s  shown i n  Figure 4-53. The a i r -  
foil-shaped t o q u e  box, contained i n  the inner blade assembly, i s  a steel  
weldment w i th  p i vo t  and actuator assemblies s im i la r  t o  the MOD-2 steel  blade. 
It i s  retained by bonding and bol t ing,  as wel l  as being mechanically i n t e r -  
locked by being wound i n t o  the composite blade shel 1. A molded composite c l i p  
and a r i b  are used t o  terminate t h e  box spar webs. 

The t i p  sect ion construct ion d i f f e r s  i n  tha t  the steel  shaf t  receptacle weld- 
ment i s  inser ted i n  the forward D-spar only. A s teel  r i b  assembly carr ies 
the actuator loads, assisted by molded composite in terna l  r i b s  i n  the sfterbody 
area. A1 1 components are assembled by bo l t i ng  and bonding. As w i th  the hub, 
the shaft receptacle torque box i s  used as a windicg mandrel t o  ensure a 
proper f i t  for  subsequent bondinq. 

4.3.5.6 T r a i l i n g  Edge Fa i r ing  

Figure 4-60 shows some typ ica l  cross-sections of the molded composite 
t r a i l i n g  edge fa i r i ng .  I t  i s  attached t o  the blade s t ruc ture  by bonding, 
(s imi la r  to  the afterbody on the 150 ft. blade). Molded composite webs, and 
r i b s  bonded i n  place, are used t o  s t i f f e n  and tenninate the f a i r i n g  and t o  
locate i t  on the blade shel l .  (see Section 4.3.7) .  

4.3.5.7 Environmental Protect i on  

Lightning protect ion i s  provided by imbedding a grounded 120 n w h  aluminum 
screen i n  the outer surface of the composite. This i s  foll&.* by a coat ing 
af polyurethane pa in t  f o r  UV and moisture resistance. Abrasion protect ion of 
the t i p  assembly leading edge i s  provided by a polyurethane rubber boot. 
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4.3.5.8 Materials of Construction 

Tab1 e 4-54 1 i s t s  the recoaslendea materials. The E-glass reinforcements, 
epoxy res in  system and structural  epoxy adhesive are the c,ame as used on the 
150 ft. composite blade. 

These a t e r i a l s  are used i n  a patent-pending, d i f i e d  fi lament winding 
process cal led the TFT process, which can produce a ccunposite w i th  nighly 
oriented properties, a t  low cost, i n  a tapered, atrfoil-shaped structure. 
This process was used t o  fabricate the 3-spar of the 150 ft. caaposi t e  blade. 
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4.3.6 Structural Analysis 

4.3.6.1 Material Properties 

The proposed E-glass composite has typical  tensi le strength of about 50 
ksi .  The blade design, however, based on stiffness, fatigue, and compression 
buckling requirements, resul ts i n  tens i ie  stresses less than 10 ksi.  Conse- 
quently, at tent ion i s  focused on the s t i f fness and fatigue propertie5 o f  the 
mat6 r i h l  rather than the tensi l e  strength. 

The st i f fness properties o f  the composite laminate vary wi th the lay-up and 
are shown for the proposed materials and proposed glass content i r ~  Figure 4-61. 
The winding process requires that  about 10 percent o f  the filaments are hoop 
(90') windincjs, f o r  proper cowaction o f  other filaments. The proposed 
MOD-2 composite w i  11 have about 70 percent o f  the f i  laments oriented 
ax ia l l y  (0°), and 20 percent a t  + 4!j0 orientat ion. These propcrt~ons w i  11 
vary s l i gh t l y  along the span as i j l e  t o ta l  wall thicknesses taper. Uhen the 
webs are thickened near jo in ts  and discontinuit ies, the percentage of 4S0 
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filanrents w i  11 be increased t o  pemi  t shear d is t r ibu t ion  of peak loads. The 
properties s h m  i n  Figure 4-61 apply f o r  the various regions, and have been 
calculated from the lamina properties shown, considering only forces and 
de fomt i ons  i n  the plane o f  the web. The 4S0 f ibers  w i  11 be near the web 
surfaces i n  order t o  s t i f f e n  a web element ir: tors ion and chordwise flexure. 

4.3.6.2 Buckling A1 lowables 

The buckling strength o f  a curved isot rop ic  p la te  i s  d i f f i c u l t  t o  predict, 
and an orthotrapic colposite ak te r ia l  presents even mre problems. For 
preliminary design i t  i s  necessary t o  use s i rp le,  conservative equations 
which may be ver i f i ed  l a t e r  by tests and more ref ined analysis. The f i r s t  
equation shown i n  Figure 4-62 i s  for  an isotropic plate. A f l a t  rectangular 
p la te  has the predictable buckling s t m s  Fc o f  3.6 E tZlb2. For 
a p la te  curved t o  a radius p, the t h e ~ r e t i c a f  value o f  0.6 E t / p  which i s  
f o w d  from l inear  small def lect ion analysis i s  optimist ic, and has been 
arb i  t r a r t  l y  reduced t o  one-third that  value i n  Figure 4-62. The e f f e c ~ i v e  
lnodulus f o r  calculat ing buckling stresses i n  orthotropic plates i s  approxi- 
mately E I n w h e r e  EL and ET are equiva1er.t values representing longi- 
Fudinal and transverse f lexura l  s t i f fness o f  p la te  elements. A conservative 
va;ue E o f  2000 ks i  has been used, but a value o f  3000 ks i  seerits feasible w i th  
careful oesign of the lay-up. The a1 lowables, thus derived, are considered 
t o  be qu i te  cmservat!ve. 

4.3.6.3 Fatigue A1 louables 

I n  order t o  derive fatigue allowables for the conposite blade, SCI referred 
t o  the data from tension - tension f a t i  ue tests run by NASA LERC on small 
sections cut from an S C I  subscale spar 9 Figure 4-63). The material was repre- 
sentative o f  the 150 foot blade TFTIEpoxy spar. The maximm nunber of cycles 
t o  f a i  l u re  f o r  any f the specimens tested was 6 x 106. The MID-2 ro to r  i s  
designed f o r  2 x I &  revolut ims, which produce 2 x 108 cycles o f  loading for 
one per rev loads. The NASA fatigue tes t  data was extrapolated t o  the higher 
number o f  cycles necessary i n  HOC-2 design by bes t - f i t t i ng  a curve t o  the S-h 
data using the procedurz described i n  ASTn 0-2992, Appendix X I .  It was 
conservatively assuned that  a1 1 tests were run a t  a mean stress of 9000 psi,  
the minimum which wiis actual l y  applied i n  the NASA tests. A lower confidence 
l i c i t  for one o f  the data points on the S-N curve was estab'ished by the 
method given i n  ASTPI 0-2992, Appendix X2. A lower confidence curve *as 
drawn through th is  point  and para l le l  t o  the nominal curve. The effect on 
fatigue allowable o f  a flaw i n  the material was estimated fror! tests conducted 
a t  &ASA LERC by J. Faddoul on notched sanpies cf materials for 'GG blade 
structures. Based on these ddta, a "knockdown factor" o f  15: was app? ied to 
the lower confidence l i m i t  curve t o  obtain the fatigue allowable f o r  a 
flawed specimen. I n  Figure 4-6 , as may be seen, the a1lonab:e stress f o f  a flawed specimen f o r  2 x 10 cycles i s  4.08 ks i  cyc l i c  stress a t  a wan  
stress o f  9 ks i  . For other mean stresses, a Go dman diagram was constrt;cteC 8 as a s t ra ight  l i n e  from the allowable a t  2 x 10 cycles t o  a point  repre- 
senting a reduced s ta t i c  strength o f  33.5 ks i  a t  R-1 (R= Smin/Smax). This 
Goodman diagram and the equation describing i t  are shown i n  Figure 4-64. 

The comos i te  blade fat igue a1 1 owables were substantiated during the WD-2 
P.D. e f f o r t  by fatigue test ing conducted by Boeing 3fi tos t  specimens prepated 
a t  SCI using the i r  TFT process. Both a nctched and un-notched specimen were 
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tested. The t es t  section o f  the s p e c i m s  were f ive inches Icng, two inches 
wide, and 0.4 inches thick. The flawed s p e c i m  )\ad a 3/8 inch diameter hole 
d r i l l e d  through the center o f  the specinen. The specilllens were tested t o  the 
fatigue spectnmwi th  the a ~ q l i t u d e  selected t o  produce a fa i lure  a t  8 x lc7 
cycles a t  loading. Test resul ts were adjusted t o  provide 1 i f e  equivalent 
t o  the 9000 psi  rean stress of the NASA tes t  data. These tm, data points 
are p lo t ted on Figure 4-63 and substantiate the fat igue allowables. I t  should 
be noted t)lat the notched specimen was p lo t ted based on the section gross area 
stress. The f law (a 3j8 inch diareter hole) actual ly resu l ts  i n  a net area 
stress 19% greater than as plotted. 

4.3.6.4 Stresses and Uargins o f  Safety 

b c k l i n g  a1 lowable stresses and the typical  d is t r ibu t ion  o f  mininun margin f o r  
buckling s tmss i s  shoun i n  Figure 4-65. A l l  points on the cross-section are 
occasimally i n  corpression. Ouring feathering, the uprind surface i s  i n  coat- 
pression and the blade bends away fm the tamer. Polnts or! the leading 
edge are i n  tension when the blade i s  ascending and i n  corpression when the 
blade descends, while points on tke rra' l ing edge have the opposite stresses 
fm dead-weight bending o f  the blade. I n  general, webs f o r  the outer h a l f  
o f  the span are designed f o r  buckling stress, and have a margin of safety of 
about 0.5 with  a factor o f  safety o f  1.35, so should res i s t  about double the 
l i m i t  loads without buck1 i ng. 

Typical fat igue stresses are sham i n  Figure 4-66 for a po in t  near the 
t r a i l i n g  edge on the upwind face o f  the blade. Approximately three-fourths 
themagnitudeof c y c l i ~ l s t r e s s e s a t ~ i s p o i n t r e s u l t f ~ g r a v i t y l o a d s ,  
which occur 2 r l ~ c y c l e s  - The a.ir1ads are also a s s d  to  occur t h i s  often- 
Since they represent only a small par t  of the t o ta l  stress, t h i s  a s s q t i o n  i s  
reasonable. The margin o f  safety, based on the 1 i m i  t load stress, i s  about 
1.0, o r  the biade should provide 30 year l i f e  a t  twice the applied stress. 

A =re detai led analysis o f  the fatigue stress s p e c t r a  was perforraed f o r  two 
points en the blade using the postprocessor wr i t ten f o r  the MISTAB program. 
Results are shown by the cross-hatched areas o f  Figure 4-64. Each o f  the 
points on the shaded boundaries represent one loading coadi t i on  a t  one point  
an the blade. I f  the conse at ive assupt ion i s  made that  a l l  fat igue loading k conditions occur f o r  2 x 10 cycles, the condition representing the most serious 
fatigue damge i s  the point  which i s  ciosest to  the allowable fatigue stress. 
I n  a mre refined analysis, d i f ferent  G o w n  diagrams would be used for each 
condition, and ctrculative damage calculated by a method simi i a r  t o  Miner's 
procedure. The preliminary analysis , however, indicates that  the con~os i t e  
blade i s  conservatively designed f o r  fatigue stresses. 

I n  sumary, the preliminary design analysis indicated no stress l imi ta t ions 
i n  ei ther buckling o r  fatigue. The structure was intent ional ly designed 
conservatively i n  order t c  permi t low-cost manufacture. S t i  ffness t o  1 i m i  t 
a i  r luad def lect ion and t9  increase vibrat ion frequencies was provided by 
heavier root  structure. The outer blade was kept 1 igh t  i n  order t o  reduce 
gravi ty bending and centr i fugal forces. 



Margin 
?.I 

Safetr 

Figu.c 446. Composite Rotor Typkal Fatigue S t r e ~ ~ s  



4.3.5.5 Joint  Attaching Blade t o  Hub 

The composite blade must be attached t o  the steel hub during f i e l d  erection 
as shown by the j o i n t  de ta i l  o f  Figure 4-58. Because o f  the severe fat igue 
environment, i t  i s  desirable to transfer loads t o  the composite through adhe- 
sive bonds. Preloaded bo l ts  are also used, wi th capabi l i ty  o f  res is t ing the 
complete load without the adhesive bond. With each system conservatively 
designed, there i s  l i t t l e  poss ib i l i t y  o f  any type of progressive fai lure. 
k t a l  shims are wound i n  the colposite t o  provide bearing stress capabi l i ty  
and t o  increase the e las t i c  modulus of the composite. 

The j o i n t  stresses shown i n  Table 4-55 are f i r s t  calculated f o r  the bonded 
j o i n t  t o  r es i s t  a l l  loads without bolts. A l l  stresses are low, and stress 
concentrations are low because o f  the long (22 inch) scarf jo in t .  The axial  
s t ra in  of the composite i s  matched t o  that  o f  the steel, so bond stresses 
do not peak a t  the ends as they do for lap j o i n t s  o f  untapered nentbers. 

Similarly, the bolted j o i n t  i s  analyzed f o r  the en t i re  applied load, neglecting 
bond strength. A l l  stresses are low, giving large margins o f  safety. 

CONCLUSW)1)3: LARGE S 4 F m  MARGINS AND REDUNDANT LOAD PATHS 
PERMIT JOINT WALtFEATlON BV ANALYSIS 

Tabk 4-55. Cwnpaupau& Rotor Joint Stress Summary 
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4.3.7 Manufacturing 

Manufacturing methods for  the MOD-2 composite blade were chosen fo r  low cost  
s e r i a l  production, a t  the r a t e  of one rotor per day, o f  a conf igurat ion which 
meets the design requirements ;nd low cost goals o f  the program. The approach 
selected makes use o f  fabr ica t ion  experience gained i n  the 150 ft. Composite 
Blade Program by the comnercial composites industry, i n  add i t ion  t o  aerospace 
composites fabr icat ion technology. 

4.3.7.1 T.F.T.* Winding 

The basic TFT process derives from a process used i n  the comnercial filarnent- 
wound pipe industry. This process was conceived and reduced t o  prac t ice  by 
SCI i n  an t ic ipa t ion  o f  the 150 ft. Composite Blade Program. It was used t o  
fabricate the 142 ft. long, 20,000 Ib. 0-spar, which was the primary s t ruc tu ra l  
element o f  the blade and comprised 85% of the composite weight. 

Figure 1-67 shows the process schematically. Note t h a t  the 150 ft. spar used 
a ro ta t i ng  mandrel w i t h  a steady rest,  i n  a lathe-type winding machine, wh i le  
the proposed MOD-2 process uses a stat ionary mandrel i n  a r i n g  winder* machine. 

The stat ionary mandrel e l  iminates the mandrel de f l ec t i on  and fa t igue problems 
encountered i n  the 150 ft. Blade Pro ram and two previous NASA composite blade 
programs ( the 60 ft. Blade and 11)0-13. Stationary mandrels f a c i l i t a t e  fabr i -  
cat ion of the mu1 t ip le-spar blades l i k e  the MOP-2, since the chordwise center 
of g rav i ty  o f  the mandrel stack has no e f f e c t  on the ro ta t i ng  r i n g  element. I n  
addit ion, the mandrels are held i n  place by grav i ty  (except the inner blade 
leading edge mandrel ) and are i n  t h e i r  s t i f f e s t  or ientat ion,  w i t h  chord1 ines 
ve r t i ca l  . 

A s t ruc tura l  analysis o f  the inner blade mandrels was performed. A maximum 
mandrel s t a t i c  stress of 6500 ps i  and def lect ion o f  1.12 inches are predicted, 
as compared wi th  6 inches def lec t ion  and 14,000 ps i  reversing stress f o r  the 
ro ta t i ng  mandrel used f o r  the 150 ft. blade spar. 

4.3.7.2 Inner Blade F a b r i c a t i o ~  Sequence 

Figure 4-68 shws the inner blade fabr ica t ion  sequence i n  schematic form. 
The box spar mandrel i s  set  up i n  the r i n g  winder, w i th  the hub and spindle 
box, as i n  Figure '4-67 and 4-69. Note the bucking r i n g  and jacking r i n g  
arrangement i n  the l a t t e r  figure, where tire winding r i n g  has been removed f o r  
c l a r i t y .  

Box Spar Winding 

I n  the f i r s t  winding step, t h i s  mandrel i s  TFT wound t o  f o n  the bax spar. The 
leading and t r a i  1 i ng edge mandrels are added and fa i  red t o  the box spar w i  th  
spl ined syntact ic  foam. 

Blade She1 1 Winding 

I n  the second binding step, the outer blade she l l  i s  wound over the uncured box 
spar and leading and t r a i  1 i.ng edge mandrels. As shown i n  Figure 4-79, the 
spindle box and hub j o i n t  area are overwocnd i n  t h i s  same step. The wire mesh 
l i gh tn ing  protect ion and molded t r a i l i n g  edge f a i r i n g  i s  then added t o  the wet 
wound assembly. 

* Pa ten t  Pendi ng 4- 1 04 
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Figure 4-68. Composite Rotor inner Blade Assembly 
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Figure 4-71. Composite Rotor Curing O m  
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Figure 4-72. Composite Roror finish and Paint Unit 



Paint ing and Curing 

A ÿ or table oven i s  placed over the assembly i ~ s  i n  Figure 4-71 t o  gel the 
resin. The blade i s  then painted as i n  Figure '4-72 and i s  returned t o  the 
oven t o  cure. 

Freeing Mandrels 

After cooling, the blade i s  supported on wheeled d o l l i e s  and the winding 
machine t a i l s t o c k  i s  removed. The fasteners which connect the mandrels t o  
the spindle box are removed, as are those connecting the leading and t r a i l i n g  
edge mandrels t o  the box spar mandrel and hub. As shown i n  F i g w e  .4-73, 
the hydraul ic  jacks are actuated t o  f ree  the box spar mandrel. F lex ib le  l i n k s  
are  i n s t a l l e d  and the jacks are again actuated, as i n  Figure 4-74 t o  f ree  
the leading and t r a i l i n g  edge mandrels. 

Mandrel Extract ion 

A winch cable i s  attached t o  the spindle box, as shown i n  Figure 4-75, : ~ d  
the blade i s  pu l led  c lear  o f  the mandrels. Recessed mandrel supports r i s e  
v e r t i c a l l y  t o  take the weight o f  the mandrel as i t  i s  exposed by the moving 
blade. 

4.3.7.3 T'p Blade Fabricat ion Sequence 

The t i p  blade fab r i ca t i on  sequence, shown i n  Figure 4-76, d i f f e r s  from the 
inner blade sequence mainly i n  the way the mandrels are stacked up during 
winding. The three t i p  mandrels are too small t o  a l low in te rna l  access for b o l t  
i n s t a l  l a t i o n  and removal. However, bo l t s  are not  necessary, s ince grav i  t y  holds 
the two afterbody mandrels i n  place on top of the leading edge D-spar mandrel. 
The mandrels are located and al igned by so f t  shear pins, which merely shear o f f  
when the mandrels are extracted. 

4.3.7.4 The Hub and Shaft  Receptacle I n s t a l l a t i o n  

The t i p  sect ion rcetal shaf t  receptacle i s  used as a winding mandrel i n  a manner 
analogous to the way the hub i s  used on the inner blade. Both are covered w i t h  
a reiease f i l m ,  temporari ly bol ted t o  the mandrels and are removed from the 
f in ished blade sect ion along w i t h  the mandreis. They are then re ins ta l  led  by 
oo l t i ng  and bonding. However, the hub j o i n t  i s  made up i n  the f ie ld ,  whi le the 
shaft receptacle i s  i n s t a l  l ed  a t  the manufacturing p lant .  Note tha t  the hub 
sect ion must be returned t o  the winding machine f o r  winding of the second inner 
blade section. This i s  shown i n  the production f low sequence, Figure 4-77. . 
4.3.7.5 T r a i l i n g  Edge Fa i r ing  

Figure 4-78 shows the fab r i ca t i on  o f  the t r a i l i n g  edge f a i r i n g  by hand 
layup. I n s t a l l a t i o n  on the blade i s  i l l u s t r a t e d  i n  Figure 4-73. 
(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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Fi~~rre  4-76. Compos~~te Rotor Tip Blade Assembly 

Figure 4-77. Composite Rotor Production Flow Sequencer 





4.3.7.6 Finishing, Findl Assembly 

Referring to  Figure 4-77 the major f in ish ing steps include match 
d r i l l i n g  o f  the hub jo in t ,  i n s ta l l a t i on  of the e lec t r i ca l  and hydraulic compon- 
ents, and preassenbly of  the ro to r  a t  the plant  f o r  dimensional and functional 
checks. 

4.3.?.7 Production Plant Layout 

Figure 4-80 shws a proposed p lant  layout for  cmposi t e  fabr icat ion and 
mtor assembly. It i s  assumed that  the w t a l  parts, hardware and e lec t r i ca l  
and hydraulic components would be outside purchase. This p lant  would have a 
capacity o f  two blades (one rotor) per day. Note tha t  two ident ica l  mirror  
ilrage modules are proposed. For lmr production rates, one module could be 
used. For very low rates (one ro to r  per week o r  less), the s a w  winding machine 
could be used for both inner and t i p  blade sections. Figure 4-61 shows 
th is  production plant  layout incorporated in to  a f u l l y  equipped, independent 
manufacturing plant. 

4.3.7.8 Shipping 

Figure 4-52 shows the proposed arrangement f o r  shipping an en t i re  ro to r  
on 5 0  f latcars. Lacal movement, i r o a  railhead to WTG site, w i l l  be accom- 
plished by t r ~ c k .  The 142 ft. spar f o r  the 150 ft. blade was shipped i n  t h l s  
manner from Hira Loma, Cali fornia t o  Bloomfield, Connecticut. 

4.3.7.9 Qual i t y  Assurance 

Tables 4-56, 4-57, & 3-58 l i s t  proposed Qual i ty  Assurance pmvisions f o r  the 
WO-2 Composite Blade. The tables l i s t  the various tests and inspection s t ~ p s  
under the headi figs of Receiving Inspectioc, In-Process Inspecticn and Assembly 
Inspection. 
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Figure 480. Composite Rotor Production Line Arrangement 
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Figure 482. Composite Rotor Pmptxd Shipping Arrangwmnt 
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4.3.8 m#)-2 System Coaqatibil ity 

The conposi t e  rotor can be u t i  1 ized on the n30.2 KTS with very minor or  no 
modification to  the system as designed with the steel rotor. This i s  p r i l a r f  l y  
due t o  the fact  that the canposi t e  rotor i s  designed to  meet the frequency 
requirement. As discussed i n  Section 4.3.5, the blade chord and depth was 
increabed over the steel blade dimensions from the 0.5 span to  the 0.05 span 
t r ,  provide the necessary st i f fness t o  achieve the frequency requirement. This 
stiffness results i n  blade t i p  deflections and toner clearance as sham i n  
Table 4-59. As noted, the conposite blade has a t i p  deflection of 23.6 
inches greater &!tan the steel blade. This added deflection poses the problen 
of adequate clearance with the tower. A1 though the current estimate of the 
composite rotor tower clearance i s  13.8 inches, the study recolnnends 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 accanplished 
by any of the following three methods. 

1. Pre-coning o f  the colnposi t e  blade by 0.8 degrees. 

This apprcach has not been studied, but i s  estimated t o  have 
negligible ef fect  on performance or  loads. Steel o r  composite 
blades could then be interchangeable w i  t b u t  system mdi f ication. 

2. T i ?  t of the rotor axis approximately 0.8 degrees. 

This approach has not received deta i l  analysis, Bur i s  3 minor 
impact ~ o l l i t i o n  which could be used for either the steel or 
composi t e  rotor to provide fo r  i nterchangeabi 1 i t y  o f  rotors. 



3. Extend the lar speed shaft. 

This approach was analyzed and was found t o  require a negl ig ib le 
inpact on system design and cost as sham i n  Table 4-60. k a a s e  
the coapnsite rotor i s  l i gh te r  than the steel  rotor. the only 
system impact i s  the length of the law speed shaft. This approach 
i s  a low cost d i f i c a t i o n ,  but would not provide for  interchange- 
abi 1 i ty of rotors. 
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4.4 SPECIFICATION AND CONSTRAINTS SENSITIVITY 

A t  the time of the s t a r t  o f  the MOO-2 contract, scme o f  the specif icat ions 
and constraiats l i s t e d  i n  exh ib i t  B of the contract were based on previous 
experience wi th  smaller wind turbines. Therefore BEC evaluated each speci - 
f ica t ion and constraint i n  exh ib i t  B t o  determine i f  a change i n  a par t icu lar  
specif icat ion o r  constraint would lead t o  a lower cost of e lec t r i c i t y ,  a 
ionger service l i f e ,  o r  a lesser programatic r i s k .  This section reports 
the resul ts of the various analyses. 

4.4. ? User R q u i m e n t s  

This section discusses the user requirements l i s t e d  i n  exh ib i t  B o f  the 
contract that  are c losely associated w i th  operation of the wind turbines. 

4.4.1.1 Control Strategy . 
Specifications required determination o f  f ixed or  variable speed rotor .  
Tne resul ts were as follows (Figure 4-63) : 
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F&m 483. E f k t  of Control Strategy on Emwgy Output 

4.4.1 - 2  C:.c-In !Jind Speed 

Speci f -' :a ti on requi red opera t! on a t  reduced power between cut - i  n and rated 
wind ,peed. The object ive o f  t h i s  anzlysis was t o  determine the most economica! 
v?-ue cf cut- in wind speed. The results are as follows (Figure 4-84): 
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4.4.1.3 Cut-out Wind Speed 

The contract specification required rated power between rated and cut-out 
wind speed. The objective o f  this study was to determine the most economical 
value of cut-out wind speed. The results are as follows (Figure 4-85): 

Emqy output decrease btnrrecn 
infinite c u t a t  speed and 
45 mph rpccd is only .75% 

Lord transients at higher cut-out 
windrpeccb dw to emergency 

35 shutdown wc qrertar 

Con of ektricity decrease above 
45 mph is smaH 

Spadfkd cutout wind speed 
45 mph selected as cut-out wind 
s p e d  

30 35 50 

Cut-out wind tpasd, mph (8 hub height) 

f@re 485. Cut-out Wind Speed V m s  Cost of Electricity 



4.4.1 .4 Desi gn and Rated Ui nd Speed 

Specification required the highest ef f ic iency between cut- in and rated wind speed. 
I n  order t o  sat is fy  t h i s  requirement, the design wind veloci ty was selected as 
that  wind speed where the speci f ic  energy output (kWh/sq. f t / y r )  i s  maximum 
f o r  the design speci f ic  power r a t i ng  (35.4 watts/sq. f t ) .  Design wind ve loc i ty  
i s  that  wind veloci ty a t  which the ro to r  produces maximum ef f ic iency and i s  the 
basic parameter f o r  a given rotor, which determines the ro to r  rpm. Separate 
studies showed that  the cost of e l e c t r i c i t y  was minimum where the specific energy 
was maximum. The resul ts a re  suarnarized as follows (Figure 4-86): 

Figure 48;6. Selection of Wind Speed 
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4.4.1.5 60 HZ Power i n  Megawatt Range 

U .- 
Z 
8 cn a r  

This specification required that  MOD-2 generate three-phase, 60 HZ power i n  the 
megawatt range. Studies showed no penalty i n  the generation o f  three-phase, 
60 HZ power since a majori ty o f  the svai lable generation equipment has these 
characterist ics as standard. The trade studies (4.2.7) showed that  the most 
economical ra t ing  f o r  MOD-2 i n  the 14 mph, mean wind spectra i s  2500 kW as 
shown i n  Figure 4-87. 
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4.4.1.6 30 Years Useful U t i l i t y  Service L i fe  

This specif icat ion required that  the wind turbine, including a1 1 components, 
be designed f o r  a useful u t i l i t y  service 1 i f e  o f  30 years. These studies 
showed that  cost o f  e l e c t r i c i t y  increases wi th  decrease i n  service l i f e  less 
than 30 years and tha t  30 years i s  the optimum l i f e .  I n  these analyses side 
trade studies were made as t o  the e f f ec t  o f  periodic replacement o f  some parts. 
Periodic replacement was used i n  a1 1 cases where the use o f  replaced, but lower 
cost parts, lowered the cost o f  e l ec t r i c i t y .  This study i s  sumnarized below 
(Figure 4-88) : 
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Major life sensitive components 
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Rriodic replacement considered 
in cost assessment 
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Figure 488. Effect of Service Life on Cost of Electricity 



4.4.2 System Design Requirements 

This sect ion documents the s e n s i t i v i t y  studies, as applf cable, t ha t  are l i s t e d  
i n  sect ion 2.0 o f  e x h i b i t  8 o f  the contract (System Design). 

4.4.2.1 Mean Wind Speed 

Specif icat ions required tha t  the design year ly  mean wind speed be 14 mph a t  
30 ft. reference height. Studies were made a t  other  annual mean wind speeds 
f o r  a r a t i n g  o f  (a) 2500 kW and 300 ft. r o t o r  diameter and (b)  f o r  optimum 
( lowest  cost o f  e l e c t r i c i t y )  diameter and power rat ing.  These resu l t s  are 
shown as fo l lows (Figure 4-89) : 

M e a n  wicd speed has a 
s i g n i f  i cant e f f e c t  on energy 
cos t  

*MID-2 design can be used over 
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tu rb ine  designed for  h igher  
wind s i t e s  
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Figure 489. Effect of Mean Wind Speed on Economic Performance 

4.4.2.2 Extreme Wind Speed 

The Speci f icat ion required tha t  the extrme wind loads be computed for a 120 mph 
wind a t  the 30 ft. reference height. When the boundary layer  i s  considered, 
t h i s  design maximum wind becomes 127 mph a t  the r o t o r  hub. Recurrence i n te rva l  
vs wind ve loc i t y  was invest igated f o r  Central Wyoming and the Southeast coast 
o f  the United States and are p lo t ted  i n  Figure 4-90, Speci f icat ion winds are 
shown to  occur once every 500 years i n  Wyoming and approximately every 60 years 
on the Southeast Coast. These data are from pages 26 and 30 o f  W. Frost  and 
B. H. Long, "Engineering Hindbook on the Atmosphere Guide1 ines f o r  use i n  Wind 
Turbine Development", Final Report NASA/MSFC Contract NAS8-32118, Universi t y  of 
Tennessee Space I n s t i t u t e ,  November 1977. 



Loads due t o  extreme winds comprise c r i t i c a l  design condit ions f o r  only  two 
s t ruc tura l  components: the re inforced concrete foundation and the t i p  o f  the 
steel r o t o r  blade. This s e n s i t i v i t y  study compares the cost  o f  designing t o  
an extreme wind speed value versus the cost  o f  f a i l u r e  due t o  the extreme winds. 
The cost o f  f a i l u r e  data has been developed from a r igorous p r o b a b i l i t y  o f  
f a i l u r e  analysis. 

These studies were based on the fo l low ing assumptions: 

1. Applied s t ruc tura l  loads (L) may be obtained from a 
determin is t ic  funct ion of the  fastest -mi  1 e wind; 
t ha t  is ,  fastest -mi le  wind speed i s  the on ly  random 
var iable involved i n  the determination o f  s t ruc-  
t u r a l  loads. 

2. Component in te rna l  s t ruc tura l  loads (S)  may be 
expressed i n  t e n s  o f  wind speed. 

3. Both appl i ed  and i n te rna l  loads as wel l  as strength var ia t ions  
may be adequately represented by the lognormal probabi 1 i ty law. 

4. The re1 i a b i l  i t i e s  o f  a few ind iv idua l  s t ruc tura l  components 
may be considered independent1 y . 

With these assumptions, the probabil i t y  o f  f a i l u r e  of an ind iv idua l  s t ruc tu ra l  
component over the 30-year l i f e  o f  the MOD-2 wind turb ine was estimated using 
a1 lowable strength probabi! i t i e s  corresponding t o  MIL-HDBK-5 a1 lowables w i t h  
an assumed coe f f i c i en t  o f  va r i a t i on  based on a corresponding fac to r  of safety. 

These values were: 
FOUNDAT ION - ROTOR T I P  

Factor of safaty 

Allowables (PA)  

Strength Coeff ic ient o f  Var iat ion 0.25 0.15 

The reciprocal o f  the calculated f a i l u r e  r a t e  (mean-time-to-fail ure)  i s  
shown i n  Figure 4-91. 

With the above calculated p r o b a b i l i t i e s  o f  f a i l u re ,  the MTBF i s  appl ied t o  
determine the percentage o f  a f a i l u r e  cost per year. The cost o f  a f a i l u r e  o f  
the foundation i s  the complete loss o f  the WTS ($1,942,000). The cost associated 
w i t h  loss o f  the t i p  blade panel ($120,@00) i s  the material  cost f o r  repai r ,  .plus 
the i n s t a l l a t i o n  cost f o r  repai r ,  *plus the cost o f  l o s t  e l e c t r i c i t y  during the 
forced outage time. Since the cost o f  f a i l u r e  i s  assumed as a uniform annual 
cost over the l i f e  o f  the machine, a l e v e l i z i n g  factor of 2.0 i s  applied t o  
account f o r  cap i ta l  recovery, re tu rn  on investment, and r a t e  o f  i n f l a t i o n  over 
the system 1 i fet ime of 30 years. The annual cost of f a i l u r e  i s  then divided 
by the f i xed  charge ra te  (FCR=0.18) t o  der ive the equivalent i n i t i a l  cost. 
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The resu l t s  o f  the s e n s i t i v i t y  studies are shown i n  Figure 4-91.1. The effect 
o f  extreme wind c r i t e r i a  on the i n i t i a l  systems cost i s  shown by the dashed 
1 ines. As noted, below 100 mph the t i p  blade panel i s  fa t igue c r i t i c a l  ra tner  
than designed by the extreme wind. I n  Figure 4-91.1 , the .equivalent i n i  t i a l  costs 
of fa i lu res  are p lo t ted  as a de l ta  cost from the spec i f ied  design extreme wind 
speed. Examination o f  these data show t h a t  the new cost opt imm f o r  Wyoming 
would be at! extreme wind speed of approximately 100 mph a t  hub height  f o r  both 
the fa~nda t ion  and t i p  blade. However, a t  the higher wind frequency o t  Cape 
Hatteras o r  Flor ida, the 127 mph wind speed i s  the l e a s t  cost design point .  
Since the savings which could be rea l ized f o r  Wyoming are  very sm.11, i t  i s  
appropriate t o  reduce r i s k  by designing f o r  the s i t e s  w i t h  higher extreme winds. 

4.4.2.3 90% Minimum A v a i l a b i l i t y  

The MOD-2 a v a i l a b i l i t y  requirement o f  a t  l eas t  .90 was examined t o  deter- 
mine i f  i t  was a cost  e f f e c t i v e  level .  A prel iminary r e l i a b i l i t y  analysis 
based on the use o f  comnercial l y  ava i lab le  components was conducted t o  form 
a baseline f o r  f u r the r  trade studies. Major components were then examined 
t o  determine i f  add i t iona l  expenditures would be j u s t i t i e d  t o  increase 
re1 i a b i  1 i ty .  Sens i t i v i t y  studies t h a t  traded avai l a o i  1 i ty vs increased 
cost were conducted f o r  the rbtor ,  gcarbox, generator, and e l e c t r i c a l  /el ec- 
t ron ics  components. It was determined tha t  expandi t u r e  o f  addi t ional  
funds was not  cost e f f e c t i v e  for  any of these items w i th  the exception of 
the e l e c t r i c a l  /e lec t ron ic  components where se lec t ive  redundancy was applied. 

Addi t ional ly ,  various maintenance concepts were cost traded t o  a r r i v e  a t  the 
l eas t  cost l o g i s t i c s  support elements. 1 t was detemined tha t  a two man 
s h i f t ,  two s h i f t s  per day was optimum f o r  a 25 u n i t  WTS farm and tha t  i t  was 
cost e f f e c t i v e  t o  have a f u l l  complement o f  spares on s i t e .  

Based on the above studies i t  was determined t h a t  the .90 a v a i l a b i l i t y  
requirement was cost e f f e c t i v e  and tha t  a .96 a v a i l a b i l i t y  goal was appropriate. 
See section 5.4 f o r  a more thorough discussion o f  the r e l i a b i l i t y l m a i n -  
t a i  nabi 1 i t y  analyser . 
4.4.3 Environmental Constraints 

This sect ion documents the appl icable s e n s i t i v i t y  studies tha t  wers appl i e j  
t o  the speci f icat ions i n  sect ion 3.0 o f  exh ib i t  B. 

4.4.3.1 Wind Speed Duration P ro f i l e  

Sens i t i v i t y  studies o f  the w i ~ d  speed durat ion p r o f i l e  t o  energy output were 
conducted and are shown i n  Figure 4-92. k ind  durat ion pro f i les  were a lso 
examined f o r  several 0. 0. E. s i t es  which are now under inves t iga t ion  and 
i t  was concluded tha t  a Weibull 'K' constant equal t a  2.27 gave a d i s t r i b ~ t i o n  
of wind durat ion tha t  most c losely  approximated a major i ty  o f  the s i t es .  A 
constant of 2.27 has been used widely i n  the MOD-2 performance analyses 
and produces near maximum energy output a t  the design specif fc power 
loading of 35.4 wattslsq. f t. These data are s u m a r i ~ e d  i n  Figure 4-92. 

4.4.3.2 Atmospheric Density 

Sens i t i v i t y  studies were conducted t o  determine the e f f e c t  o f  atm~spher ic  
density on the energy output o f  the MOD-2 wind turbine. These studies 
were made on MOD-2-103 which used a constant power law wind p r o f i l e .  This 
study i s  sumnarized as fo l lows f o r  density changes due both t o  temperature 
and a1 t i  tude (Figure 4-93). 
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f *re 4-92. E f k t  of Webull Constant (K) on Energy Output 
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Figure 4 93. Effect of Air Density on Energy Output 



4.4.3.3 Effect o f  Ground Surface goughness 

The ef fect  o f  the surface roughness was studied to  determine the ef fect  on cost 
of electr ic i ty.  Surface roughness causes a change i n  wind p ro f i l e  and the 
rougher the surface the greater the average wind changes with increase i n  
height above the ground. Therefore, a rougher surface w i  11 produce higher. fatigue 
loads i n  the conponents, especially the rotor. I f  the mean average wind IS 
considered constailt a t  the rotor hub, the cost o f  e lec t r i c i t y  increases with 
increase i n  surface roughness. This study i s  summarized i n  Figure 4-94. 
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D. Spera and 1. Richard, dated 9/11/78 



4.5 FAILURE MODE AND EFFECTS ANALYSIS 

4.5.1 Int roduct ion 

The fa i l i r re  mode and e f fec ts  analyses (fPIE.4) were performed during 
prel iminary design i n  order t o  i d e n t i f y  a1 1 WD-2 fa i l u re  modes and t o  
ensure tha t  the  resul t i n  e f fec ts  are (1 ) acceptable from a personnel 
safety standpoint and (2 3 f a i  1 safe or, if not f a i  1 safe, represent leas t  
cost so lu t ion  (i .e., ~ s u l t  i n  the lowest cost o f  e l e c t r i c i t y ) .  The 
complete FMEA i s  c o n t ~ i n e d  i n  a document t i t l e d  "MOO-2 Fa i lu re  Mode and 
Effect Analysis", doted November 2, 1978 and submitted t o  NASA as p a r t  
of the PDR data package. 

The FMEA's were completed by the cognizant designers and reviewed by 
system engineers and a r e l i a b i l i t y  spec ia l i s t .  I n  general, f a i l  safe 
design i s  employed wherever cost e f f e c t i v e  and a safe 1 i f e  design i s  
enployed fo r  s ing le  thread s t ruc tura l  items such as the ro tor .  The f a i l u r e  
sever i ty  code used i n  the analysis i s  described i n  Table 4-61 and an 
example of a completed FMEA dorksheet i s  shown ir, Figure 4-35. Completion 
of the FMEA's by the designers as an i n - l i n e  pa r t  o f  the design process 
resulted i n  numerous -design changes t o  e i t h e r  prevent sericus f a i l u r e  modes 
o r  reduce the i  r impact . 
Whenever applicable, f a i  l u re  freqbency data has been included i n  the analyses. 
This data was used t o  quant i fy  the p robab i l i t y  o f  occurrences and hence 
the impact on the cost o f  e l e c t r i c i t y .  The major sources fo r  the f a i l u r e  
frequency data i s  as follows: 

1. Non-electronic R e l i a b i l i t y  Notebook, Rome A i r  Development Center, 
January 1975, ADIA-005 657 

2. Rel iabi  1 i t y  o f  E lec t r i ca l  Equipirent i n  Indus t r i a l  Plants, IEEG Survey 
3. Component Removal Data - 727, 737, 747 Comnercial A i r c ra f t ,  Compiled 

by the Boeing Company 
4. Component Removal Data - I37 He7 icopters 
5. RADC R e l i a b i l i t y  Notebook. 

The "k" factors used t o  account fo r  environmental differences were based on 
the fo: lowing groundrules: 

1. Rotor - equivalent to  he1 icopter  and "unmanned a i r c r a f t "  envi ronwn t  
2 .  Nacelle equipment - equivalent t o  "ma~ned a i r c r a f t "  environment 
3. Ground equipt,:ont - equivalent t o  "ground, stat ionary" environment 

4.5.2 Summary o f  Resul t s  

Over 750 f a i l u r e  modes were analyzed and numerous correct ive actions were 
implemented t o  preclude cost ly  f a i  lures. Special a t ten t ion  was d i rected a t  
a l l  po ten t ia l l y  catastrophic f a i l u r e  modes; the resu l ts  o f  t h i s  e f f o r t  are 
sumnari zed i n  Table 4-62. 

Wherever p rac t i ca l  , redundancy i s  used t o  precl  tide catastrophic f a i  1 ures. 
Safe l i f e  d:sign i s  employed fo r  items whose fa i l u re  could cause sericus 
damage, but could not be made redundant (e.g., blade fat igue cracks). The 
a b i l i t y  t o  contro l  each r o t o r  p i t c h  coritrol surface independent o f  the 



other precludes several potentially serious failure m&s, such as control 
linkage binding or bearing failures (the n0D-2 design provides for ari orderly 
shutdown with just one control tip operative). The most probable, 
potentially catastrophic failure mode is the rapid progression o f  a fatigue 
crack in tho blade. Boeicg has Jevcloped a crack detection system which 
is designed to initiate an ordtrly HTS shutdown prior to suffering significant 
rotor damage. 

TiWe 1-61. FMEA Sakty and Fadun? mtv a m  
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4.6 UTILITY INTERFACE ANALYSIS 

Technical information exchange meetings were held on three occasions w i t h  
represontat i  ves o f  u t i  1 i ty companies t o  determine the su i  t ab i  1 i ty o f  the 
u t i l i t y  interface. Pa r t i c i pa t i on  i n  each o f  the meetings i s  noted i n  Table 4-63. 

Tale 463. Utility lntsrfecs Meeting Participation 

As p a r t  o f  the agenda for each meeting the design and operation o f  the 
MOD-2 WTS, as i t  was defined a t  the time, was described. The informal 
presentations were in terrupted by questions tha t  ref lected the speci a1 
in te res ts  and concerns o f  the u t i l i t i e s .  The discussions, centered around 
these interruptions, focused a t ten t i on  on specif ic design areas. Later  
assessmeot ::y Boeing resul ted i n  informal trade studies, analyses, prac- 
t i  ca 1 a1 terna t i  ves and fu r the r  refinement o f  the conceptual and p re l  i m i  nary 
designs. The meetings s i g n i f i c a n t l y  impacted the conf igurat ion o f  both 
the contro l  and e l e c t r i c a l  power systems i n  the areas noted i n  Table 4-64. 

Meeting Date 

Xtokr 27, 1977 

Febmary 8, i 978 

July 25, 1978 

i 

Table 4-64. Utility Suggested Derign Criteria 

Part tc  i pants 
1 

Bonnevi l le Power A h i n i s t r a t i o n  
Pactftc Gas and E l e c t r i c  Co. 
Port1 and General E l e c t r i c  
NASA L d s  
k i n g  

Bonnevi l l e  Power Adminis t rat ion 
P a c i f i c  Gas and E l e c t r i c  Co. 
Portland General Electric 
NASA L m i s  
Boe i ng 

Bonnevil l e  Poner Adn in i s t ra t i on  
Bureau of Reclamation 
Paciftc Gas and E l e c t r i c  Co. 

I 
! 

Port1 and General E l e c t r l c  
Sauthern Cal i f o r n i a  Edison 
NASA Lewis 
floe i ng 
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An ear ly concern of the u t i l i t i e s  was associated wi th  power surges due t o  
wind gusts and t he i r  effect on the qua1 i t y  o f  power del ivcred t o  custaners 
near the wind turbine. O f  speci f ic  in terest  was the method t o  be used to 
meet voltage f l  icker standards. Based on a b e i n g  analysis, i t  
was concluded tha t  supplying loca l  customers was incompatible wi th the 
design concept. The MOD-2 UTS was being designed t o  generate large blocks 
of power and del iver them t o  a u t i l i t y  t o  supplement ex is t ing generating 
capacity. Because of the non-continuous a v a i l a b i l i t y  o f  wind power and 
the need for complex load management, d i r ec t  del ivery t o  custome;s 
appeared uneconomical. It was concluded tha t  MID-2 u t i l i t y  in-erface 
should be constrained t o  require the del ivery of power t o  a u t i l i t y  trans- 
mission system where it could be comb1 ned wi th  power from continuously 
avai lable sources, thus providing load d u c t i o n  on these other sources 
when wind power was available. Contrcl o f  p o w r  qua l i t y  would be main- 
tained by the continuous source i f  i t  provided an order o f  magnitude more 
power than the Wind Turbine System. Using t h i s  concept, customers would be 
supplied from a d is t r ibu t ion  system that  was i n  turn supplied from the 
transmi ss i on system, and the qua 1 i ty of power del i vered to a customer would 
be unaffected by the act ion o f  the Wind Turbine System. This concept i s  
used by the u t i l i t i e s  for t he i r  smaller power sources and i t  permits the 
output from the s m l  l e r  sources t o  swing from 0 t o  100% o f  t h e i r  ra t ing  
without creating s ign i f icant  power 1 ine disturbances. 

Through our inter facing wi th the power u t i l i t i e s  i t  was established that  
the remote, manned ~ t i l i t y  station, has only l im i ted  control o f  the Wind 
Turbine System (UTS). This control should include the fol lowing capabi l i t ies:  
t o  enable and disable power production f r o m  the WTS; t o  display the fol lowing 
operational parameters a t  the WTS : wind data, blade p i t ch  position, ro tor  
rpm, power output, and status o f  the WTS. Also t o  be included was a form of 
a ie r t ing  the remote attendant o f  an occurence o f  a problem a t  the WTS; and 
t o  display operational h i s to r i ca l  data upon request to  a i d  a "probable cause" 
troubleshooting of the iden t i f i ed  problem. 

The generator proposed for use i n  the Wind Turbine i s  a standard machine i n  
regular use throughout the country. It i s  rated to  del iver power e f f i c i en t l y  
a t  load power factors as low as 0.80. I n  the u t i l i t y  meeting i t  was pointed 
out that  the u t i l i t i e s  continuously attempt to  o ~ t i m i z e  the e f f ic iency of 
the i r  systems by transmitt ing power a t  near un i t y  power factor. I n  recog- 
n i t i o n  of t h i s  pract ice i t  was concluded that  Boeing performance analysis of 
the Wind Turbine System should use a load power f6ctor  greater than that  of 
the generator rating. A value o f  0.95 was selected f o r  use i n  the analysis 
t o  recognize that optimum operation o f  t h i s  system could not be contin- 
uously maintained. 

As a resu l t  o f  a maintenance and inspection concern expressed during one of 
the meetings, the use of a diesel driven generator f o r  standby power was 
reassessed. Use o f  t h i s  device would require regular start-up by maintenance 
personnel to  assure i t s  ava i l ab i l i t y  and require periodic inspection o f  i t s  
fuel storage fac i  1 i t y  by a safety inspector. The reassessment ident i f ied the 
standby power loads and t he i r  function. I t  was concluded that  the u n i t  could 
be deleted from the design. Certain c r i t i c a l  control system loads w i l l  be 
supplied by the stat ion b&tery. I t  contains suf f ic ient  capacity t o  main- 
ta in  the system for  an adequate period. Other standby loads were the heaters re  
quired f o r  cold weather operation. Their loss i s  acceptable. Further dis- 
cussion o f  the delet ion o f  the diesel driven generator i s  provided i n  th i s  
report i n  Section 4.2.4.2. 
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5.0 SUPPORT1 NG ANALYSES AND VERIFICATION 

Development o f  the MOD-2 design r e l i e d  heavi ly  upon a number of a n a l y t i c a l  
relat ionships. Many o f  these analysis too ls  had been substantiated on previous 
programs, but others had t o  be ve r i f i ed  by tests.  This sect ion describes the 
methodology used t o  ensure t h a t  the analyses used t o  support the se lec t i on  
o f  each design feature was accurate and gave the best  resu l ts  possible. 

The general approach used t o  achieve accurate analysts tools was as fo l lows.  
I f  a recognized ana ly t i ca l  technique, formula o r  computer program was a1 ready 
i n  general industry use, It was appl ied t o  the MOD-2 trade studies. I f  such 
tools d i d  not  e x i s t  they were developed and v e r i f i e d  by comparing t h e i r  pre- 
d ic ted  resu l ts  w i th  t e s t  data. I n  some cases i t  wi?s necessary t o  conduct tests 
(e.g. s t ruc tura l  fat igue, buckling, wind tunnel t es ts )  ; the ana ly t i ca i  too ls  
were then changed as appropriate t o  r e f l e c t  the empir ical resu l t s  from the 
tests. 

The f o l  lowing sections describe the analyses programs, thei  r development, 
and sample results.  

5 1 STRUCTURAL ANALYSES Ai4D VERIFICATION 

5.1.1 Code Ver i f i ca t i on  

REQUIREMENT: It was required t h a t  the contractor v e r i f y  (wherever p rac t i ca l  ) 
a l l  computer codes used i n  the analysis o f  r o t o r  blades and coupled dynamic 
1 oads. 

APPROACH: The approach t o  code v e r i f i c a t i o n  taken by Boeing f o r  MOD-2 was 
as follows: 

(1) I d e n t i f y  ex i s t i ng  codes used by industry f o r  each design condit ion 
(2) Obtain a ver i  Fied computer code avai lable i n  industry as the prime 

analyt i ca I code 
( 3 )  Assure tha t  the version o f  the code obtained i s  traceable t o  previous 

v e r i f i c a t i o n  work 
( 4 )  I d e n t i f y  addi t ional  required future code modi f icat ion 
(5) Perform test; required f o r  f u r the r  v e r i f i c a t i o n  

COMPUTER CODES: The primar.y computer code obtained by Boeing f o r  r o t o r  loads 
analysis i s  MOSTAB. This code has been v e r i f i e d  f o r  fu l l -span f i xed  ro to r  analy- 
s i s  by cor re la t ion  w i th  MOD-2 t e s t  data. I n  addi t ion t o  MOSTAB, other computer 
codes are required f o r  s t ruc tura l  analysis o f  various aspects o f  the WTS system. 
These computer codes have a1 1 been v e r i f i e d  by many years o f  .Asage i n  previous 
hardware programs and cor re la t ion  w i t h  t e s t  data. A 1 i s t  o f  computer codes 
used i n  the MOD-2 program i s  shown i n  Table 5-1. 

PH)STAB/P!OSTAS VERIFICATION: Test programs were conducted t o  v e r i f y  the MOSTAB 
code f o r  a teetered, p a r t i a l  span ro tor ,  and t o  v e r i f y  the MOST4S (system) code 
f o r  loads analysis of ro tors  on a s o f t  tower wind turb ine syster?. Testing was 
done on a 1/20 Mach scale wind tunnel model o f  the MOD-2 UTS. Test resu l ts  
were as follows: 

Performance: Good cor re la t ion  o f  power vs co l l ec t i ve  p i t c h  was achieved w i th  
MOSTAB as i l l u s t r a t e d  i n  Figure 5-1. 
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Rotor loads 
F lu t te r  analysis 
P i  tch control anal ys i s 
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Blade Loads: Correlation o f  MOSTAB predictions with measured blade loads f o r  
the teetering, t i p  control confipuration i s  shown i n  Figure 5-2 and 5-3. Good 
correlat ion was achieved f o r  steady flapwise and chordwise moments. Correlation 
o f  a1 ternating flapwise moments could only be achieved. by using a nonlinear wind 
gradient i n  MOSTAB. A factor  o f  1.65 was applied t o  the measured wind gradient 
velocity decrement t o  improve correlat ion o f  a l ternat ing flapwise moments wi th 
tes t  data as shown i n  Figure 5-2. 

MOSTAB 
NASTRAN 

BOSOR-4 

STAGS 
GEM- 1 * 
SECT IONS 
LSD * 
C-60 
L-01 
EASY + 

,HISTAB provided a good predict ion o f  the gravi ty (one per rev) content of the 
chordwise moments. 

Rotor loads analysis 
F i n i t e  element dynamic 
t stress analysis 
Analysis f o r  shel ls 
o f  rev01 u t i  on 
She1 1 analysis 
Aerodynami cs 
Section properties 
Structural dynami cs 
simulation 
Rotor dynamics prog. 
Blade loads L f l u t t e r  
Control simulation 

An attempt t o  improve the blade loads correlat ion by analyzing the coupled sys- 
tem wi th  ROSTAS-A was disappointing. For the f u l l  span-fixed ro tor  the blade 
moment perturbations were small and did not improve the correlat ion. For the 



teeter ing rotor ,  a program error prevented recovery of blade moments fo r  the 
coupled analysis so that  no correlation could be made. Work i s  continuing 
on the MOSTAS correlation. 

F&um 52 Cornlation of MOSTAB with Messured. Fliwwise Moments 

Figurn 53. Cordation of MOSTAB with Meawred Chordwise Momtnts 



Tower Motions : MOSTAS-A p red ic t ions  were co r re l a ted  w i t h  motions measured a t  
the top o f  the tower. Co r re l a t i on  o f  the even harmonic content  of tower motion 
was s u r p r i s i n g l y  good, lending some credence t o  the coupled analys is .  The 
measured motions were so low i n  comparison t o  ins t rumentat ion noise leve ls ,  
however, t h a t  genera l i za t ion  about the  accuracy o f  MOSTAS-A cannot be made. 
MOSTAB-B was no t  evaluated. 

Teeter Angle: Co r re l a t i on  o f  t e e t e r  angles p red ic ted  by MOSTAB w i t h  measured 
data was good as shown i n  F igure 5-4. 
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Figure 54. Correlation of MOSTAB with Measured Teeter Angle 
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5.1.2 Development o f  Fat igue L i f e  

Determination o f  f a t i g u e  l i f e  and the development of f a t i g u e  al lowables f o r  a 30 
year  l i f e  i s  being accomplished using the  "p re -ex is t ing  crack" damage to lerance 
approach. This approach assumes the s t a t i s t i c a l l y  determined worst  poss ib le  
defect ,  which could escape de tec t ion  dur ing  f a b r i c a t i o n  and inspect ion,  t o  ex i  s.L 
when the system i s  pu t  i n t o  serv ice.  The growth o f  the i n i t i a l  crack i s  
described by a  crack growth model which employs the s t ress  i n t e n s i t y  concept f o r  
charac te r i z ing  the crack growth. V e r i f i c a t i o n  o f  the crack growth model was 
accompl i shed by t e s t i n g  preflawed specimens under r e ~ r e s e n t a t i  ve s p e c t r ~ m  1 oad 
condi t ions and c o r r e l a t i n g  these r e s u l t s  w i t h  the  crack growth model. The 
p re -ex i s t i ng  crack concept was se lected f o r  analys is  and t e s t  r a t he r  than a 



conventional fa t igue analysis because i t  i s  more representat ive o f  rea l  1 i f e  
and v e r i f i c a t i o n  o f  a conventional fa t igbe analysis by t e s t  would be pro- 
h i b i t i v e  i n  terms o f  cost and schedule because 9 f  the large number o f  tes ts  
requi red. 

Or ig ina l l y  three d i f f e r e n t  crack ~ r o w t h  models were considered: 

Retardation Model -Accounts f o r  1 oad in te rac t ion  e f fec ts  and considered a1 1 
cycles t o  produce crack growth 

da/dn = C ( ~ - R ) ~ ( ( I O M X ) ~ ( K / K O ~ ) ~  

@Threshold Model-Considers only those cycles above the threshold t~ produce damage 
da/dn = 0 f o r  K I K 

tla da/dn = C(~-R)~((Krnax) f o r  K > Kth 

Combined Bodel -Combines the above t o  account f o r  both threshold and load i n t e r -  
act ion e f fec ts  

da/dn = 0 f c r  K 5 Kth 
da/dn = C ( ~ - R ) ~ ( ( K ~ X ) " ( K / K ~ ~ ) ~  f o r  K Kt, 

Ve r i f i ca t i on  o f  crack growth model val i d i  t y  was accor~~pl ished by analyzins .:he 
t e s t  data using the above models and comparing actual w i th  predicted resu 
The combined model provided excel 1 ent  cor re la t ion  between actual and predi L 

resu l ts  whereas tne retardat ion underestimated the l i v e s  of the long term 
tests and the threshoid model underestimated the l i ves  o f  the short  term tests.  
The f i n a l  combined model used f o r  determining fdt igue l i f e  f o r  311 of the steel  
assemblies ( a l l  o f  the s tee ls  are cevered by a i t he r  the ASTM A-6 o r  A-20 speci- 
f icat ions)  i s  as fol lows: 

da/dn = 0 f o r  Y 5 Kth 

daldn = 3 ~ 1 0 - ' ~ ( 1  - R ) ~ *  4(Kma~)3(~max/~o:)2 f o r  K s Kth 

Where: da/dn = crack growth r a t e  i n  inchlcyc le 

R - minimum stress 
maximum stress 

K = stress i n t e n s i t y  
Kmax = maximum stress i n tens i t y  f o r  eacn block o f  cycles 
Kol = maximum stress i n tens i t y  i n  each spectrum 
Kth = maximum stress,  i n t e n s i t y  f o r  which da/dn=O 

(see Figure 5-5) 

The abote combined model was used t o  acalyze the result; from spectrum load tests. 
A comparison of the actual t e s t  stress leve l  and the predicted stress leve l  t o  
produce the t e s t  l i f e  i s  given i n  Figure 5-5.1. A de ta i led  descr ipt ion of each 
load spectrum i s  presented i n  Table 5.1-1. Further substant ia t ion 
o f  the crack growth model was obtained through tests o f  a simulated f i e l d  j o i n t .  
The specimen conf igurat ion and t e s t  rosul t s  are presented i n  Figure 5-6. 
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Figure 5-5. Relationship Between Threshold Stress Inrensrensrt)r and R Ratio 

Test resu l ts  and data co r re la t i on  have been acconpl ished exclus ive ly  w i  t b  base 
metal specimens o r  weld metal specimens which d e w  free o f  detr imental  
residual stresses. To v e r i f y  the a p p l i c a b i l i t y  3 f  the data and crack growth 
model f o r  s t res f  re l ieved weldqents a specimen was produced w i th  an area of 
residual stresses and then stress rel ieved. The rat 'o  o f  actual t o  predic ted 
stress leve l  t o  produce the l i f e  f o r  the specimen was 1.06. The good cor re la t ion  
of actual w i th  predicted behavior for  t h i s  specimen provide add i t iona l  v e r i f i c a t i o n  
of the procedure fo r  determining fa t igue a1 lowable. 

The fat ique allowables were calculated using the cmbinedmodel w i t h  the 
i n i t i a l  f law s ize  defined i n  Table 5- 2 The var ia t ion  i n  assumed i n i t i a l  f law 
s ize re f l ec t s  the i n i t i a l  qua l j  t y  and the a b i l i t y  t o  inspect the m t e r i a l .  The 
lower the i n i t i a l  q u a l i t y  c r  insp?ctab i l i t y ,  the la rger  i s  the assumed i n i t i a l  
flaw tn  increase the chance o f  f i ~ t  13, and decrease the possibi  1  i t y  o f  having, 
a f l zw o f  the assumed size. Thr :la.: sizes used i n  the determination o f  
a: lowables are much greaLer than the detectable size. 
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The crack growth model i s  used i n  conjunction w i th  the assuned i n i t i a l  f law size 
and load spectrun t o  determine the allowable stress f o r  t h i r t y  years o f  operation. 
The allowable stress, for each load spectrum, i s  the maxia#m stress f o r  which the 
predicted time t o  fa i lu re  i s  30 years. Fai lure i s  considered t o  occcr when the 
crack grout3 model predicts that the assuned i n i t i a l  defect has g m  t o  a size 
such that the stress in tensi ty  a t  maxi- stress i s  125 k s i  . The 125 ksi fi. 
value i s  an estimate of the minimum fracture toughness o f  the material a t  -40'~ 
(minimum design temp.) The conservatism i n  the fat igue analysis i s  i n  thc assumed 
i n i t i a l  flaw size and the fact that  the flaws are asstaned t o  ex i s t  a t  the worst 
wss ib le  location i n  the worst wss ib le  orientation, The allowable design stresses 
for Class B welds are presented i n  Figure 5-7. The determination o f  actual fatigue 
l i f e  w i l l  be based on inspection o f  actual material qua l i t y  (flaw size) a t  c r i t i c a l  
locations. 

5.1.3 Stress Analyses 

The MOD-2 Wind Turbine System has been designed t o  operate trouble free for 
a period equal t o  o r  exceeding t h i r t y  years. During t h i s  period o f  time, 
dynamically loaded structures o f  the UTS w i l l  experience a t  least 2.0 x 10 
cycles of loading - the p r i w r y  source o f  osc i l la to ry  loading i n  

Pe 
both the ro ta t ing  and fixed systems (examples - blades and dr ive shaft are i n  



the ro ta t ing systems while the itacelle and tower are i n  the f ixed syst.eii). 
Tke majori ty o f  these load cycles are uf very low mzsni tudc, producing stress2s 
well  below the crack propagat i~n thr-est~olc;. However, the effects o f  low 
wind speed and high wind speed startiips and shutbuns are t o  produce peak 
stresses o f  su f f i c ien t  magnitude and frequency t o  l i n t i t  t i le fat igue l i f e  of 
the affected structures t o  t n i r t y  years. The developmot nf  the design fat igue 
a I lowable stresses f o r  the ant ic ipate t  stress spectrum i s  presented i r, section 5.i.2. 

There are infrequently applied loads which produce stresses thot  are permitted 
t o  exceed those o f  the fat igue allowables. These stresses a::e n9t permitted 
t o  exceea y i e l d  or  buckling stresses, nor 3 r 2  thcy permitted t o  produce 
permanent deformation (see section 4.1.4). 

The f o l  lowing subsections address the stress anal jses perfomed on the various 
structural  elements o f  the MOD-2 L?S and s l r m ~ r i z e  t h e i r  margins of safety. 

5.1.3.1 Oesign Allowable Stresses 

The fol lowing paragraphs out1 ine the basis f o r  determination o f  design a1 low- 
able s tresses. 

Basic Material {Element j A1 l w a b l e  - 
Materials a1 lowables used f o r  comnerci a1 s tanaard components s ha1 1 be based on 
specif icat ions f o r  the American I ns t i t u t e  o f  Steel Construction ( A I S C )  , American 
Society of Mechdnical Enginrets (ASME) and American Society f o r  Testing Paterials 
(ASTM). !+lateris? a1 lowables far special &signed hardware, e. g. ro tor  blade, 
shal l  be Boeing Design and Material A1 lwables presented i n  th is  document. 

Canponefit A1 lowabl es - 
Structural component a1 lowables shal l  be based on appl icabie component tesx data 



cr  analjses . Where required component a1 lowables data are insuf f ic ient  o r  
unsvai lab1 e i n  the industry, the Contractor sha l l  conduct comwnent test ing 
or  analyses as necessary t o  defirw UTS st ruc tcra l  s iz ing a t  the cmponent 
level.  An e~ample of t h i s  i s  the fat igue allonaoles developed as shown i n  
sec t im  5.1.2. 

5.1 -3.2 Blade Stress Analysis 

The stress analyses o; the MOP2 a l l  metal ro to r  blade i s  accanplished t o  a 
great measure, as a suh-routine i n  tk KIETAE cowuter  program. This i s  the 
case f o r  a l l  operating loading conditions. A discussion o f  methodology i s  
presented i n  t h i s  section along wi th a sumnary o f  fatigue a~.d 1 i m i t  loading 
marqins of s r fe ty  presented i n  Figure 5-8. The blade mass d is t r ibu t ion  and 
section properties are shown i n  Figures 5-8.1 t h m g h  5-8.3. 
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F&n 58. Rotor Blade Skin G ~ - M a q i m  of Ssfety o 

A1 i operating and non-operating loading conditions have been defined by 
thorough examination of such conditions. Once h ~ i n g  defined the operating 
coaditivn mean wind and gust velocity, the blade p i t ch  c o ~ t m l  set t ing and 
r c i o r  toruue are detctmi~ed in the Boeing EGSY computer program as r 3 t . w  
t r i m  boundary condi t icb~s. The ro tor  blade loads are determined a t  13 span- 
wise stations, wi th internal stresses ralculated a t  9 lccations wound tce 
perjpnery of each span stat icn. Once the stresses are def i rzd f o r  the nean 
wind and gust cmdi  tiorrs, they are extrap3lated lognoma1 l y  t 9  99.9% and 
93-99,; prct;abi i i t ie; ahich are the design f a t i g i ~e  and design I i m i t  opei-citing 
con4 i tions respectively. The 99.5% probabi li t y  scresses fo r  each wind speed 
are input intc? the fatigue crack growth model, alocg wi th the associated 
number of strosc cycles for each defined condition, f o r  the detelmination of 
the design fatigue allowable stresses (section 5.1.2). 









Fatigue analyses have shown that  approximately 70% o f  the fat igue damage 
produced by a1 1 conditions considered i n  the analyses (steady state, gusts, 
as we1 1 as s t a r t  ups and shutdowns a t  cut - in  and cut-out wind speeds) i s  
a t t r ibuted t o  the so cal led "ground-air-ground" cycle. The ground-ai r- 
ground condition involves the stress extremes experienced throughout the 
start-up, operate, and shut-down period. I n  a1 1 the preliminary design work, 
the maximum stress range predicted f o r  a l l  l?erating conditions (up t o  99.9% 
probabi l i ty  stress levels)  were kept below the design fat igue a1 lowable stress 
level. The r a t i o  o f  the allowable fat igue stresses for d i f fe rent  weld config- 
urations are presented i n  Table 5-2.1. Thc def in i t ion of these weld catemries - " -  - -  
may be found i n  AUS 01.1-79, Structural Welding Code- Steel, Third Edition, pages 
132, 133, and 134. 

Tab1 e 5-2.1 COMPARISON OF FATIGUE ALLOUABLES 

FOR DIFFERENT WELD CATEGORIES 

WELD 
CATEGORY 

ALLOWABLE FATIGUE STRESS 
ALLOWABLE FATIGUE STRESS (FOR "B" WELD) 

Note: 1) A '  i s  for machine base metal wi th RMS of 125 o r  less 

2) A1 1 other weld categories as defined i n  AWS D l .  1-79, 

pages 132, 133 and 134. 

3) Typically, r ibs ,  spanwise and a1 1 welds inboard o f  s ta t ion 

90 are "C" welds and cordwise bu t t  welds (outboard of 

stat ion 90) are "0" welds. 



A1 1 operating and non-operating design l i m i t  stresses were kept t o  leve ls  which 
precluded e l a s t i c  buck1 ing, mater ia l  y ie ld ing,  and permanent deformation. Addi- 
t i o n a l  l y  , the deformations encountered during operat ion were 1 i m i  ted t o  ensure 
adequate blade-tower clearance (See Table 4-59). The fo l low ing sect ion i s  a 
discussion of the panel buckl ing analyses methods used, and the  resu l t s  o f  a f u l l  
scale blade t e s t  which substantiated the conservative nature of the analyses. 

5.1.3.2.1 Panel Buckling Analysis Methods 

Those panel s t ructures loaded i n  compression have been analyzed i n  the c lass ica l  
way; t ha t  i s ,  using the general uat ion f o r  i n i t i a l  buckl ing stress ( i n  the 
e l a s t i c  range) o f  qr = KE ( t /b )?  The panel geometry and edge f i x i t y  are 
used i n  de f in ing  the value o f  the constant K. I t  i s  conservat ively assumed 
i n  a l l  analyses, whether the panel be curved o r  f l a t ,  t h a t  the edge f i x i t y  i s  
"simply supported" (edges are f ree  t o  rotate, but are rest ra ined from trans- 
l a t i n g ) .  Buckling constants, k, f o r  f l a t  and curved panels are shown i n  Figures 
5-9 and 5-10. 

Figure 5-9. Buckling Constant for ~ i a t  Panels (Simply Supported) 

The radius of curvature o f  the blade leading edge box skins incr-eases cont inual ly  
w i th  increasing chord stat ion.  To analyze the skins f o r  buckl ing as simple 
curved panels i t  i s  necessary t o  determine an equivalent constant radius, r . 
To use the maximum radius o f  curvature a t  the in te rsec t ion  w i t h  the f r o n t  spar 
would be too conservative. A reasonably conservative value o f  r was deter- 
mined i n  the fol lowing manner: Using an approximate radius f o r  the panel 
region j u s t  forward o f  the f r o n t  spar, and the known pallel thickness, an r / t  
value was determined. Entering the curves o f  Figure 5-10 w i th  r/t, the value of 



the curvature parameter, b 2 / r m  , was determined a t  the po in t  where the 
curve departs from the hor izonta l  (where K begins t o  increase above the f l a t  
panel value). 

A value b* obtained from the value o f  the curvature parameter so determined 
and the previous values o f  r and t corresponds t o  the minimum panel width a t  
which curvature begins t o  a f f e c t  buckl ing strength. A distance o f  b*/2 was 
measured forward o f  the f r o n t  spar and the equivalent radius o f  curvature, r, 
was determined as the radius o f  curvature a t  t h i s  po in t  from the known sect ion 
geometry. I f  the value o f  r so determined di f fered s i g n i f i c a n t l y  from the 
approximate value used i n i t i a l l y ,  the process was repeated. The po in t  a t  which 
the equivalent radius o f  curvature was taken, according t o  t h i s  procedure, 
was consis tent ly  a t  the approximate 30% chord. To complete the panel buckl ing 
analysis the equivalent panel width b was assumed t o  be equal t o  the distance 
from the f r o n t  spar t o  the leading edge. This width invar iab ly  gives a curvature 
parameter we1 1 up on the i n c l  ined po r t i on  o f  the curves o f  Figure 5- 10, where 
the c r i t i c a l  stress i s  independent o f  panel width and i s  a funct ion o f  the panel 
r/t only. 

I n  accordance w i th  system requirements the i n i t i a l  buck1 i n g  a1 lowable stresses 
sha l l  be 1.35 times the design l i m i t  compressive stresses. The blade s t ruc ture  
has two c r i  t i c a l  1 i m i  t condit ions f o r  compressive stresses; (a)  the emergency 
shutdown condi t ion f o r  the outboard por t ion,  and (b)  below rated wind w i t h  a gust 
f o r  the inboard por t ion.  The tower s t ruc ture  also has two p o t e n t i a l l y  c r i t i c a l  
compression load condit ions: (a)  seismic zone 3 requirements f o r  the upper 25X,  
and ( b )  extreme wind (120 mph @ 30 f t . )  f o r  the next 405. 

Figure 5- 10. Buckling Constant for Curved Panels (Simply Supported) 

5.1.3.2.2 Conservative Oesign Buck1 ing  A1 lowables Confirmed By Test 

A bending t e s t  was conducted on a mid span representat ive blade st ructure,  which 
was t o  i den t i f y  f ab r i ca t i on  problems, as we l l  as t o  be used .as a means t o  evaluate 
the buckl ing analysis previously discussed. The blade sect ion included the 
f i e l d  sp l i ce  j o i n t  (spanwise s ta t i on  360 inches) and a l l  s t ruc ture  outboard 
t o  s ta t i on  780 inches. The specimen had a special bulkhead a t  s ta t i on  780 
t o  accommodate the load-appl icat ion f i x t u r e .  The inboard end was attached t o  s 



strongback, wi th the blade's chord plane para l le l  t o  the ground. The applied 
loads a t  stat ion 780 were i n  such a combination o f  transverse shear and couple 
loads as t o  make compression panels a t  both stations, 400 and 670, buckling 
c r i t i c a l  a t  the same time. (See Figure 5-11.) 

Figure 5- 1 1. Buckling Test Conditions 

The t es t  results have valfdated the conservative nature o f  the analyt ical  model, 
since the specimen was tested t o  148% o f  the predicted ult imate strength of one 
of the c r i t i c a l  panels, without buckling. These resul ts are sumnarized i n  
Table 5-3. 

Tabls 5-3. Buckling Test ResuItz 



5.1.3.3 Drive Train Analyses 

5.1.3.3.1 Teeter Trunnion/Low Speed Shaft Analysis 

The MOD-2 KTS has a teeter ing r o t o r  blade which p ivot  . .3out, and i s  connected t o  
the trunnion o f  the low speed shaf t  by two pa i r s  o f  * ,L;tomeric r a d i a l  and th rus t  
bearings. The low speed shaf t  i s  essent ia l l y  s i ~ p l ;  .nported w i th in  the nacel le  
by two large spherical r o l l e r  bearings. The q u i l l  s. ,df t ,  which connects the low 
speed shaf t  t o  the gearbox, provides l i t t l e  i f  any bending ro ta t i on  r e s t r a i n t  
because o f  i t s  r e l a t i v e l y  low bending s t i f fness .  

The primary operating loads on the t r u ~ n i o n / l o w  speed shaf t  are r o t o r  thrust ,  
r o t o r  weight, and r o t o r  torque. The teeter ing motion o f  the r o t o r  blade does 
impose per iodic bending loads i n  the shaf t  because o f  the tors ional  spring ra te  
o f  the rad ia l  elastomeri c trunnion bearings. However. teeter ing angles at-e 
o r d i n a r i l y  low and increase w i th  k i n d  cross-flow angie. Also, the phasing o f  
the one-per-rev teeter ing loads are 90° ou t  of phase w i t h  the one-per-rev weight 
( r o p r )  moment affects, since teeter ing moments are a maximum about a v e r t i c a l  
ax is  whi le the weight moment i s  maximum about a horizontal axis. Wind cross- 
flow w i l l  a l t e r  the tee ter  moment phase angle r e l a t i v e  t o  the weight moment. 
Rotor th rus t  i s  a function of wind speed and under steady wind condit ions i s  a 
maximum a t  rated wind speed. 
The design non-operating loads are dead weight loads and extreme wind, whi le the 
design l i m i t  operating candi t ion loads are de?dweight, over-torque, and corres- 
ponding r o t o r  thrust.  

The stress analyses o f  the low speed shaft ,  i n  general, i s  based on the ordinary 
assumptions o f  plane sections remaining plane. However, +',e trunnion shaf t  and 
t h a t  por t ion  o f  the low speed shaf t  throuoh which the trur - ion shaf t  passes, are 
rather  complex, and a f i n i t e  element ar,lysis using NASThAN was performed on 
these structures t o  bet te r  define the s ta te  o f  stress i n  them. The resu l ts  
o f  these analyses are shown i n  Figures 5-12 and 5-13. 

1rm'- 

Faun) 5- 12: Drive Train 



S. 1.3.3.2 Qui ll Shaft A ~ a l y s i s  

The q u i l l  shaf t  i s  bas ica l ly  a torque t ransmit t ing device. but by the  nature o f  
i t s  to rs io r  31 spring rate, i t i s  a lso used t o  minimize the v ib ra tory  toques  
which go i n t o  the gearbox/generator systems. Thus most of the two per rev 
c o r i o l i s  torques a r iq ing  i n  the r o t o r  due t o  the one per rev tee ter  motions, 
as we1 1 as the two per rev aerodynamic r o t o r  torques, are reacted as i n e r t i a  leads 
'n the ro tor .  

Bending loads do e x i s t  i n  the qui 11 shaf t  due t o  the bending o f  the low speed 
shaft under the r o t o r  weight, as nel: as the q u i l l  snaf t  bendina under i t s  own 
weight. The c r i t i c a l  design loads and the associated strength mdrgins o f  safety 
are presented i n  Figure 5-14. I 

The generator and gearbox stress analyses have been performed by the sub- 
contractors supplying them, and w i l l  be procured and tested t o  SEC 
specif icat ions. 

5.1.3.4 Nacelle 

The naceile s t ruc tura l  coqfiguration i s  shown i n  Figur t  5-15. Nacelle de, ign 
loads ar ise  pr imar i l y  f r  - -  ,he dead weight o f  the r o t o r  and dribe sys\em components, 
as wel l  as i t s   ah,^ dead height  and are shown as Figure 5-16. The r o t o r  th rus t  
l r ~ d  remairs f a i r l y  :ocal t o  the a f t  Ppport bearing, feeding almost d i r e c t l y  





i n t o  the nacel le s t ructure around the yaw bearing. The d r i ve  shaft r o t o r  torque 
!s reacted loca l  t o  tne gearbox and i t  too feeds d i r e c t l y  i n t o  the yaw bearing. 
Lateral loads (yaw d i rec t ion)  on the low speed shaft, a r i s i n g  from the r o t o r  
during operating as we1 1 as non-operating candi t ions do inpose l a t e r a i  loads 
i n t o  the 1ow.speed shaf t  support bearing, thus, producing l a t e r a l  bending as 
wel l  as tw is t ing  o f  nacelle, forward o f  the yaw bearing. This l a t e r a l  bending 
i s  reacted by the yaw d r i ve  s t ruc t l rn ,  feeding through i n t o  the tower 

The nacel le s t ructure has been modeled f o r  analysis us in^ NASTRAN f i n i t e  element 
procedures. Rotor leads are fed through the shaft 
support bearings i n  the nacel le structure, and seisrnlc zone 3 i n e r t i a  lcads are 
imposed on the nacel le  loca l  t o  each o f  the d r i v e  svstem components. A sunwry 
o f  element maqins o f  safety are presented i n  Figure 5-17. based on the NASTRAN 
analyses and strength allowables from A I S C  and BEC speci f icat ions.  

The tower st ructure consists o f  a 120-inch 0.0. cy l inder  jo ined t o  G conical 
base by a short  hyperbol ic t r a n s i t i o n  section. Tower wal l  thickness varies 
frmi 1 1/8 inches i n  the t rans i t i on  region t o  1/2 inch near the top i n  1/8 inch 
increments. Due t o  handling ccnsiderations a maximum D / t  o f  300 was permitted, 
thus establ ish ing minimum gages o f  1;2 inch a t  the top and 7/8 inch a t  the base. 

The c r i t i c a l  load conditions a f fec t i ng  tower design are the extreme wind 
condit ion a ~ d  fatigue under startup/shutdoun load cycles. Fatigue governs 
from the t rans i t i on  region, near elevat ion 500 inches, t o  approxi~~late ly  900 
inches elevation. Above 900 inches t o  approximatsly 1600 inches, the extrere 
wind condit ion i s  the c t - i t i c a l  design condition. Above 1600 inches the minimum 
Sage i s  1/2 inch. Wall thickness i n  the conical base, where stresses decrease 
rap id ly  due t o  increasing diameter, i s  stepped down t o  the minimurn gage of 
7/3 inch. Stresses due t o  zune 3 seismic loads were also examined but d i d  not 
control  any par t  of the tower design. 



Figure 5- 18. 
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Figure 5-18 shows the tower wall  thicknesses required vs elevation f o r  the three 
load conditions mentioned compared t o  the actual tower design wall thickness. 
Step changes i n  wall thickness were located so as t o  maintain a minimum safety 
margin o f  approximately 15 percent f o r  the c r i t i c a l  load condition, wi th 
minimu gages o f  l / 2  inch a t  the top and ?/8  inch a t  the bottom. 

Tower wal l  stresses were determined by elenentary methods from t m s r  bending 
moments and axia l  loads except f a r  deta i ls  near ths top where a tiASTRAN analysis 
was made, and f o r  the t rans i t ion region where a BOSOR4 analysis was made t o  
determine local tending and d iscmt inu i  t y  stresses. S ta t i c  a1 lowable stresses 
used i n  estabiishing required wall  thicknesses were determined according t o  the 
AISC specif icat ions f o r  members subject t o  combined ax ia l  ccnpression and 
bending. Fatigue a1 lowable stresses were determined i n  using es tab- 
1 ished f racture meckan ;cs procedures. Local buck1 ing of the tower 1 
was evaluated using buck1 ing a1 lowables from b e i n g  design experience. 

Tower system frequency s f  1.37 per rev was determined using a NASTRAN beam 
model w i th  r i g i d  body nacelle and ro to r  rass represeiltation. This value i s  
wel l  w i th in  the permissible range o f  1.20 t o  1.47 per r e v  established by 
acceptzble dynamic response l im i t s  t o  i per rev and 2 per rev exci tat ion forces. 

5.1.4 Load and S tab i l i t y  Analyses 

A l l  load and s t a b i i i t y  conditions that  could impose c r i t i c a l  st ructural  loading 
i n  the !%ID-2 WTS have been investigated and are l i s t e d  i n  Table 5-4. Each 
study was carr ied t o  the depth necessary to provide adequate structurai  strenath 
wi th in  the operating envelope. The c r i t i c a l  load conditions f o r  each canponeat 
o f  tne 'rJTS are s u m r i z e d  i n  Table 5-5. 

Table 54. Load and Stability Conditions 
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5.1.4.1 Normal Operating toads 

The s t ruc tsra l  !oads during ncjrmal operation were obta i r l~d  ucing the WO5TP.B 
conputer code as modified by being.  Thcre :-esultc, ;~rovide a trimred 
solut ivn that  reflec~s teetering, coupled blade v i o r a t i m  modes, actuatcr 
s t i f f n e ; ~  and a non-linear wind grad imt .  This gradient was specif idd 5y 
WSA (see Appendix B)  and fur ther modified t o  correlate w i th  wind tunnel tes-2 
data. A ~ v p i c a l  NOSTAB generated b l z d ~ )  flapwise bendins mcment di$tributio;! i s  
shown i n  Figure 5-19. 
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Figure 5- 19. Typicid Blade Load Distribution 



A post-processor abd:c,C.r t o  MOSTAB was develcped t o  include teeter bearing effects, 
calculate proper i i  time-phased cmbirled loads and give internal  blade stresses 
a t  31 1 desi red blade locations. Additional computer output provides teeter 
sk i f t ,  dr ive t ra in,  yaw mechanism, bearing and tower loads. Based on MOD-0 
experience, d e s i ~ n  level loads are obtained from g i ~ s t  c r i t e r i a  that  calculates 
loads t o r  t o th  the no j u s t  (steady wind) and 1 Q gust (84 percent i le)  a11d then 
extra+olates them lognormal l y  t o  higher gust levels. Specif ical ly , fatigue 
loads and l i m i t  loads are taken a t  the 99.9 and 99.99 percenti fe gurt  levels 
respectively. I l l u s t r a t i v e  gust loads a t  a par t icu lar  blade s ta t ion a re  shown i n  
Fig. 5-20. F i rs t ,  the var ia t ion of blade load w i th  steady wind s m d  i s  given; 
then, loads resu;ting from impositions o f  both pos i t ive  and negative gusts are 
superimposed on the steady wind curve a t  selected wind speeds. Below rated wind 
speed (28 mph) the blade p i t ch  i s  f ixed and large increases i n  loads due t o  gust 
occur. When the effect ive wind speed exceeds the rated value the blade t i p  p i t ch  
control system i s  activated reducing the gust loads. The most severe loads occur 
a t  16.5 mph wi th  a 1 irni t load gust producing the maximum blade loading before r e l i e f  
i s  provided by contml  system actuation. 

Thorou~h load analyses o f  the ro to r  i n  the parked condition were made t o  ensure 
that  a71 possible combinations o f  extreme wind d i rec t ion and ro to r  ~ r i e n t a t i o n  
were cons i tiered. 

5.:.4.2 Operating Fault Loads 

A number of operating f a u l t  rortditions wre analyzed based on the FMEA studies. 
The rat ionir l? f o r  those cond i t i o r i~  was that  they restil ted from a single unique 
e;ectuical o r  mechanical fault ,  i> ; i i a t !  rig an emergency shutdown. 

Fault Conditiccs: ?h? foi lowing fau l t  conditions were considered: 

1. Loss o f  e l e ~ . t ~ i - , a l  :oad 
2. Control sysrem +na'lftlnction ( 1 .5  x rated power) 
3. Otie ti p f almefl 
4. One t i ?  cpxtroi l o s t  
5. I nadve-tsn t brak i ng 

?os: t,t e lec t r i ca l  igad was considered the c r i t i c a l  f a u l t  because o f  the possib- 
i 1 i ty ~i a rotor  runawzy conaf t ion. The other fau l t  conditions are sensed by 
tn? cof?tro: system ar an emergency feather i s  i n i t i a t e d  wi th the generator 
.;:iii on l ine.  The e lec t r i ca l  load i s  dropped only when the aerodynamic ro to r  
torque i s  rlduced t n  an accsptabie low level eq~ivalent t o  125 kW, 

;nut dmn analyses were performed t o  determine feather rates t o  l i m i t  overspeeds 
witr-out i n t r ~ d u c i n g  excessive b i 3 ~ e  loads. I t  was found that feather rztes i n  
the range of 4-6 degrees per second were suitable. 
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Figure 5-20. Blade Loads Due to Gusts 
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RESULTS : 

Overspeed - Rotor overspeed resu l t i ng  from loss o f  e l e c t r i c a l  load was less than 
15 percent. A t yp i ca l  overspeed h i s to ry  vs co l l ec t i ve  p i t c h  angle i s  shown 
i n  Figure 5-21. Dropping the e l e c t r i c a l  load a t  125 kW d i d  not  r e s u l t  i n  
an overspeed condi ti on. 

Blade Loads - Aerodynamic braking during emergency feathering resul ted i n  c r i t i c a l  
reverse f l a p  bending blade ioadc. p a r t i c u l a r l y  i n  the t i p  section. The 
loads produced c r i t i c a l  compressicn buck1 i ng stresses i n  blade sections 
normally under tension. Ult imate and fatigue stresses due t o  emergency 
shutdown have been considered i n  the blade design. 

Control system malfunction a1 lows the power (and blade loads) t o  increase 
before a backup power sensor t r iggers  an emergency shutdown. I n  order t o  
l i m i t  blade loads, an emergency shutdown i s  t r iggered when the power reaches 
150 percent o f  rated. Blade loads during t h i s  condit ion are on the order 
of normal operating loads inc luding gusts. 

P i tch  Actuator Loads - P i tch  actuator torque during emergency shutdown i s  
i l l u s t r a t e d  i n  Figure 5-22. The actuator torque was found t o  reverse sign 
during shutdown, peaki rig approximately a t  the time o f  maximum aerodynamic 
braking. The p i t c h  actuator torques were found t o  be sens i t i ve  t o  cen t r i -  
fugal effects induced by blade bending, blade center o f  g rav i t y  l o c ~ t i o n  
w i th  respect t o  the p i t c h  ax is  and co l l ec t i ve  p i t c h  posi t ion.  Adequate 
torque capabi 1 i ty was designed i n t o  the p i t c h  actuator over i t s  operating 
range. 

Nacelle and Tower Loads - Not C r i t i c a l  

COI%CLUSIONS: C r i t i c a l  blade loading conditions r e s u l t  a t  emergency feethering 
i n  response t o  an operating f a u l t  condit ion associated wi th loss o f  e l e c t r i c a l  
load. Feather rates o f  4-6 degrees per second l i m i t  overspeed and blade loads t o  
acceptable levels.  
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5.1.3.3 Hand1 i ng and Transportation Loads 

No loads imposed by hand1 i n g  and t ransportat ion w i l l  design any por t ion  o f  the 
MOD-2-iJTS. 

5.1.4.4 System Frequencies 

MOD-2 system natura l  frequencies are separated from forc ing  frequencies and other  
system natural  frequenci3s i n  order t o  avoid resonances, which could cause cor- 
responding high forces and def lect ions. Forcing frequencies f o r  the two-bladed, 
teetered MOD-: design occur p r imar i l y  a t  one per rev. and a t  even mu1 t i p l e s  of 
ro ta t i ona l  frequency, which i s  nominally a t  17.5 rpm. The tower and foundation i s  
designed so t h a t  the fundamental bending frequency o f  the coup1 ed rotor/nacel l e /  
twer / foundat ion  system i s  greater  than 1.2 per rev and less than 1.4 per rev. 
The lower l i m i t  i s  chosen t o  avoid possible coincidence w i t h  1P exc i ta t i on  and 
the upper l i m i t  t o  keep 2P dynamic ampl i f icat ion under un i ty .  The to rs iona l  
frequency must not be coincident w i th  fundamental system bending frequencies o r  
even mul t ip les of the ro to r  speed. The tower meets these requirements by having 
a f i r s t  coupled system mode o f  approximately 1.3P (on firm s o i l  ) and a f i r s t  
tors ional  frequency o f  5P. 

The frequency requirement for  the blade i s  t ha t  a l l  natura l  frequencies be se- 
parated by 0.25 cyc les l rev from a l l  in teger  ml t i p l e s  o f  r o t a t i n g  frequency an4 
by a.5 cycleslrev from a l l  even mul t ip les  o f  r o t a t i n g  frequency. The steel  blade 
meets these requirements and avoids other system frequencies by having a f i r s t  
flapwise frequency of 2.7 cycles/rev, and a f i r s t  chordwise frequency o f  7.5 cycles/ 
rev. 

The d r i ve  t r a i n  avoids forcing frequencies and other  system natura l  frequencies 
by having an an- l ine f i r s t  to rs ion  frequency a t  0.5 cyc les l rev.  

5.1.4.5 F l u t t e r  and Divergence 

F l u t t e r  and divergence studies were made t o  ensure t h a t  both blade t i p  spindle 
and p i t c h  contro l  actuator s t i f fnesses were s u f f i c i e n t  fo r  t rouble free WTS 
operation. Results ind ica te  tha t  s t a t i c  divergence i s  not a problem and tha t  
there i s  a t  leas t  a 50'; overspeed margin f o r  f l u t t e r .  

5.1.5 Wind Character ist ics 

The wind environment used fo r  s t ruc tu ra l  analysis i s  comprised o f  the f o l  lowing 

1 ) a steady wind niodel f o r  a reference e:evation 
2 )  a wind s h ~ a r  model 
3 )  a turbulence model 

5.1.5.1 Steady Nind Model 

The annual d i s t r i b u t i o n  o f  steady wind a t  the reference height o f  9.1 IV (30  f e e t )  
i s  g i ven  by the f o l l ow ing  #e;bull d i s t r i b u t i o n :  



where P(v zVp) = probabi l i ty  tha t  Yz Vp 

V = steady w i  nd speed, m/s 

Vp = prescribed value o f  V 

Zr = reference !ieight = 9.1 m (30 f t . )  

5.1.5.2 Wind Shear Model 

Wind turbine5 operate i n  the atmospheric boundary layer uhere wind shears 
are caused by the tendency o f  the wind t o  be slowed down near the ground due t o  
surfarc roughness. The tendency t o  slow down i s  increased as the obstructions, 
or ground characterist ics are increased i n  size. 

The wind shear may be expressed i n  an exponential form. It has been comnon t o  
characterize s i  tes w i  t h  one exponent regardless of wind speed. However, recent 
meteorological studies show that  the exponent, a , i s  increased w i th  decreasing 
wind speed as shown f o r  seve~*al s i tes  i n  Figure 5-23. The increasing exponent 
increases the wind veloci ty more rapidly wi th elevation. Wind gradients a t  
several wind veloci t ies are shown i n  Figure 5-24. The use o f  a variable exponent 
was recormnded i n  NASA PIR's 70 and 73. 

1 2 4 6 8 10 20 40 60 W 100 200 

Wind 8 p a d  u mfmma hoight (zr- 30 ft) V,(mph) 

Figure 5-23. Wind Speed Venus Expcinent 



W i  rprd - V (mph) 

Figure 5-24. Wind GradRnts 

Steady wind speeds a t  e leva t ions  o ther  than the  re ference he igh t  o f  9.1 in 
(30 f t . )  a re  g iven by the power law: 

where V = steady wind speed a t  e l eva t i on  

'Z r = steady wind speed a t  re ference he igh t  Zr = 9.1 m (30 f t . )  

where Zo = surface rocghness length = 0.05 m (0.16 f t )  

V, = emp i r i ca l  homogeneous wind speed = 67.1 m/s (150 mph) 

5.1.5.3 Turbulence Model 

Turbulent wind v e l o c i t i e s  are funct ions o f  steady wind speed, e levat ion,  
frequency, and d i r ec t i on .  A t  the reference e l eva t i on  and a given wind speed, 
the turbulence i s  a Gaussian random process w i  t h  turbulence i n t e n s i t y  (i . e . ,  
standard dev ia t ion  of t u rbu len t  v e l o c i t y )  g iven by: 



where atr = turbulence i n t e n s i t y  a t  reference height, m/s 

and subscripts x, y and 2 denote the longi tudinal ,  l a t e r a l  and v e r t i c a l  
d i  r e c t i  ons, respect ively.  

The long i tud ina l  turbulence spectrum a t  an a r b i t r a r y  e levat ion i s  given i n  
terms of the turbulence i n t e n s i t y  a t  the reference e levat ion by: 

where 2 $x = long i tud ina l  component o f  turbulence spectrum, m /sec 

n = c i r c ~ l a r  frequency, Hz 

= reduced frequency = n z/ v 

Simular equations apply t o  the l a t e r a l  and v e r t i c a l  components with: 

v = steady wind speed (ds) i t  elevat ion ( z )  

The long i tud ina l  turbulence i n t e n s i t y  a t  any e levat ion i s  ca1c":ated by: 

where the frequency range(nmin s n c- nmax ) encompasses the s i gni - 
f i  cant response frequencies o f  the wind turb ine system. S i m i  1 a r  equations 
apply t o  the l a t e r a l  and v e r t i c a l  turbulence i n tens i t i es ,  ay and cZ , 
respect ive ly  . 
The upper frequency l i m i t ,  nmax, f o r  a teeter ing r o t o r  system i s  set so t ha t  
high-frequency (smal i extent) turbulence may be disregarded. The 1 ower f re -  
quency l i m i t ,  "in , f o r  a system having blade p i t c h  cclntroi i s  se t  so tha t  
low frequency ( la rge  extent) turbulence may be disregarded. 

The upper frequency l i m i t ,  %ax, .  i s  tha t  which corresponds t o  the d iscrete 
gust bqving a c i r c u l a r  c: oss-section which engulfs 50 percent o f  the d isc 
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dia.neter w i th  50 percent correlatio; across the separation d is t rnce  D/2.  A l l  
gusts having frequgfci2s less than max are conservatively assumed t o  engulf 
the e n t i r e  ro to r .  max i s  calculated by sc lv ing  the fol lowing equation f o r  
the coherence function, which mezsures the frequency - dependent cor re la t ion  
o f  two wind ve loc i t i es  separated by a distance A i n  the d isc plane: 

R = exp - ( K ~ A / V ~ , )  

The coherence decay rate, K, i n  the coherence function i s  given i n  terms of the 
steady wind speed. f o r  speeds less than 27 m/s (60 mph) by 

~ = a b  - b ~  2 r r 

w i t h  
a = 0.37 (m/s)-l 

b = 0.005 (m/s)-2 

The resu l t i ng  equation f o r  'max i s  

The lower frequency l i m i t ,  , i s  computed from wind turb ine dynamic resuonse 
analysis as being tha t  which corresponds t o  a d iscrete gust which produces a 

var ia t ion  i n  r o t o r  torque less than 5 percent from i t s  steady - s ta te  value. 
The d iscrete gust i s  assumed t o  be given by 

Vmin( t )  = + 2 amin 
where 

# 
i f  the bl'ade p i t c h  contro l  system i s  not operating f o r  a pa r t i cu la r  wind speed, 
nmin i s  se t  equal t o  zero. I f  nmin exceeds nmmax f o r  a p a r t i c u l a r  wind specd, 
the e f fec ts  o f  wind gusts may be negiected. 

The longi tudinal  gust amplitude has the Gaussian d i s t r i  bu t io  : 

where A = amp1 i tude o f  gust, n/s 
Ap = pa r t i cu la r  value o f  A 
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S i m i  l z r  equations apply for the la te ra l  and ver t ica l  anpli tudes, Ay and Ar, 
respectively . 
Discrete gusts are assumed t o  engulf the en t i re  ro to r  disc, and t o  have the 
shape and period given by 

where 
1 

T = Zin 

and Tx i s the r a n  wind speed. 

The turbulence frequency, n, i n  the above equation i s  detemined assuming a 
n a r r w  band representation of the turbulence as follows. If there i s  a system 

n natural frequency i n  the range nmi s n s px , n i s  set equal t o  that  
s y s t e ~  frequency. If m system natural frequency i s  present i n  tk frequency 
range of interest, an equivalent frequency i s  determined from the following 
relationship: 

5.1.6 Haterial Selection 

5.1.6.1 WTS Rotor Blade 

A program established t o  evaluate the various material options for the ro to r  
blade was i n i t i a t e d  wi th a large 1 i s t  o f  candidate materials as suggested by 
the b e i n g  Materials and Processes Staff.  The minimum requirements f o r  the 
material selection were established as shown i n  Table 5-6. 

This l i s t  was reduced t o  s ix  candidate materials as shown i n  Table 5-7 along wi th 
the pert inent technical data. It should be noted tha t  i n  t h i s  f i e l d  of candidate 
materials. the use o f  materials using copper, or  wi th copper added, was 
considered at t ract ive f o r  weathering corrosion protection. However, during the 
review o f  the above materials, i t  was concluded that  copper introduced i n t o  the 
steel may resu l t  i n  large scatter i n  the Charpy impact results, crevice 
corrosion, and surface p i t t i ng .  It was also determined that  A-588 steel i s  
worse from a , l i t t i n 9  corrosion standpoint than A-572 o r  A-633 steel without 
copper. I n  addition, A-588 would be subject t o  crevice corrosion painted o r  
unpainted, while A-572 and A -633 would be less susceptible under the same 
conditions. Hence, none o f  the materials selected shal l  be a copper bearing steel. 

As a resu l t  o f  t h i s  investigation, A-633 Grade A and A-572 Grade 42, Type 1 o r  
Type 2 meet a l l  engineering requirements and can be used interchangeably when 
riaanufacturing the rotor. The f i n a l  selection o f  a baseline ro t c r  blade materiai 
was made on cost and ava i lab i l i t y .  



b The clean material c r i t e r i on  necessitates the use o f  desulphurized 
steel f o r  the reasotis noted below: 

Strength 

Uanufacturi ng 

Qual i ty  Assur. 

Materiel . 

Reduces Inclusion Sizes 
Lowers Risk o f  Unacceptable Flaw 'izes 

Spherical Shaped Inclusions 
A1 lows Acceptance o f  Larger Inclusions 
Allows Elimination o f  Angle Seam Ultrasonic Inspect. 

7 

Yield Strength 
Ducti 1 i t y  
Reasonable Charpy @ 

Good Ueldabi l i ty  
Min. Bend Dia. 

Clean Hater ia l  D 
Material for  Lowest 
L i f e  Cycle Cost 

.Cleaner an3 tkre Homogeneous Ehter ia l  
Reduced Melding Repairs 
Better Formabi 1 i t y  

36,000 PSI tlin. 
16% Min. Elongation 
-400 F. 

3 t  Min. 

 improved Mechanical Properties 
Improved Charpy Values 
Improved Ducti 1 i t y  
Improved Short Transverse Properties 

ASTM A572 GR 42 Type 1 o r  Type 2 and ASTM A-633 Grade A steels were the subject 
o f  queries t o  steel m i l l s  f o r  prices, del iveries and comnents on the re la t i ve  
avai l ab i  li t ies  through local steel service centers (Distr ibutors) .  

As the m i  11s w i  11 cost various requirements considering variables such as 
widths and lengths, they were requested t o  use 112 inch x 120 x 420 wi th 
50,000 pounds quantity as a base. A1 though these prices may not r e f l e c t  exact 
MOD-2 procurement costs, they are sat is factory f o r  the selection o f  materials 
on the same basis. The prices and extras are as follows: 

ASTM A-572 

Base Cost 6 .2110/Lb. 
Normal i r i n g  .044</Lb. 
Low Sulphur .029/Lb. 
Charpy .0125/Lb. 
Ultrasonic .035/Lb. 
Bend Test iio Charge 

ASTN A-633 

6 .2445/Lb. 
Included Above 
.02E/Lb. 
.0125/Lb. 
.035/Lb. 

No Charge 

TOTAL S .332/Lb 5 .32i/Lb. 
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The current m i  11 lead ti= o f  each material  i s  approximately seven (7 )  
weeks a f te r  contract award t o  the shipping date from the m i l  1s. (One 
m i l l ,  Anco, quoted 10-12 weeks.) Neither material  i s  avai lable i n  loca l  
d i s t r i b u t o r  stocks due t o  the low sulphur requirements but, i f  sulphur were 
not  considered, the A-572 would be somewhat more avai lable. 

ASTM No. . 
A-537 

4672 

A-572 

AS88 

A433 
i 

The above costs do not  include cost o. t r a n s p r t a t i o n  from the East Coast m i l l  
t o  Seattle. Tnese costs would be $.0575/Lb. f o r  weights from 40,000 t o  
90,000 pounds per shipment, $.037A per pound f o r  90,OO t o  120,000 pounds and 
5.0362 per pound f o r  over 120,000 pounds. 

As a r e s u l t  o f  t h i s  study, ASTM A-633 Grade A s tee l  has been seiected f o r  
MID-2 r o t o r  blades. This select ion (over A-572) i s  made on the basis of cost, 
since avai l a b i  1 i t y  and material  character is t ics are essential  l y  equal. However, 
A-572 Gr 42 i s  considered t o  be a su i tab le  opt ional material .  

G d e  

- 

GR42 

GR42 
+Cu 

GR A 
a B  
GR A 
=B 

+ C u  

5.1.6.2 UTS Tower 

The material  se lect ion data f o r  the WTS r o t o r  was a lso reviewed f o r  a p p l i c a b i l i t y  
t o  the tower. The material  se lect ion c r i t e r i a  for  the tower are the same as 
f o r  the r o t o r  blade wi th  the 'exception o f  the Tensile Yie ld requirements. 
Sinco a substant ial  por t ion o f  the toner i s  designed by maximum tension stress, 
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i t  i s  necessary t o  have a minimun y i e l d  strength o f  50,000 ps i  (allowable 
working stress = 0.6 x Fty). Since ASTM A-572 G r  50 meets the Tensile Yield 
Strength o f  50,000 p s i  and the other engineering requirements, i t  was chosen 
f o r  the tower material. 

5.1.6.3 ' f l S  Nacelle Primary Structure 

The material select ion data f o r  the UTS ro tor  blade was reviewed for appl icab i  1 i t y  
t o  the Nacelle. The structure i s  not subjected t o  a severe fatigue environment 
and most members are designed t o  an allowable working stress s im i la r  t o  the tower 
( i n  accordance wi th the AISC Specification). 

Since the design uses structural  steel members i n  an assorWent of r o l l ed  steel 
shapes, i t  i s  desirable t o  use an econmical and read i ly  avai lable material 
i n  ex is t ing avai lable shapes. For t h i s  reason ASTH A-36 steel has been chosen 
f o r  the Nacelle Primary Structure. 

5.2 CONTROL ANALYSIS 

The analysis of the bla& p i t ch  control system was accomplished by u t i l i z i n g  
a d i g i t a l  sinula+ion of the WTS longitudinal torsional dynamics and control 
a lgor i  t b .  

5.2.1 Simulation Description 

The simulation was b u i l t  using the "Easy 5" program, a versat i le  user oriented 
simulation program capable of h ighly detai led dynamic elements and automated 
analysis techniques. 

"Easy 5" consists o f  two sub-programs. The model sub-program allows the 
user t o  assemble a model of the dynamic system to  any degree desirable. 
Many elements of the dynamic system were programned using "Easy 5 standard 
components". These "standard components" are general i zed subroutines that  
model various dynamic elements by a1 lowing user input of spring constants, 
damper constants, i ne r t ias  and specif ic characterist ics of elements such as 
generators and regulators. If a standard component d id  not exist ,  the element 
was modeled wi th  fortran statements and equations. The analysi s subprogram 
of "Easy 5" allowed calculat ion and presentation of some o f  the fo!loning 
analyt ical  methods; s t a b i l i t y  matrix, root  locus, frequency response, 
stabi li t y  margins, state vector f o r  steady operations, and eigenvaiue sen- 
s i  t i v i  ty. 

WTS start-up, below rated wind operation, t rans i t ion between modes, and above 
rated wind operation were analyzed whi l e  developing the control algorithms 
required t o  minimize system disturbance torques and maximize power production. 

5 . 2 . 2  Pitch Control System Design 6031s 

This system i s  designed t o  meet the following requirement of the WTS System 
Specification: 

a. Below rated wind speeds the control subsystem shal l  maintain discrete 
blade t i p  p i tch angles f o r  selected wind speed bands f o r  optimum 
eff iciency. 

b. A t  and above rated wind speeds, the control subsystem shal l  regulate 
blade t i p  p i tch angle t o  maintain rated power output i n  the presence 
of steady state and gust wind conditions. 



The gust condit ion used i s  a MOD-2 WTS "Design Gust" (Vw 2 28% and 413.8 sec 
durat ion) which was developed from the wind gust c r i t e r i a  spec i f i ca t ion  i n  
sect ion 5.1.5. It i s  deiermined by s t a t i s t i c a l  operations a f t e r  t runcat ion 
o f  the pmrer spectral density curve o f  expected gusts across the 300 foot 
diameter r o t o r  t o  include only gusts below 20 seconds. Truncation of gusts 
longer than 20 second i n  durat ion was based upon the assumption t h a t  the 
blade Pi tch Control System would hold gust tcvque increases a t  the generator 
t o  5% o f  the t o q u e  (Tr)  a t  rated power production. A "Load Gust" of Vw 2 
45% and 20 second durat ion i s  the truncat ion po in t  f o r  which the 1.05 Tr  
asswpt ion was made. 

The dr ive  t r a i n  and generator character is t ics are such tha t  the absolute max 
imum t o q u e  acceptable i s  1.5 Tr. Therefore, the "Design Gust" (Vw 2 28% 
(3 13.3 sec) must produce e 1.5 Tr  a t  the generator. However, the gust pro- 
f i l e  speci f ied has (1-cos) character is t ics and the gust onset fo r  the "Load 
Gcsti' and the "Design Gust" are nearly indis t inguishable icrr the f i r s t  s i x  
seconds. 

5.2.3 WTS Model Description 

A funct ional block diagram of the MOD-2 U S  tors ional  dynamics as simulated i n  
"EASY 51" i s  shown i n  Figure 5-25. Each block i s  sumnarized i n  the fo l lowing 
paragraphs. 

I 
I a 
I Y 

I 
I I 

Fwre  5-25. MOD-2- 107 "'Easy"Simu1ation Block Diagram 

5.2.3.1 Rotor Model 

Torque on the r o t o r  due t o  wind inputs was calculated as a funct ion o f  wind 
speed, r o t o r  ra te  and Cp. The equation and elements are: 
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wtlere: Tw = Torque extracted from wind ( f t - l b )  

C,, = Coeff ic ient of power (variable) 

P = A i r  density (s lug/ f t3)  (Constant) 

Vw = Mind speed ( f t l s e c )  (var iable)  

R = Rotor radius ( f t )  (constant) 

Q~ = Rotor r a t e  (RADlsec) (**ar iable) 

5.2.3.2 Mechanical Dynamics 

The WTS mechanical dynamics were modeled using two di f ferent  ro ta t i ng  rates; 
17.55 RPM (1.8379 rad/sec) for the blade, hub, q u i l l  shaft and transmission 
f ron t  end and 1800 RPM (188.4956 rad/sec) fo r  t he  transmission backend. high 
speed shaf t  and generator. The qui 11 shaf t  i n e r t i a  was small so i t  was 
d is t r ibu ted between the  hilb and transmission iner t ias .  Also, the high speed 
shaft canplaince was ignored and i t s  i n e r t i a  was lumped w i t h  the generator 
and transmission iner t ias .  

The f i xed  blade f i r s t  mode natural frequency o f  the r o t o r / q u i l l  shaft  i s  the 
dominant mode o f  the d r i ve  t ra in .  The conf igurat ion o f  the MOD-2-107 placed 
the f i r s t  mode a t  about - 9  RAD/Sec. A blade p i t c h  actuator loop band width 
o f  6.28 RAD/Sec (1Hz) was chosen t o  provide aK adequate response margin fo r  
tha t  dominant frequency. A 1Hz actuator loop response i s  also consistent w i t h  
hardware avai lable and i s  we1 1 wi th in  capab i l i t i es  achievable if faster 
response i s  necessary. 

The resu l t i ng  equations o f  motion used i n  the simulat ion fo r  the Mechanical 
Torsional Dynamics are: 

. . 
I,0, = KBH (0" - 8,: + DBH (Q,, - b B )  + Twind - DB Q~ = TB + Twind - DB BB 

5.2.3.3 E lec t r i ca l  Elements 

Models consis t i ng o f  deta i led Parks*equation generator and brushless 
exciter,  power factor  cont ro l le r ,  vol tage requlator, react ive transmission 
1 ine and an i n f i n i t e  bus were included i n  the simulat ion to  completely 
describe the e l e c t r i c a l  power system as i t  affected the tors ional  dynamics 
and therefore the blade p i t c h  control  system. 

* "Two Reaction Theory o f  Synchronous Machines", R. H. Park, A I E E  Transactions, 
July 1929, June 1933 



5.2.3.4 Blade Pi tch Control System 

Representation o f  the blade p i t c h  contro l  system i n  the simulat ion i s  
segmented as follows. 

5.2.3.4.1 Rated Wind 

To minimize re l iance on wind sensor output f o r  mode switching decisions, the 
MOD-2-107 Blade Pi tch Control System i s  switched on blade angle and measured 
power. For the below rated wind (Vr) operating mode, the  blade p i t c h  c o m n d  
i s  switched to  e i the r  30 o r  -I0 depending on the measured power. For power 
conditions producing less than - 9  MU output, the f i xed  blade comnand w i l l  be 
30. As the power increases i n  increasing winds, the f i xed  blade comand w i l l  
change t o  - l o  when the power exceeds 1.1 W. From tha t  condi t ion i n  decreas- 
ing winds, the f i xed  blade command w i l l  change back t o  30 when the power 
drops below .9MW. This overlap (hysteresis) was b u i l t  i n  t o  preclude blade 
l i m i t  cycle for  power conditions around the switch point.  

5.2.3.4.2 Above Rated Wind (Vr) 

Above V: blade p i t c h  contro l  u t i l i z e s  the di f ference (er ror )  i n  measured pmer  
from the desired (rated) power and the e r ro r  i n  measured hub r o t a t i o n  r a t e  
and the desired rate. 

The blade angle c o m n d  i s  produced as the sum of the gain adjusted components 
of (a) in tegra l  of power e r r o r  (b) proport ional power e r ro r  and (c )  hub 
ro ta t iona l  ra te  error .  The dif ference between the comnanded blade angle and 
the measured blade angle produces the blade p i t c h  r a t e  comnand. 

To preclude 2P duty cycle o f  the actuator a narrow notch f i l t e r  a t  2P i s  
placed i n  the comnand path t o  the actuator servo valve. The notch fi 1 t e r  
i n  tha t  locat ion  assures tha t  blade p i t c h  motion a t  2P induced by envi ron- 
mental conditions w i  11 be washed out  of the signal t o  the servo valve as wel l  
as those 2P signals a r i s ing  from the blade p i t c h  comiand equations. 

The blade p i t c h  angle w i l l  decrease as the wind speed decreases u n t i l  -lo 
i s  reached around V r .  A t  t ha t  po in t  the mode i s  se t  to  f ixed blade 
p i t c h  operation and the blade angle cornand i s  held a t  -lo. A t  increasing 
high wind speeds the blade p i t c h  angle w i l l  increase u n t i l  an upper blade 
p i t c h  angle l i m i t  i s  reached and the system w i l l  go i n t o  a contro l led shutdown. 

5.2.3.4.3 S ta r t  Up 

Because of the aerodynamic nature of the blades a t  low r o t o r  speeds. the 
start-up sequence was designed w i th  four separate algorithms tha t  are switched 
as a f l ~ o c t i o n  of ro to r  rate. For blade ro to r  rates up t o  f i ve  rpm the blade 
p i t ch  i s  control  led as a function o f  wind speed and r o t o r  r a t e  to provide 
maximum ro to r  acceleration from s t a t i c  breakaway. From f i v e  t o  ten rpm the 
blade p i t c h  i s  control  l ed  f o r  maximum ro to r  accelerat ion as a function of 
r o t o r  ra te  and wind speed. The t h i r d  algori thm from 10 rpm t o  17 rDm con- 
t r o l s  the blade p i t c h  t o  be a t  an angle to produce zero power a t  17 rpm. From 



17 rpm t o  synchronous r a t e  a closed loop in tegra l  c o n t r o l l e r  o f  r o t o r  r a t e  w i l l  
contro l  the p i t c h  u n t i l  the e l e c t r i c a l  synchronizer provides the signal t o  go 
on 1 i n e  and produce power. Since these algorithms' are designed t o  accelerate 
the r o t o r  as rap id l y  as possible, loss of energy dur ing star t -up was minimized. 
The rap id  accelerat ion a lso minimizes the e x c i t a t i o n  o f  tower modes as the 
r o t o r  passes through resonant frequencies. 

5.2.4 Simulation Results 

The invest igat ions l i s t e d  below were conducted on the model described i n  
sect ion 5.2.3. The resu l t s  o f  these invest igat ions are surmarized i n  5.2.4.1 
through 5.2.4.5. 

1. Above rated wind gust response 45 mph 

2. Above ra ted  wind gust response 28 nph 

3, Below rated wind gust response 

4. Evaluation o f  S t a r t  Up Algorithms 

5. Gain and Phase Margin Evaluation 

6. Root Locus Evaluation 

7. Oigi  t i z i n g  Er ror  Evaluation 

5.2.4.1 Gust Response 

The system time response t o  a 1.45 Vw gust o f  20 second durat ion a t  45 mph 
shows the power and react ion torque excursions due t o  the gust t o  be about + 
6%. The t o t a l  blade p i t c h  motion from nominal was an add i t iona l  7.5 degrees. 
Blade p i t c h  r a t e  comnands were w i th in  + 1.26 deg/sec. 

Tke response t o  a 20 second durat ion 1.45 Vw gust a t  28 mph shows the power 
and react ion torque excursions t o  be abcut t 8%. A 10.5 degree blade angle 
change i s  required t o  unload the excess wind from the ro to r .  Less than 2 
2.8 deg/sec o f  blade p i t c h  angle r a t e  comnand were needed under these wind 
condit ions. 

The design gust appl ied a t  14 mph shows r e l a t i v e l y  benign react ion for t h i s  
f i xed  blade condit ion. A torque increase o f  about 330% a t  the r o t o r  produces 
an increase o f  less than 40% o f  rated torque a t  the generator. 

5.2.4.2 S t a r t  Up and Synchronization 

A ser ies o f  runs were conducted t o  invest igate the mechanical dynamic charac- 
t e r i s t i c s  during the s t a r t  up and synchronization process f o r  loh  wind (14 mph) 
and high wind (45 mph) condit ions. The i n i t i a l  por t ion  o f  each s t a r t  up (from 
zero rpm t o  8 rpm) was calculated using the r o t o r  performance p r o g ~  GEM-1. 
The remainder o f  the s t a r t  up process inc luding the synchronization were i n -  
vestigated using the "EASY 5" scmulation. 



I n  the 14 mph case, approximately 10 minutes were required t o  accelerate the 
r o t o r  from zero rpm t o  8 rpm. Synchronous speed (17.5 rpm) was f i r s t  reached 
a f te r  13 minutes. The r o t o r  rpm overshoot was less than 2% w i t h  synchroniza- 
t i o n  being capable a t  anytime a f t e r  that.  

I n  the 45 mph case, approximately 1 minute was required t o  accelerate the 
r o t o r  from zero rpm t o  8 rpm. An add i t iona l  minute was then required t o  
reach 17.5 rpm. Agaf n the rpm overshoot was less than 2%. 

5.2.4.3 Frequency Response 

Gain and Phase re lat ionsnips as a funct ion o f  frequency were invest igated fo r  
14 mph, 28 mph, and 45 mph. 

For f i xed  blade operation a t  14 mph the gain margin i s  50db and the phase mar- 
g in  i s  10 degrees. For ac t ive  blade operation the gain margin i s  nearly 50db 
and the phase margin i s  about 25 degrees fo r  28 mph. The gain marqin i s  about 
12db and the system exh ib i t s  gain s t a b i l i t y  for  a l l  frequencies for  ac t i ve  
blade operation a t  45 mph. 

5.2.4.4 Root Locus 

A system roo t  locus p l o t  f o r  var ia t ions i n  Power Error  Gain (Powgn) and 
Rate Error  Gain (RTGN) were produced t o  determine an adequate gain set  
f o r  the contro l  loop. 

The p l o t  showed tha t  decreasing the r a t e  gain provides be t te r  damping of 
the l i g h t l y  damped pole a t  3.4 rad/sec but decreases damping on the f i r s t  
s t ruc tura l  mode pole near 2.5 rad/sec. A power gain o f  .02 was necessary 
t o  s a t i s f y  the gust response requirements o f  Section 5.2.1. The chosen 
combination o f  gains s a t i s f i e s  both s t a b i l i t y  c r i t e r i a  and gust response 
requirements o f  Section 5.2.1. 

Pole s e n s i t i v i t y  invest igat ions show tha t  the system remains stable fo r  
gain changes o f  2 5%. 

5.2.4.5 Sample Data Er ror  Analysis 

I n  the actual contro l  system, conversion errors and d i g i t i z i n g  t o  12 b i t s  
w i l l  produce granu lar i ty  i n  the converted signals and noise i n  the most 
s ign i f i can t  b i t  (MSB) may r e s u l t  i n  half  o f  f u l l  scale perturbat ions. 

A 28 mph simulat ion ,4 th  and without the t runcat ion er rors  associated w i th  
d i g i t i z i n g  a l l  analog signals i n  the contro l  system was run. The effects 
were indis t inguishable on power production. 

The inves t iga t ion  also showed the magnitude o f  the disturbance torque a t  
the generator caused by MSB one sample errors i s  less than 2%. 



5.3 SYSTEM PERFORMANCE ANALYSIS 

This section explains the spprcrach used i n  assessing system performance during 
trade studies, spec i f ica t ion and constraints analyses, f a i  l u r e  modes and 
ef fects analyses, and other analyses performed during the design phase. The 
cost  of e l e c t r i c i t y  (COE), which was a key d r i ve r  i n  these analyses, i s  af- 
fected by two major factors -- system cost and the annual energy output of 
the WTS. System cost assessment i s  addressed i n  sect ion 4.4 o f  t h i s  report. 
The f o l  lowing paragraphs describe the overa l l  performance analysi s approach, 
r o t o r  performance assessment, system e f f i c iency  assessment, and energy output 
analysis . 
5.3.1 Performance Analysis Approach 

Figure 5-26 i 11 us t ra tes  the overa 11 approach used i n  the performance analysis. 
The basic input t o  the analysis includes wind spectra, s i t e  conditions, and 
sys ten e f f ic iency data ( including ro to r  performance). Every e f f o r t  was made 
t o  i n ~ l u d e  t es t  data and inputs from NASA when appropriate. Specific perfor- 
Wnce data, WTS design characterist ics, and annual energy output were deter- 
mined wi th  the a i d  o f  the energy output computer program (EOCP) which i s  an 
extension o f  the Boei ng WTS Energy Program (MEO-1) The annual energy output 
was interfaced w i th  cost data t o  determine COE (section 5.5) 

Design 
Character istia Interfaced with 

Annual energy cost computer program (COEP) 
to determine cost of electricity 

Figurn 5-26. Performance Analysis Approach 
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5.3.2 System E f f i c i e n c y  

Sect ion 3.3 discusses t o t a l  system e f f i c i e n c y ,  or power c o e f f i c i e n t ,  which 
i s  a  combination o f  the  e f f i c i e n c i e s  associated w i t h  t he  performance - 
a f f e c t i n g  components. The mu1 t i p l i c a t i v e  nature o f  these e f f i c i e n c i e s  i s  
i nd i ca t sd  i n  Table 5-8. 

Table 58. Maximum System Efficivnrcy (CPM) 
Curmt 
astimum 

Murimttm rotor powr 
cor f f ick t  (at dnip wind s p e d )  .426 

Driw efficiency .974 

Generator & electrid 
efficirncy 

Heading cmtroi 
efficiency 

Blade pmfilr drw 
low effactd by dirt 

Accessory loss 396 

As can be seen, the components which con t r i bu te  heav i l y  t o  the  system e f f i -  
c iency a re  the ro to r ,  d r i v e  t r a i n ,  and e l e c t r i c a l  subsystems. The r o t o r  
performance i s  presented i n  sec t ion  5.3.3, wh i le  the  remaining components are 
discussed i n  sec t ion  5.3.4. 

5 . 3 . 3  General i zed Rotor Performance 

For a  constant RPM wind t u rb i ne  system, the r o t o r  has a va r i ab l e  e f f i c i e n c y  
component. The r o t o r  i s  most e f f i c i e n t  a t  i t s  design wind speed and i s  less 
e f f i c i e n t  a t  i t s  o ther  wind speeds, as a  r e s u l t  o f  many aerodymanic e f fec ts .  
The design wind speed was chosen t o  maximize annual energy output  as discussed 
i n  sect ion 4.4.1.4. This v a r i a t i o n  i n  r o t o r  e f f i c i e n c y  i s  inc luded i n  annual 
energy ca l cu l a t i ons  . 
The general ized r o t o r  performance curve i s  a  convenient method f o r  incorpor-  
a t i n g  the va r i ab l e  r o t o r  e f f i c i ency  i n t o  system t rade  s tud ies.  An example of 
one such curve i s  shown i n  F igure 5-27. This p a r t i c u l a r  curve has used t o  
analyze the MOD-2-107 WTS f o r  the PDR presentat ion.  Note t h a t  t he  non-dimen- 
s iona l  format o f  these curves provides f l e x i b i  1 i t y  f o r  system t rade  s tud ies 
where r o t o r  performance v a r i a t i o n  i s  required. 

The computer program GEM-1 i s  used t o  generate a  general ized r o t o r  pe r f o r -  
mance curve. A p a r t i c u l a r  r o t o r  design i s  inser ted  i n t o  t h i s  program, and 
the r o t o r  Cp i s  ca lcu la ted  f o r  various c~mb ina t i ons  o f  wind speed and 
co l  l e c t i  ve p i t c h  se t t ing .  ' The ca lcu la t ions  inc lude  the in f luence  o f  the 



ve r t i ca l  wind gradient and aerodynamic losses a t  the blade t i p  and p i t c h  i n -  
terface. The envelope curve formed by the maximum r o t o r  Cp a t  the various 
wind speeds i s  then non-dimensionalized t o  form the generalized r o t o r  per- 
formance curve f o r  t h a t  p a r t i c u l a r  r o t o r  design. 

Rotor 

1 .o 

Notes: 
0.0 1. M.xrotorCp=0.417 

(indudes effect of din) 
2. Vo = 20 mph at hub (200 ft) 

0.6 3. Tip speed = 275 FFS 

Cp ratio, cdCp 4. Power-law wind gradient 
max 5. Triangular tip lotr factor 

0.4 6. One percent power loss at 
pitch interface (70% R) 

7. Shank drag included 

0.2 

0 
0 0.5 1.0 1.5 2.0 

V d 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 d r i ve  losses shown i n  Table 5-8 are  due t o  f r i c t i o n  i n  the tee ter  
bearings, r o t o r  shaf t  bearings and the high speed f l e x i b l e  coupling. A t  
pa r t  power operations, the loss remains constant. The gearbox power loss 
i s  due mainly t o  gear mesh losses and t o  w~ndagelchurning ( a i r / o i l  resistance) 
w i th in  the gearbox. As shown i n  Figure 5-28, the e f f i c i ency  remains nearly 
constant down t o  about h a l f  o f  rated power. The r e l a t i v e l y  h i ~ h  ef f ic iency 
i s  inherent t o  the ep i cyc l i c  gear box design; i t s  gears are compact and the 
gear tooth contact ve loc i t i es  are low, resu l t i ng  i n  low mesh losses. 
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F@m 5-28. Geahox Efficiency Variation 

The generator absorbs power due t o  windage, f i e l d  exc i tat ion,  copper resistance 
and i n te rna l  f r i c t i o n  losses. For the generator used, the e f f i c i ency  remains 
nearly constant as output power i s  reduced to  about hal f  power. The p a r t i a l  
power e f f i c i ency  o f  the generator i s  shown i n  Figure 5-29. 

Frruon a* 1- p#r 

F&m 5-29. Gene. .fir Efficiency Variation 

The accessory loss l i s t e d  i n  Table 5- 8 i s  an average o f  e l e c t r i c  power con- 
sumed, which i s  supplied by e i t h e r  the operating WTS o r  by the u t i l i t y  g r i d .  
I t  includes power used by electr ic motors tha t  d r i ve  the hydraul ic  pumps, as 
we1 1 as by instrumentation, contro l ,  l ub r i ca t i on  pumps, cool ing fans, e x t e r i o r  
and i n t e r i o r  l i gh t i ng ,  and by maintenance functions. The value i s  compited 
f o r  the duty cycle o f  the WTS on a s i t e  w i th  14 mph mean speed. The 1 i;ted 
l i n e  resistance and transformer losses are constant w i th  p a r t  power .operation. 



5.4 SAFETY, RELIABILITY, MAINTAINABILITY AND LOGISTICS 

Recognizing the importance o f  developing a safe and r e l i a b l e  system, consi- 
derable e f f o r t  was e:-pended t o  ensure t h a t  the MOD-2 design was inherent ly  
rei i ab le  and free o f  safety hazards t o  the publ i c  and maintenance personnel . 
Early i n  the preliminary desigri phase, a thorough f a i l u r e  mode and e f f e c t  
analysis, I g E A )  covering more than 750 potent ia l  f a i l u r e  modes was completed, 
resu l t ing  i n  numerous design chan os t o  el iminate o r  reduce the consequenczs 
o f  hardware .failures (sect ion 4.5 7 . Detai led r e l i a b i l i t y  f a i l u r e  r a t e  estim- 
ates we-e prepared d m  t o  the T ie r  V level. Eac' componect was assigned a 
f a i l u r e  rate based on past experience w i th  s im i la r  c q o n e n t s  i n  the e l e c t r i -  
ca l  u t i  1 f t y  end cnmerc ia l  a i r c r a f t  industr ies . Trade studies were conducted 
on ind l  vidual major canponents t o  a r r i v e  a t  a balance between r e l i a b i  1 i t y  and 
cost w i th  the object ive o f  achieving the  lowest cost o f  e l e c t r i c i t y .  Selec- 
ti ve redundancy was applied where the need was indicated by the FMEA o r  i n i  - 
t i a l  re? iab i  l i t y  estimates. 

I n  order t o  achieve a high in-conmission r a t e  ( a v a i l a b i l i t y ) ,  i t  i s  a lso  
necessary t o  ertsure tna t  equipment f a i  i ;ires are eas i ly  repaired and the system 
restored t o  operational status. Each component was examined from the stand- 
point  o f  accessi b i  1 i t y  , the need f o r  preventative maintenance, spares support 
and r i t e r i a l s  nandling. Detailed estimates c f  repa i r  times and maintenance 
irlanirour requi reinen t s  were prepared and a maintenance concept developed. 

Along wi th  the FMEA, a safety gross hazards analysis was performed t o  ensure 
t k ~ t  OSHA requiremerits were met o r  exceeded and t o  incorporzte sofequards t o  
the publ ic  szch as a i r c r a f t  warning l i gh ts ,  an i c e  detect ion system and a 
ro to r  crack detection system. 

The resul ts  of these analyses are presented below. 

5.4.1 Safety 

A MOD-? safety analysis was conducted t o  i d e n t i f y  personnel hazards associated 
w i th  the operation and maintenance o f  the MOD-2 WTS and t o  ensure tha t  such 
hazards are e l  irnsinated 3 r  reduced t o  an acceptable leve l  . Potent ia l  safety 
problems were i d ~ n t i f i  ed by reviewing the MOD-2 drawings and speci f icat ions,  
fa i lu re  mode and effects analysis and prel iminary maintenance scenarios. A l l  
potentia 1 hazards were noted and correct ive act ion i np l  emented where necessary. 
Sil lre the MOD-? i s  an unmanned system, hazards can only gccur: (1  ! from a i  r- 
c r ~ f t  impacting the tower, nacelle, o r  rotor ,  (2 )  t o  the publ i c  as a resul t of 
r o t a -  s t ructura l  fai lures, i c e  being thrown o f f  the ro tor ,  unauthorized e n t r j  
i n t c  an operating system, or  (3) during rnai ntenance. 

Table 5-9 contains a sumnzry o f  the potent ia l  safety hazards and the appl i -  
cable correct ive actions. 

The MOD-2 WTS a v a i l a b i l i t y  goal i s  .96 wi th a minimum requirement of .90. 
Achievement o f  a .96 a v a i l a b i l i t y  i s  r e a l i s t i c  when compared t o  conventinnal 
power plants. The pr ivary cause of low avai labi  li t i e s  o f  coriventional power 
plants are the outages due to  the fuel f i r e d  steam generator wh<ch does not  
have a counterpart on KTS. 



Tibk 59. MOD3 Pracrutians 

I ITEM 1 CORRECT1 VE ACT ION 1 

Hazards t o  Publ ic 
Rotor Fai  1 ure 

I Obstruction t o A i r c r a f t  

I 
.Safe L i f e  Design 

Structura l  Tests 
.Crack detect ion System-Shuts Down UTS 

@Compliancewith F A A A d v i s ~ r y C i r c u l a r  
70/7460-I€, dtd. 11/1/76, "Obstruction 
Marking and Light ing" 

F ly ing I ce  

f Emergency exi t doors and "Rescuma t i c" ! 

device t o  al lcw egress from e i ther  end I 

o f  nacei l e  
e A b i l i t y  t o  lock ro to r  i n  horizontal  ar;d 

I ve r t i ca l  posit ions ;lock on low speed shaft! , 

I ce  Detection System-Shuts D m  UTS I 
1 

Ilnauthorized Entry 

i ~Main tenancetcenar ioand e s t i m t e d O + M  
! cost assume buddyw system I 1 

@Steel Door, Lccked, and Auto Shut Down 
i n  Case o f  Unauthorized Entry 

I 
i 

Operations -3nd maintenance manuals w i  1 1  ! 

contain safety cautions 1 I 

1 

Hazards Duri nq I General Safety Design Features 
W a i  ntenance I *Occupational Safety and Health kt o f  I 

i 1970 (Pub1 i c  Law 91-596) aad appl i  - j 
cable State Safety Regulations 

*MIL-STO-1472, Fuman Engineering Des Zgn 
C r i t e r i a  f o r  M i  1 i tary  Systems, Equi 3- 1 I menf and Fac ' l i t ies  I 

/ IEEE Standard 142-1972, IEEE Recamended I 
Pract ice f o r  Groundin9 o f  I ndus t r i a l  i 

1 and Comnercial Power Systems i 
I ANSI C2 American Na ,ional Standard. i 
I ' National E lec t r i ca l  Safety Cod?, 1977 1 
1 Ed i t ion  1 

i I 
I 

! Yai ntenance Personnel Sl fety  Features 
I *Capabil i  t v  t o  remove person on stretcher 
I F i re  detect ion and extioquishing s y s t m  

I 

i 



C ~ s t  vs. avai l ab i  1 i t y / r e l  i a b i  1 i t y  trade studies were cfinducted t o  a r r i v e  a t  
design solut icns tha t  y ie lded the lowest cost of elect;- ic i  t y  . These analyses 
show that  the .96 a v a i l a b i l i t y  i s  a cost e f f e c t i v e  goal. A v a i l a b i l i t y  es- 
timates were canpiled f o r  a l l  na jo r  WOO-2 WTS components dorm t o  the piece 
pd r t  leve l  dsing f a i l u r e  rates and repa i r  times being experienced on s im i la r  
camponents i n  cmnerc id l  appl icat ions. 

With the exception of s ing le  thread s t ruc tura l  item such as the rotor ,  the 
MOD-2 has been designed such tha t  a t  l eas t  two simultaneous, unrelated fa i lures 
nus t occur before the system sustains severe damage. Uherever econani ca l  l y  
feasible, f a i l  safe concepts have besn incorwra ted i n t o  the design (see 
4.5. FHEA). Table 5-10 contains a sumnary o f  the a v a i l a b i l i t y  analysis. 

5.4.3 Mainta inab i l i t y  and Maintenance Concepts 

The design goal of -96 a v a i l a b i l i t y  can only be achieved i f  the system fs 
highly maintainab:e. A11 HOD-2 drawings have been reviewed by a maintain- 
abi 1 i ty spec ia l i s t  t o  ensure ease of access and t o  enable each component to 
be removed and replaced o r  repaired i n  place. The support concepts f o r  a 25 
u n i t  farm have been developed aqd are sumnarized here: 

?-Shi f t  Coverace-2-man crews 6 days per week. on c a l l  Sundays 
Use o f  outsfite services f o r  shop repairs, special tasks and heavy 
equipwnt  ren ta l  
100: Spares avai l ab i  li t y  

Electronics and small items i n  panel truck 
Major items stored a t  u t i l i t y  substation 

?dinten-~nce equipment-portable tools and f ix tures,  for materials hand1 ing  
5250,GY)O per farm 

f r e l  iminary estimates o f  the required spares. t e s t  equipment and other  l o ~ i s -  
t i c s  considerations have k e n  accmplished and r r e  discussed i n  sect ion 5.4.4. 

Detai 1 ed mai n t a i  nabi 1 i t y  demand frecuency and repni r time estimates have @een 
prepared. Table 5-1: contains a sumnary of t h i s  data. The major FWD-? main- 
tenance features 3w shown i n  Figure 5-30. 

:ne YOD-: ! , ~ a l ~ t  l c s  ions ,  Jt.r,.%:!ons bere d:;ji,:pd t3: , i ' d:.:+,-a!.?e :.le 122s: 
> \ 

,-p>: .;jpport ;ar?ieptS, \.-! idetit 1 f ,-a1 r;tennnce eqili pcittnt : QQu: :=':tfq:S .Ifid 

t h e ~ r  Iap,3zt t3n the MTS derlgn, (3 '  determine long lead spares reqii~!-~rrqts 2nd 
\ 4 )  i m p u t e  p~-e! imindry  logistics costs i n  order t o  provide a r e a l i s t - c  
e>t i rna te  of the c o s t  o f  e l e i t r i c i t v .  The foilowing i tems were anal!ied: 

Too!% 2nd S a n d l i n g  tqu ionent  ; inci: ,dicg test equi::ment and i n c ~ d l i e a  f i \ t iAres;  

Sp.31-es Seqtitr-eiaents :for- i n i t i a l  azcernb'i! and ctreihilut. a s:nglt? u n i t  
s i t e  and for 3 ' 5  un i t  f d r m f  







Figurn 530. Operatiom a d  Mamamma Concept 

5.4.4.1 Tools and Handli* Equipment 

Preliminary l i s t s  of tools, handling equipment, tes t  equipment and ins ta l led  
f i x t u w s  were compiled based on expected mi ntenance frequencies, the YTS 
geometry and nacelle f l o o r  plan. Tables 5-12, 5-13 and 5-14 contain the 
pre l  i m i  nary 1 i sts o f  necessary support equipment. 

5.4.4.2 Preventative Maintenance 

Both system ava i l ab i l i t y  and annual 0 R M costs are p a r t i a l l y  dependent upon 
the time required for preventative maintetjance. A review o f  a l l  MOD-2 com- 
ponents a t  the Tier  V levei was cond~cted t o  fdent i fy  the required preventa- 
t i v e  maintenance; the resul ts are sumnarized i n  Table 5-15. 

5.4.4.3 Spares Requirements 

A preliminary spares analysis was conducted t o  iden t i f y  the kind and number 
o f  spares required for :  (1) the i n i t i a l  assembly and checkout of the f i r s t  
system, (2) operation of a s ingle uni t ,  and (3)  operation o f  a 25 u n i t  farm. 
This analysis i s  used t o  i d e ~ t i f y  long lead items and t o  derive a r e a l i s t i c  
e s t i m t e  o f  projected spares costs. A computer program was developed tna t 
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allowed a cost trade t o  h? conducted for each i t e m  a t  the Tier  V level.  The 
cost t o  carry a spare(s) must be less than the penalty of l o s t  e l e c t r i c i t y  
when the soare i s  not available. 

i .e. c&t  t o  carrv spare < prcrhabi li t y  o f  f a i l u r e  x value a f  l o s t  power 
A t  (.Itj2 

.I8 (cost o f  spare) < 1 + -- + - - .----+'@I)] x uorlusn~~ 
I! 2! n ! - 

where n = number of war. t = reorder rime. 
A = f.if~m rate. MOT d m t i m e  

Table 5-16 contains a summary o f  the preliminary spares l i s t .  
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5.5 COST ASSESSMENT AND COST OF ELECTRICITY 

This sect ian presents the methods used t o  a r r i v e  a t  the turnkey costs, t he  
major data used i n  de r i v i ng  these costs, the development of 0 & M costs and 
the re? , t i n g  cost  o f  e l e c t r i c i t y .  Figure 5-31 i l l u s t r a t e s  the  approach used 
t o  prepare the 100th u n i t  cost  estimates. This approach was used throughout 
Task I1 and i s  app l i cab le  t o  a1 1 conf igurat ions studied. The hardware lay-  
outs and drawing par ts  l i s t s ,  and vendor inputs  were used as the basis f o r  
developing the  manufacturing process work sheets, t o o l  i n g  concepts and pro- 
duct ion plans. Mate r ia l  estimates were i n i t i a t e d  based on p r e l  im i  nary make/ 
buy decis ions. 

r----- 
1 . ~ a t e r w  I Hardware IWOM 1 estimates and 

I 
I 

I concept anc PO- 

I 
I rate ---- 

1 2 I study I 
Gacility iayout 

L--I 
Construction 

1 and constructi0n 1-0 job aaimatm 
~ I a n  I I,,, , , A b 

Figure 5 3  1. Imth  Unit Cost Approach 

The f a c i l i t y  layou t  and const ruct ion plans (sec t ion  6.1.2 acd 3.2.4) were 
developed i n  para1 l e l  w i t h  the manufacturing and procurement e f f o r t s  and 
formed the  basis o f  the  const ruct ion job  estimates. Factory man hour l abo r  
estimates f o r  in-house manufactured items were prepared from the manufacturing 
process work sheets and these were converted t o  d o l i a r s  based on the  labor  
r a t e  described i n  the next paragraph. F i n a l l y ,  a l l  three cos t ing  3: t iv i t ies  
were brought together t o  form the basis o f  the turnkey costs s~rm~iarized i n  
Table 5-17 and discussed i n  sect ion 5.5.1. 

The 100th u n i t  cost  estimates shown i n  Table 5-17 are based on the fo l low ing  
groundrul es : 

(1 )  A l l  costs a re  i r ~  1977 d o l l a r s  (no escalat ion o r  i c t e r e s t  dur ing construc- 
t i o n )  



f 2 )  Costs include f u l l  burden. 

) The manufacturing costs are based on a 20 u t i i t  per month product ion 
rate, a 30 year f a c i l i t y  l i f e  and a 20 year l i f e  f o r  t oo l i ng  and 
equipment. The p l a n t  i s  dedicated t o  MID-2 production and i s  loceced 
i n  the  Southeast. 

(4 )  Transportat ion costs are t x e d  on conventional r a i l  and t ruck  trans- 
p o r t  over 1000 mi les distance. 

(5 )  Construction costs are based an a 25 u n i t  farm. 

7 . l e  5- 17. MOD3 Turnkey Cost Summary ; 1lWth Unit) 

5.5.1 Turnkey Accounts 

Exh ib i t  A o f  the contract  specif ies t h a t  the cost data sha l l  be based on the 
fo l low ing  elements o r  "turnkey" items o f  the wind tu rb ine  system: 

100 Un i t  Cost - $ 
MATERIAL 1 MANUFACTURING 

110,428 1 51,100 
25,320 1 4,000 
58,900 78,000 

150,430 1 178,463 
378,527 - - 
153,086 3 i  ,000 
270,800 , - - 

i 
35,000 1 , - - 
35,000 - - 

1,217,491 ! 342,563 
121,749 ] 34,256 ! 

DASH NO. i QUANTITY I DESLRIPTION 

S i t e  preparat ion ( i n c i  . tower foundation) 
Transportation 
Erect ion ( i n c l .  funct ional  t e s t  and checkout 
Rctor subassenbly ( i  nc l  . p i t c h  contro ls)  
Drive t r a i n  subassembly 
Nacelle subassembly ( inc.  yaw system & e lec t ron ic  cont.ro? s )  
Tower subassembly ( i n c l  . e l e c t r i c a l  power system) 
I n i t i a l  spares & maintenance equipment 

Cost estimates were based on design layouts and cq l  !ected fo r  each i tern on 
the l eve l  o f  the current  par ts  l i s t s  as shown i n  Tab:e 5-18 f o r  +he p i t c h  

S i t e  Preparation 
Transportat i  OR 
Erect ion & Checkout 
Rotor Assembly 
D r i v e T r a i n  . 
Nacel l e  Subassen:bly 
Tower Subasseinbly 
Spares & Maintenance 

Equ i pmen t 
Non- recu r r i  ng 
Total  I n i t i a l  Cost 
1 OX 

1 .O 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

8a. 0 
9.0 
Fee 

1 
1 
I 
I 
1 
1 
1 
1 

1 
1 
1 



control system. The total  cost o f  the pitch control system i s  one of the 
cost  items i n  Table 5-19 which shows the cost sumnary fo r  the ent i re  rotor 
subsystem. Each cost element of the "turnkey" cost account (Table 5-17) was 
treated i n  the same way as this example. 

Tdle 5- 79. Rotor Subsystem Cost Aepc,rt l Tier I N d 1 V) 
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5.5.2 Labor Rate Definition 

A1 1 of the manufacturing labor estimates were prepared i n  terns of basic 
factory labor (BFL) hours. B F l  hours are tke d i rect  hands-on manufactwing 
b u r s  and must be factored to account f o r  support functions, rework effort, 
etc. Boeing has conducted extensive studies o f  both labor rates and support 
function costs a t  Boeing and i n  the medim steel fabrication industry. The 
results are shown i n  Table 5-20. The c-ted wrap-around rate of $25.00 
per hour, exclusive o f  plant, equipment, tool ing and fee, i s  a conservative 
rate based on colparisons with on-goi~g lRedium steel fabricators i n  the 
Southeast . 

6asic Factory Labor 
Hi scel laneous and Pickup 
Rework 
Planufacturi ng Development 
Ehnufacturing Engineering 
Distributed Direct 
Qual i ty  Control 
F i nance 
Over-head 
F r i  nge Eenef i ts  
Genera 1 and Admi n i  s t r a t i  on 

I TOTAL 1 525.00 

Taxes 
Subtotal 

Less plant and equipment 

.54 
20.62 

5.5.3 knufactur i  ng Costs 

The manufacturing costs of the 100th production un i t  are based on an optiwized 
production f a c i l i t y  producing 20 wind turbines per month. The optjmized pro- 
duction f a c i l i t y  has a single, automted production l i n e  running three shi f ts 
i n  the fabrication area and two shifts i n  the major assembly positions with 
a total  er~loyment of  approximately 1300 people. The space requirements and 
cost ( i n  1977 dollars) o f  th is  plant a re  sh~wn i n  Figure 5-32. This plant 
w i l  i manufacture, assenble and checkout the colnplete rotor, n'rive train, and 
nacelle. The tower and other components are manufactured by specialized 



vendors. The plant w i l l  be located on a s i t e  with rai l road and road ac- 
cessibi l i ty  i n  an area with adequate ava i lab i l i t y  of sk i l led  labor. The 
general iocation o f  the s i t e  i s  expected to be near the region of YTS 
depl o-ymen t . 

Frpvre 5-32 Fdctwy wid, S&& Product on Ll;ns wich r Rate of 2Cl W 7 5  pdv Month 



For econaics analyses, the plant i s  depreciated over 30 years and the equip- 
ment and tooling depreciated over 20 years. The corresponding f i r s t  year de- 
preciation cha e i s  $8.5 mi l l i on  (using the s u  of the year's d ig i t s  method 
of dg rec ia t i o3 .  A t  the 20 UTS per s n t h  production rate, t h i s  results i n  a 
535,000 non-recurring charge pg* un i t  b be included i n  the UTS price. 

The costs sham i n  Table 5-17 reflect a sture, autcnated production l i n e  i n  
a dedicated plant, with i n i t i a l  problems resolved and learning islpnweaents 
realized. Construction and transportation costs are based on job estimates. 
Hardvare costs ar: based upon the material and labor requirements of each 
sub-assedly, and include purchased parts and subasseabl ies . 
5.5.4 Operations L bintenance Costs 

The MID-2 operations and maintenance concepts a m  bas4 on remote, unattended 
operation o f  a 25 un i t  farn. They rely upon t h a n ~ ~ h  re1 i a b i l  i t y ,  maintain- 
ab i l  i ty and safety analyses conducted during the conceptual and preliminary 
design phases of the program as described i n  section 5.4. Studies e r e  con- 
ducted that traded i n i t i a l  costs vs. annual maintenance costs; other log is t ics 
elements such as preventative maintenance and spares levels were optimized t o  
achieve the lowest cost o f  e lect r ic i ty .  The XKl-2 w ~ r a t i o n s  and maintenance 
costs are sbcw i n  Figure 5-33 f o r  a single UTS. These costs, as well as the 
maintenance e+,pent and i n i t i a l  spares costs which aprear i n  the turnkey 
cost sumary (Table 5-77} are based upon the analyses presented i n  section 5.4. 

ANNUAL HOURS PER 25 UNIT FARH 
i 

I 
eunscheduled Haintenance 6,800 ( f m  R 8 M analysis) 

Schedul ed Ha i ntenance 1,800 (72 hours per WTS per yr.  ) 
l Administrative Tasks 960 (2 hours per unschedu?ed 
! event ) 

i TOTAL 9,560 hours 

i 9,560 hours x $20 per hour 25 MTS = $7,650 per WTS per year 

I I 
O L W  Cost per UTS 

I Labor 58,m (2-2 Person shiftslday 6 dayslweek I 
plus contingency for Sundays + 25 WTS)' 

1 
' 0  Parts L Outside 6,950 (Averages $340 per unschedvled event 

services and $450 annual equipment rental 
charges ) 

1 
I TOTAL $14,950 - S15,OOC 

Fwre 533. 0 & M Cart Eschatrs 



5.5.5 Cost o f  E lec t r i c i t y  Fornulation 

The energy pr ic ing method used to project  the NOD-2 hTS energy costs i s  the 
level  i red  fixed charge ra te  approach. It derives a level  ized energy pr ice 
necessary t o  recover the costs t o  a u t i l i t y  for  purchasing, ins ta l l ing,  owning, 
operat iq ,  and maintaining a MID-2 UTS. 

The cost o f  e l ec t r i c i y  (WE! i s  derived from the turnkey and 0 & Pl costs, 
energy output anrt ava i lab i l i t y .  The speci f ic  f o rn r r l a t i ~n  used f o r  the cost 
of e lectr ic ' ty  calculat ion i s  shown i n  Figure 5-34. A summary descript ion 
o f  each tern i n  the equation fol I - :  

FSR = level ized f ixed charge ra te  which includes return on capi ta l  , income 
tax. property. tax, and insurance. FCR i s  sensit ive t o  cost of 
capital. cap i ta l izat ion method, incowe t a x  rate, and system 1 ifetime. 

IC = i n i t i a l  turnkey cost o f  the energy systest which includes complete 
cost exposure to the u t i l i t y  f o r  purchasing, i ns ta l l i ng  and set t ing 
up log is t i cs  for the energy production systan. 

Am = annual operation and maintenance (0 L ?4j cost which includes oper- 
a t  ing budgets and maintenance budgets. 

AEP = anPicipated annual energy production o f  the energy systm. AEP 
takes in to  account energy p rod~c t i on  losses at t r ibuted t o  the un- 
a v a i l a b i l i t j  of the energy system equipnent and ttu unavai lab i l i ty  
of the energy source ( i  .r. wind). 

Cost of dectricity 

Turnkey COE = IC x FCR + AOM 
AEP 

-r' FCR = annualized fixed charge rate = 18% par year 

IC = total WTS cost=Sl,720.000 \ n- 
o AOM = annual operations & miiintensnct 

cost = $15.001) 

r AEP = mwf energy production = 9.75 x lo6 kwh 

COE = 3.34lkWh 

COE data 
F@:e 534. COE Derrmimrion 



5.6 HEIGHTS ANALYSIS 

The requirements for accurate and comprehensive weight and mass properties of 
the WS was decreed by the need: 

1 ) t o  define material types and gross quantities so that material costs 
could be arrived a t  and controlled early i n  the design cycle o f  the 
m. 

2) for mass properties to be available f o r  loads and structural dynamccs 
analysis. 

3) t o  exercise weight/ccst control by aeans o f  weight targets being 
allocated t o  individual parts o f  the UTS. 

To achieve th is  end, an exist ing aerospace mass properties computer program was 
used. The f nputs required fo r  the program e r e  obtained by an in-depth analysis 
o f  a l l  the individual design lay-out drawings as they became available. The 
weights o f  manufactured detai l  parts were calculated, and the weights of pur- 
chased i tans were obtained either from vendors o r  by using known weights of 
exis*ing ?arts that were simi'ar to  the specially designed items required for 
the WTS. Contingencies o f  up to  20% were included i n  c r i t i c a l  developrent item 
hardware t o  cover the possib i l i ty  o f  unknown design requirements arising. I n  
addition, i t  was recognized that raaterial tolerances alone collld have a signi- 
ficant impact on the weight o f  the YTS and an allowance was added t o  a l l  pur- 
chased materials to  account fo r  tolerance werages. A further a1 lowance was 
included t o  cover miscellaneous small items that were not Petai led on the 
design lay-out drawings. As the lay-outs became more explicit , this allarance 
was reduced. The weights so obtained, each with i t s  material coding let ters,  
were then input to the program. 

The inputs t o  the program included the center o f  gravity o f  each part about 
the WTS 'x '  , 'y ' , and ' 2 '  reference axes, the calculated rad i i  of gyration 
about the parts axes, i t ' s  f o ~  and a f t  dimensional l imits,  i t ' s  designated 
group and section codes (for exanple see Figure 5-35), i t ' s  descriptive t i t l e ,  
the material i t  i s  to be made from, and the fabrication method. A to ta l  cf 
eighteen different inputs were made for each o f  the more than 900 parts a t  
the current level of analysis. These inputs were continually revised through- 
cut the conceptual acd preliainary design stages t o  incorporate design inprove- 
ments and updated structural analysis. 



The corputer program output pmuided reports selected fmn a l i s t i n g  of  t h i r t y -  
seven that  are available. The reports used most frequently f o r  MOD-2 wee as 
follcmr: 

1 ) Mass D is t r i bu t i oa  

The program co l lec ts  a l l  par ts  w i t h  the s a w  sub group code and an~ iyzes  
each part i n  turn. The c.g. of the p a r t  i s  posit ioned be tw~cn  tne 
forward and a f t  l i m i t s  a ~ d  the weight divided equally e i the r  side o f  the 
c.g. This weight i s  then uniformly d i s t r i bu ted  between the l i m i t  and 
the c.g. i n  one itch increments. This process i s  repeated fo r  each 
Cetai 1 par t  and the resu l t s  f o r  a: 1 parts ace totaled, t o  g i ve  a ccmplete 
mass d is t r ibu t io r ;  i n  one inch increments. Each increment i s  p r in tec  out 
w i th  i t s  weight, and cumulative shear a.ld mament. 



2) Section Sumnsry. 

Col lects  weights and c.g. o f  a l l  par ts  i n  a sect ion and simnarizes. 

Col lects  weights o f  a:l sections w i t h i n  a sir3 group and t o t a l s  weigbt. 

4 )  I n e r t i a  Sumnary. 

Col lects  weigf,ts and c.g's ot: a l l  par ts  i r ?  a sect ion and c a ? c ~ i a t e s  a 
composite c.g., i n e r t i a ,  and product o f  inertia. Sumnarizes resu l t s  
by sub group. 

5 )  Mater ia l  Suanrary. 

Sorts par ts  by type o f  mater ial  and fab r i ca t i on  mt l l od  and sumna\.izes, 
t o  g ive t o t a l  s tee l  plate, forgings, p a i n t  (etc.  ) used. 

6) T i e r  ! L i s t i n y .  

L i s t s  each ind iv idua l  p a r t  i n  a sub grouo w i t h  i t s  weiaht. c . a i c .  and 
roll, p i tch,  and yaw m r t s  o f  i n ~ r t i a ,  and sunnarizes eacn sub group. 

7) T ie r  I V  L i s t i ng .  

L i s t s  t o t a l  weight and c.g f o r  a l l  items I n  a sub group and s u m r i z e s  
by group. 

8) T ie r  111 L i s t i n g .  

L i s t s  t o t a l  weight and c.g., target  weight, acd overiunder ta rge t  weight 
for  a1 1 groups, and s u m ~ r i z e s  t o t a l  MOE-2 va?ues. 

The estimated weight o f  thc MOD-2 #TS ;s shown i n  ?able 5-21. The weight 
statement i s  derived from a bui ld-up c f  c.p03ents, design deta i  1s and sub- 
assemblies. I t  ixl udes a1 1 !JT hardware, e l e c t r i c a l  cabl ing and controls,  
instrumentation, f i i i i ds ,  heating/cooling requirement;, mainteoarice and safety 
provisions, etc .  , fro% the base o f  the tgaer through the ro to r .  Flore than 
nine h~ndred  unique items make up the de ta i led  T i e r  V weight statements fo r  
the subassenbl y group co&s i n  Table 5-21 . 
Height contro l  has been exercised throughout thz conce?tual and prel iminary 
desirJrl o f  t!re iJT. Mir~imum wejght, a1 thougb desirable, i n  many cases has co t  



been the deciding factor where a decrease i n  weight would resul t  i n  an increase 
i n  cost. As an aid i n  monitoring and control, ini.tia1 target weights were 
established a t  the sub assembly level. The Tier I11 weight statement (Table 
5-21) snom the relationship t o  target goals. The current weight i s  approxi- 
mately 45,000 15s. lawer than the target weight a1 locations. The un i t  weight 
o f  232 lbs/kW reflects a systm designed fo r  aiirirnun cost o f  energy. 

The weight and mass properties task has therefore been a signi f icant input to, 
and a monitor of, the cost uptimization process. 

T&k 5-21. MOD-2- 107 W M  Thine Sysoam Mass Pmpwtks Status Scmmary 

....................................................... 

. E L E Y E Y T  . C U R . P E S T  WT. . O V E R / U N C E R .  T A ? G E T  . 
5 Z q U P  ............................-.... _ . X E I r J H T . . . . . : . ! f I  .JH T. .. 
4 1  - 3 L A 3 E  1 0 0 3 3 6 . 0 0  ! C 5 3 6 . 0 3  E S 3 3 0 . 0 0  
4 2  3 x 3  6 7 7 2 2 . 0 0  1 2 2 2 ~ . 0 0  555CO.GO 
4 3  P I i C H  CCYTRO!. 1 5 C 9 . 0 0  - 1 3 1  - 0 0  1 7 2 0 . 0 0  
4 1 - 6 3  2 O T O R  S i 2 5 A S S E X 3 L Y  1 6 9 5 6 7 . 0 0  2 2 5 6 7 . 3 0  14703C.C.O 

5 1  L O  S P E E D  S H X F T * 9 7 S S S  
5 2  C U T L L  S ! i A F T + C O U ? L I S G  
5 3  SEA330' :  
5 4  i-!IS?EECI S ? X F T + C O V P L G  
5 5  ? O T C R  3 2 A K E  S Y S T E H  
5 6  C 3 1 ? ! I C A T I O N  S Y S T E M  
5 7 GE':EBATOd 
5 8  S - T Z A i N  G S O X T H  A L L O N  
51 -53  5 2 I V E  T 2 A I N  

6 1  N A C E L L E  S 7 2 U C T U R E  
5 3  Y A X  3 Q I V E  
5 4  ? O T C Q  SL!??CRT S T R U C T  
5 5  E S V I ? C l N . C S S T R k + F I R E  
6 6  CA!3C!::G+ELEC. ' A C I L .  
6 7  i X S ?  S U X .  + C 3 N T i ? O L S  
5 8  S E S .  A C C Y . ! ' N I T  
5 1 - 6 8  N A C E L L E  

7 1  T B X E R  2 4 6 5 3 6 . 0 0  - 6 4 5 4 . 3 0  2 5 3 C 0 0 . 3 0  
7 2  C ~ ~ L E  I N S T A L L A T I O N  4 1 3 0 . 0 0  3 2  3 0 .  i '3 9 0 0 . 0 0  
7 3  C A 9 L E  T R : . N S I T I O N  5 0 0 . 0 0  -10311.OG 1 5 C 0 . 0 0  
7 4  LIGHiNISG P R O T E C T I O N  300  . O O  0 . 0  300. 0 0  
7 1 - 7 4  T O N E R  S U B A S S C X B L Y  2 5 1 4 5 6 . 0 0  - 4 2 3 4 . 0 0  2 5 5 7 0 0 . 0 0  

4 1 - 7 4  T O T A L  I N C L .  G ? C W T H  5 8 3 2 0 4 . 0 0  - 3 6 7 9 6 . 0 0  5 2 5 0 C 0 . 0 0  

7 5  D - T R A I N  G B 3 W T H  A L L O W  - 6 0 0 0 . 0 0  - Z G 0 0 . 0 0  0 . 0 0  
4 1 - 7 5  T O T A L  E X C L - S R C W T H  5 2 0 2 0 4 . 0 0  - 4 4 7 9 6 . 0 0  6 2 5 0 3 9 . 0 0  
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5.7 MANUFACTURINS DEVELOPMENT 

The Manufacturing Development a c t i v i t i e s  were or iented toward slrpporting the 
Engineering prel iminary design e f f o r t  whi le  the manufacturing shops acquired 
some f a m i l i a r i t y  w i th  the unique fab r i ca t i on  processes of the WTS. The 
development a c t i v i t i e s  were p r imar i l y  associated w i th  fabr icat ion of the r o t o r  
blade and were divided between we1 d i  ng and forming processes. 

5.7.1 Weld Development 

Engineering selected three materials as possible candidates fo r  the r o t o r  
blade. Manufacturing prepared welding specimens from each o f  these materials,  
A-588, A-572 GR 42 and A-633 G r  A. Various thicknesses and j o i n t  designs 
were welded and evaluated. From a manufacturing standpoint, the three materials 
were equal ly weldable and sound weldments were produced. 

Twelve weld j o i n t  designs were o f fe red  by Engineering as possible conf igura- 
t ions f o r  the r o t o r  design. Each o f  the j o i n t  designs was welded using che 
three candidate materials w i  t h  various weld w i  res, back-up materials,  edge 
prep3raticns and welding posit ions. The degree o f  ease o r  d i f f i c u l t y  i n  
consistent;$ . rgducing and inspect ing each o f  the j o i n t  designs was passed on 
t o  Lng ineer i~g .  The more d i f f i c u l t  designs were el iminated o r  revised f o r  t i ie 
ro to r  design. Development work i s  cont inuing as Engineering designs fo r  ma- 
t e r i a l  gages are f i n a l i z e d  and pending the f i n a l  decision on the need fo r  
stress re1 iev ing  the weldments. 

5.7.2  Forming Development 

The Forming Development Program was i n i t i a t e d  t o  determine whether the r o t o r  
blade sk in panels could be formed t o  the contour tolerances required by the 
design. Other object ives were t o  determine the maximum length o f  panels t h a t  
could be formed and i d e n t i f y  t oo l i ng  requirements f o r  an acceptable product. 

Chip forming, by a progressive series o f  l i g h t  h i t s  on a press brake, appeared 
t o  be the most economical method o f  forming l i m i t e d  quant i t ies  o f  sk in  panels. 
Consequently, a survey was made o f  fabr icators having press brakes up t o  
s i x t y  feet  i n  length ir: a tandem posi t ion.  

Because o f  the blade tilt l i m i t s  o f  the presses i t  was determined tha t  a sk in  
panel having the varying contour o f  the rotot- blade design would have t o  be 
1 i m i  ted t o  about twe i ty  f i v e  feet i n  length. Three vendors were selected t o  
form the development program skin panels as discussed i n  sect io f l  5.7.3 

5.7.3 Fabricat ion o f  Buckling Test Specimens 

The f i n a l  phase o f  the manufacturing development program was the fabr ica t ion  
o f  a f u l l  scale 35 foo t  long sect ion o f  the blade. The sect ion o f  the blade 
was selected from s ta t i on  360 t o  s ta t i on  780. Stat ion 360 represented the 
f i e i d  j o i n t  and t h i s  sect ion o f  the blade presented some o f  the most d i f f i c u l t  
sk in panel forming problems. The skins were 318 and 1/2 inch gauges o f  A-588 
material .  The t r a i  1 ing  edge panel ( 2 2  f ee t  i n  length) t rans i  t ioned from a 
constant radius a t  s ta t i on  360 t o  a sharp t r a i l i n g  edge o f  the a i r f o i  1 a t  the 
outboard end. This represented the most severe forming condi t ion o f  the e n t i r e  
ro to r .  



F l a t  pat tern layouts and templates made t o  the ins ide  mold 1 i ne  of the par ts  
were furnished t o  the vendors along w i  t n  the material .  The vendors were able 
t o  layout the mater ia l  t o  net  length, cu t  the weld edge preparat ion on the 
ends and form the contour t o  w i t h i n  1/16 inch o f  the contour templates. A f te r  
the excess width required f o r  forming was cu t  off, the panels were ready f o r  the 
weld operation. 

Subsequent weld fabr icat ion o f  the sect ion was accomplished w i t h  a minimum 
o f  d i f f i c u l t y  using s o f t  t oo l i ng  techniques. The fab r i ca t i on  demonstrated 
the manufacturing capab i l i t y  f o r  f i t t i n g  up the formed components and pro- 
ducing a sa t is fac tory  weldment. The experience a lso  provided valuable in- 
formation for  designing weld f i x t u r e s  for  the ro tor .  The completed 35 foot 
sect ion was then successfully subjected t o  the buckl ing t e s t  as discussed 
i n  sect ion 6.3.1. The sect ion has subsequently been stress rel ieved. 
Inspection f o r  contour changes has found no discernable d i s t o r t i o n  as a re -  
s u l t  of the heat treatment. 

The hub sect ion t r a i l i n g  edge panel i s  shown as received from the vendor i n  
Figure 5-36. 

5.8 PRODUCIGILITY STUDIES 

An in teg ra l  p a r t  o f  the MOD-2 development has been a j o i n t  Material/blanu- 
factur ing/Qual i t y  Control/Engi neering e f f o r t  t o  reduce the cost o f  each 
system element t o  a minimum. Essent ia l ly ,  every component has been subjected 
t o  layout review, trade studies, and special study meetings where appropriate, 
t o  achieve cost reduct ion consistent w i th  the desired performance and l i f e  
goals. Produci b i  1 i t y  improvements have been incorporated i n  each major sub 
system area o f  the MOO-2 WTS, i n  the manufacturing p lan f o r  large scale pro- 
duction, and i n  the erect ion plan. 

Some spec i f i c  examples o f  successful p r o d u c i b i l i t y  study app l ica t ion  are: 
(1)  A s u b s t a ~ t i a l  reduction i n  the use o f  expensive forgings i n  the r o t o r  

and low speed shaft .  
( 2 )  Selection o f  lcw cost, low r i s k  mater ials f o r  the r o t o r  t ha t  are read i l y  

avai l ab le  and tha t  weld p a r t i c u l a r l y  wel l .  
( 3 )  Selection o f  an a l l  welded steel t r a i l i n g  edge tha t  not  only reduced cost 

and weight but tha t  also el iminated the r i s k  o f  service bond delamina- 
t i o n ~ .  

( 4 )  Choice o f  the very economical corrugated steel  as the nacel l e  external 
cover. 

(5) Change t o  a f i e l d  welded tower jo-:nt conf igurat ion, replacing the more 
expensive bol ted j o i n t s  previously proposed. 

(6) Reconfiguration o f  the foundation t o  permit replacing a substant ia l  
par t  o f  the required concrete w i th  much more economical ear th f i l l .  

( 7 )  Selection o f  an ep icyc l i c  gear box design resu l t i ng  i n  substant ia l  cost 
and weight reductions. 

A rather  special example o f  the produci b i  1 i t y  e f f o r t  was demonstrated during 
a month long cost reduction study a c t i v i t y ,  resu l t i ng  i n  a cost o f  e l e c t r i c i t y  
reduction o f  approximately 175. 





6.0 MANUFACTURING, ASSEMBLY, AN@ TEST 

As the conceptual and p re l im inary  design phases progressed, a number of 
a c t i v i t i e s  o r ien ted  towards updating the i n i t i a l  concepts o f  manufactur i~g,  
assembly, inspect ion, tes t ,  t r m s p o r t a  t i o n  and e rec t i on  o f  the MOD-2 WTS were 
pursued. Inputs were provided t o  the designers w i t h  respect t o  the  manufac- 
t u re  and t e s t  of the var ious concepts under considerat ion. Refined cost  and 
manpower estimates were developed f o r  cost  o f  e l e c t r i c i t y  s tud ies.  Test pro- 
grams were conducted t o  a s s i s t  i n  conf i rming design decis ions o r  p rov id ing  
design data. 

When work progressed i n t o  the p r e l  im i  nary design phace, p l  ans here developed 
as p r e l  imi  n,ry documents f o r  the Manufacture, Test, and Oual i t y  Assurance 
a c t i v i t i e s  t o  be implemented i n  the post-design phases of the program. Es- 
t imates were provided t o  update the cost  o f  e l e c t r i c i t y  of the product ion 
un i t s .  A development t e s t  program was implemented a t  the s t a r t  of  the pre- 
1 irninary design phase and inc luded both t e s t  and manufacturing development 
a c t i v i t i e s .  One r e s u l t  o f  these a c t i v i t i e s  was t o  prodide add i t iona l  confi - 
dence i n  the design approach and analys is  used i n  a r r f v i n g  a t  the p re l im inary  
design conf igurat ion.  A second important r e s u l t  was the development of the 
procedures and processes t o  be used i n  f a b r i c a t i n g  and assembling the MOD-2 
blade and the increase i n  confidence i n  our a b i l i t y  t o  produce the blade as 
designed. 

This sect ion includes a descr ip t ion  o f  the manufacturing and const ruct ion 
procedures, and a summary o f  t e s t  a c t i v i t i e s .  



6.1 MANUFACTURING AND QUALITY ASSURANCE 

Manufacturing inc ludes the  fabr i ca t ion ,  assembly and preparat ion f o r  shipment 
of selected i tems of the MOD-2 WTS. Th is  inc ludes provf  d ing  t he  manpower, 
too l ing ,  equipment and o ther  resources t o  accomplish t n i s  manufacturing task.  

Qua1 i t y  ass, -ance ensures the  manufacturing a c t i v i t i e s  r e s u l t  i n  a qual  i t y  
product. This inc ludes su rve i l l ance  as we l l  as phys ica l  i nspec t ion  of the  
hardware dur ing  manufacturing and t e s t  operat ions.  

This sec t ion  summa) i zes  t he  manufacturing and q u a l f t y  assurance procedures 
fo r  the MOD-2 WTS. The q u a l i t y  assurance procedures presented here in  a re  
der ived from the BEG developed, NASA approved, Product Assurance PI an. 
Manufacturing procedures a re  based on p re l im inary  ~ l a n s  prepared f o r  the  
proto type u n i t  f ab r i ca t i on .  S im i l a r  plans and associated manufacturi ng 
scenarios whi ch have been developed f o r  moderate- to-  h igh  product ion r a tes  a re  
used i n  the  deveiopment o f  cos t  o f  e l e c t r i c i t y  estimates as described i n  sec- 
t i o n  5.5. 

Th, moderate-to-high product ion r a t e  scenarios a re  envis ioned t o  be consis-  
t a n t  w i t h  procedinu from the f i r s t  pro to type u n i t s  produced w i t h  modest 
t o o l i n g  t o  f u l l  sca le  product ion o f  thousands o f  u n i t s  produced w i t h  h i g h l y  
automated hard t oo l i ng .  Manufacturing methods and sequences, and qual i t y  
assurance procedures a re  independent o f  the  Droductiof i  r a t e ,  Tool ing and 
p roduc t i v i t y ,  o r  rnanufacturinq manhours, a r i  s t rong ly  a f fec ted  by the  pro-  
duct ion r a te .  I n  general, f a c i l i t y  requiremects i n c  - 2 ~  and the  t o o l i n g  
becomes inc reas ing ly  automated and complex as the p r o a u ~ t i o n  r a t e  i s  
increased, al thaugh the  bas ic  funct ions per fomed oy the  t ao l s  are the  same 
as those described here f o r  the proto type u n i t  proddct ion.  Manufacturing 
rnanhours, on the ot:,er hand, decrease d ramat i ca l l y  w i t h  increas ing product ion 
rate,  o f f s e t t i  ng the increas ing t o o l  cost .  

6.1.1 Mate r ia l s  and Components 

The manufactured components o f  the MOD-2 WTS are p r i m a r ~ l y  made frcm s t r u c t u r a l  
q u a l i t y  s tee l  as descr ibed i n  sect ion 5.1.6. 

Components fo r  the system w i  i 1 be p~ rchased  t o  engineer ing speci f i c a  t i oqs  o r  
vendor p a r t  numters. Some cotr~onents w i l l  be shipped d i r e c t l y  t o  the i n s t a l l a t i o n  
s i t e .  Those components r e q u i r i n g  i n s t a l  l a t i o n  w i  11 be processed ihrough Boeing 
rece iv ing  inspect ion funct ions p r i o r  t o  being stored. 

Components w i l l  be i n ~ e g r a t e d  i n t o  sys tem and i n s t a l l ~ d  i n  assembled com- 
poner' ,. When requi  r-sd, func t iond l  t es t s  w i  11 be pe r f omsd  orl subsystems 
p r i o r  t o  the i n t e g r a t i o n  i n  the system. Those components which requ i r e  
disassemb1.y a f t e r  t e s t i n g  t o  f a c i l i t a t e  shipping, w i  11 be match-marked p r i o r  
t o  disassembly t o  assure proper assembly a t  the i n s t a l l a t i o n  s i t e .  



6.1.2 Irhnuf ac tx r i  ng Methods 

A1 1 manufacturing methods eqtlo3ccf are 3t l l  w i  t h l q  tht zurrent stat* o f  the 
a r t  and a r e  standard industry practicss. The ro tor  skins are famed using 
the "chip" technique i n  a pre$s brake. The thickness aid large dimensions 
of the ro tor  skins require f a c i l i t i e s  larger than those avci lable a t  the 
b e i n g  C q r n y .  The skins w i  11 be subcontracted t o  veni-low having large? 
fomlrrg equipbent. The machinfng o f  i-ibs, f i t t i ngs ,  and bui kCeads i s  atcoat- 
plished on large co t t ve~ t i o~w l  m i l l s  o r  n m r i c a l  control led equipment which 
i s  avai l2ble a t  Boeing. 

The pr inc ip le  ethod a f  jo in ing components of the primary structure i s  by 
relding. Tungsten i n e r t  gzs or metal i n e r t  gas welding techt~iques ~i 11 be 
used. Welders wf 11 be qua l i f i ed  f o r  each j o i n t  c ~ n f i g u r a t i o n  and material 
thickness range. I n  soare cases, s t i c k  electrodes w i l l  be used t o  f a t r i r a te  
components from s t ~ c h r a l  beatus, mechanical tubing a t~d  late. 

Tcoling w i l l  be used t o  locate, position, o r  res t ra in  coportents for  w l d i n g  
and inter face 4 r i1  l ing.  W ~ l d i r 4  w i  11 be sequenced t o  micimize d.l:stortiors 
and inzrke-up jo in ts  xi!? be u s 4  t o  compensate f o r  weld shrinkage. 

The too l  iny  pol i c y  f o r  the prototype un i ts  o f  the MOD-2 WTS i s  t a  keep too l ing 
t o  a m5nimrn. Adequate tool ing w i l l  be used f o r  c r i t i ca !  grocesses end 
intelTaces and when the cost of the too l ing can be jbs t i f ied by reduced 
assembly process costs o r  i s  essential t o  the program schedule. 

The major i terns of to;-?ling are expected t o  be the weld f ixtures for* the ro to r  
components. Typical tool ing concept f o r  the weld f i x t u r e  f o r  the ro to r  t i p  
i s  shown i n  Figure 6-1. A series a t  f l oo r  mounted too l ing headers w i l l  be 
erected t o  control the lower sirrface contour and re ta in  the ax ia l  tw i s t  of 
the assably  . Rmvahle  upper members o f  the tool  w i  11 a l Ion sequential 
loading and ueiding o f  skin, spars and bulkheaas. 

S ia i la r  concepts are envisioned for the ro tor  mid-b:a4e section and for  the 
ro to r  center section. Other major tool in9 items w i  11 consist of s w i a l l y  
designed sl ings f ~ r  haqdling and i ns ta l l i ng  heavy i t e n s  of equipment. 
Lesser items of tool ing thot  w i l l  be required ( i  .e., contour templates, d r i l l  
templates, etc.) are non-desigrled tools and aw fabricated t o  accepted stan- 
dard tool ing practices. 

6.1 - 3  Manufacturiag Sequence 

The following paragrap3s and asrociated i? l u s t r a t i  ons describe the se\uence of 
manufartaring operations for fabrication and asse-ibly of the MOD-2 HTS. 

5.1.3.1 Rotor Fabrication 

The ro to r  has f ive major assemblies. The assmbiies, consisting af two t ips ,  
two mid-section blirdes and a hub center section are fabricated concurrently. 
After the individual assemblies are completed, they are joined t o  make a cm-  
p le te  ro tor  for i n s t a l l a t i ~ n  on the low speed shaft previously ins ta l led  i n  
the nacell e. 



The rotcir t i p  i s  fabricated i n  tM, steps. F i r s t ,  the spindle box cotttaining 
the p i  tcfl spindle and s t ruc tura l  members between s ta t ions  1260 ard ?320 i s  
welded i n t o  a un i t .  This assmbly i s  a convenient s ize  fo r  f i n a l  machining 
operations and provides a dimensionally s table assembiy t h a t  ensares a l ign-  
ment c f  the shaft wi th the remaining t i p  structure. The second step inre-  
grates the spindle box i n t o  the t o t a l  t i p  weld assembly accomplished i n  the 
t i p  welding f i x t u r e .  

A f te r  completicn of a l l  weid operations, the ba!iast weights are ins ta l led ,  
the assembly i s  cleaned and painted-and *.be spind?e sleeve 8nd aqsociated 
bearings sea:s and reta iners tzr~ ins ta l l ed .  The assembly i s  weighed and 
balanced by a f i na l  adjustlllent o f  b a l l a s t  weights and then i s  jo ined w i t h  
the blade and hub center sect ion to  make a complete ro tor .  

The manufacturing sequence for the mid blade i s  s im i la r  t o  the r o t o r  t i p .  A 
sub~ssembly of the spindle box I s  welded and machined before in tegra t ion  
i n t o  a complete blaae. 3 r s l l i n g  c f  the Sta 360 f i e l d  sp l i ce  j o i n t  holes i s  
done a f t e r  3 1 1  weld operations are canpleted. 

The nuk center sec t ion  i s  fa3ricated i n  several s-ages. i h e  bearing support 
assembly and the bearincj and ta?ter  brake support assembly are w~lded,  sur- 
face: are machined,and mounting hole locat ions Oril!ed. The "6" shaped 
sections i n  the center o f  the hub are welded as sub-assemblies. The "D" 
sections are mated w i th  the bearing support assemblies and match d r i  l!eC. 
These ho!es are the index points f o r  locat ion  i n  the center sect ion weld 
f i x tu re .  The outboard port ions are then b u i l t  up t o  mate w i th  the center 
pcr t ion.  After weld completion, the blade attach hole pz t te rn  i s  d r i ? led ,  
the assembly i s  c:e.?zed and painted and i s  joined w i t h  the blades and t i p s  
t o  complete the r o t o r  assembly. 



6.1.3.2 Final Assembly 

The MID-2 WTS w i l l  be assenbled as shown schematically i n  Figure 6-2 pte- 
paratory t o  in-plant i n t q r a t i o n  testing. The following text  describes, i n  
general t e r n ,  the manufacturing ac t i v i t i es  associated wi th  t h i s  task. A l -  
though 1 i s t eJ  sequentially, some of the operations my be performed concur- 
rently. Methods studies o f  m n  loading and accessibi l i ty  w;l l  determine the 
optinun s e q u e ~ i n g  that  i s  compatible wi th cost and schedule targets. 

The nacelle i s  prccured by BEC fm a subcontractor. E lect r ica l  conduit and 
wir ing for the nacelle i n te r i o r  l ighting, convenience out lets f o r  accessory 
power and the external 1 ight ing w i  11 be ins ta l  led as soon as the nacelle 
i s  received afid while accessibC 1 i t y  i s  unrestricted. 

Cabie runs from the yaw s l i p  r i ng  location t o  equipnent locations w i l l  be 
muted. Circ9:i t breaker panels w i l l  be instal led.  Hookup o f  the cabling 
to the equipment m s t  necessarily be deferred u n t i l  the equipnent i s  instal led. 

Tee nacelle w i  I 1  !M? temporarily shored up a t  each end f o r  i n s t a l l ~ t i o n  o f  the 
yaw dr ive system. The yaw bearing, manufactured by a subcontractor. i s  
jacked up i n to  posi t ion under the nacel l e  and tne attach bo l ts  instal led. 
The nacelle w i l l  tnen be munted on the simulated tower section i n  the f i n a l  
assmbiy and checkstit area. The yaw brake disc w i l l  have been munted on the 
tower. Tne brake caliper; w i  11 be i ns ta l  led. Tite dr ive m t o r  w i  11 be mounted 
On i t s  s3ppCrt. 
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Figure 6-2. MOC-2 A* S@uc?na? O~rerIsy 



The hydraulic module w i l l  be ins ta l led i n  the nacelle and plrrnbing work can- 
pleted. The yaw system shroud w i l l  be bolted i n  place. A checkout of the 
yaw dr ive system m y  be made a t  t h i s  time. 

The IGW speed shaft, as supplied by the subcontractor, n i l 1  be auunted i n  a 
work stand for the ins ta l  l a t i on  o f  hydraulic e q u i m n t  and pluabing associated 
wi th the p i t ch  control system. n e  dr ive t r a i n  s l i p  r i n g  w i l l  be ins ta l led  
and e lec t r i ca l  wir ing t o  the r o to r  w i  11 be routed. The shaft  bearings w i l l  
be ins ta l led and the q u i l l  shaft inserted i n  the low speed shaft. The assem- 
bled low speed shaft w i  11 then be ~ounted  on the bearing supports of the 
nacelle and aligned. The gear box w i l l  be mounted and s h i m  t o  a l i gn  w i th  
the q u i l l  shaft. Final ly, the generator and high speed shaft  w i  11 be ins ta l  l ed  
and adjusted for alignment. Associated control equipnent and cooling a i r  
ducting w i l l  be ins ta l led and a l l  e lec t r i ca l  and hydraulic hookups w i l l  be 
completed. 

The ru to r  center section, blades and t i gs  have previously corpleted the stnrc- 
tura l  assembly  pera at ions and have been painted and ind iv idaa l ly  :=eighed and 
balanced. The teeter bearings w i l l  be ins ta l  l ed  i n  the center section. The 
center section w i l l  be ins ta l led on a s u p p ~ t i n g  f ix ture.  Hydraulic l i nes  
for the p i t ch  control system w i l l  be ins ta l led am! rogted t o  the outboard 
extremities o f  the center section. E lect r ica l  cabling and wi r ing fcr the 
instrusrentation w i l l  be ins ta l led a t  the same time, 

The mid blades w i l l  be joined t o  the hub secticn b the i ns ta l  l a t i og  o f  bo l ts  
a t  the f i e l d  spl ice jo in t .  P l d i n g  and e lec t r i ca f  w i r i r n j  i n  tk hub 
section w i l l  52 hooked up t c  the previous:y ins ta l led l ines i n  the blades. 

The t ips  w i l l  be joined t o  the mid blades by insert ion of the soindle sjeeve i n  
the biade socket and the fasteners instal led.  The p i t ch  actuators w i  11 be 
hooked up and f i n a l  e lec t r i ca l  and hydraitlic connections w i l l  be made. 

Electr ical  continuity checis w i l l  be made. The hydraulic l i nes  w i l l  be 
flushed and f i l l ed .  Af ter  checks are made for leaks and f ina l  inspection 
has been cmpleted, the functional operation of the p i t ch  cantrol system w i  11 
be veri f ie6. Upor; cmplet ion of the testing, the completely assearbled ro to r  
w i l l  be transferred fraa the tes t  f i x tu re  t o  the 1rm speed snaft ins ta l led 
i n  the nacelle. A f i n a l  hookup o f  i ines fm the low speed shaft  t o  the 
ro tor  completes the aanufactirring ac t i v i t i es ,  except f o r  the disassembly and 
preparation f o r  shipment, when the inplant tests are f inisherl. 

6.1.1 Cual i t y  Assurance 

This section describes objectives, philosophy and plans concerning qual i t y  
assurance inspection and test ing techniques and c r i t e r i a  for the WD-2 WTS. 

A Prcdact Assurance 9-ograni Plan, 0276 10500-1, was developed i n  accordance 
wi th the MSA-LRC Statement o f  Wcrk and Exhibit  "C" of contract DEB 3-2. 
This c u s t m r  appr3ved plan defines the system t o  be used t o  ensure compliance 
w i  t h  the safety, re1 i a b i l  i ty and qual i t y  assurance requirements of t h r  con- 
t rac t  . 



6.1 -4.1 Inspection of Fabrication, Assembly, and Ins ta l  l a t i on  Operat ions 

A1 1 manufacturing and inspectior! operations for  the MID-2 WTS oroject  are 
k i n g  preplanned. Evidence o f  work completion w i l l  be traceable t o  the ind i -  
vidual performing the operation through the use o f  personal stamps issued t o  
the individual employee performing the operation. 

The operation w i l l  be a "controlleda manufacturing process wherein require- 
rnents (drawings, specif ic~tr 'on, documents), processes, methods, tool s and 
quiplaentc are spec i f ica l ly  defined i n  a sequertial manner to  f a c i l i t a t e  an 
orderly flow. !bndatory inprocess inspections and non-destructi ve examina- 
t ions w i l l  be 'nserted a t  appropriate w i n t s  t o  ensure an adequate qua l i t y  
level . 
Specific inspectioli controls t o  be l i s d  on the MOO-2 UTS project  include the 
following: 

(1) L'se of raw materials and standards previously accepted during receiving 
inspection operat io~s.  

(2) Control led too l ing (teaplates, d r i l l  j igs, etc. ) inspected and cer t i f i ed  
f o r  use. 

(3)  Inprocess surveil lance of  manufacturing operations. 

(4)  Dimnsional ve r i f i ca t ion  using cal i brated devices such as micrometers, 
sca 1 es , ca 1 i pers , and gauges. 

(5)  Nondestructive test ing o f  welding using u l  trasonics, radiography, dye 
penetrants, etc. 

A l l  planning for the MOD-2 UTS project  i s  rev iew4 and approved 
p r i o r  t o  release. inspection operations are added during the review cycle. 
C r i t i ca l  hardware characterist ics are noted on the planting and w i l l  be 100: 
inspected. 

Oual i t y  assurance ensures that  the FUD-2 WTS "as designed" configuration i s  
accurately portr3yed by the planning. Production planning i s  released only 
af ter  the "as planned" conf igu ra t i  ~n ~ q u ~ l  s the "as designed" conf igui-a tion. 
After manufacturing completion of the product, the "as bui 1 t" configuration 
i s  canpared t o  the "as designed" confjauration. Differences between the ''as 
b u i l t "  and the "as decigned" configurations are imnediately resolved. 

Alignment requiremects of the MOD-2 UTS structure buildup w i l l  be control led 
by tooiing. A11 inspections w i  1; t e  t o  ecgineering tolerances and w i  11 be 
performed using state-of-the-art tech~iques. A l l  required inspection equip- 
ment i s  current ly  i n  the Boeing inventory or  i n  the case of  purchased hard- 
ware, i s  a standard comnon t o  industry. 



6.1 -4 .2  Special Product Analysis 

Material f o r  the ro to r  w i l l  be purchased t o  requirements that  preclude the 
presence o f  detrimental flaws. Acceptance w i  11 be predicatea on resu l ts  of 
chemical analysis, tensi l e  properties tests, and charpy v-notch i ~ p a c t  tests. 
No ultrasonic inspect im -2esting i s  planned. The o r i e n t a t i o ~  o f  defects i n  
r o l l ed  p la te  are laminar. Laminar defscts are not detrimental unless they dre 
a t  an edge which would a f fec t  the i n teg r i t y  o f  the weld. Therefore, no shear 
wave ul tt-aasonic inspection i s  planned. Penetrant, rather than longitudinal U-i, 
w i l l  be u t i l i z e d  t o  inspect a l l  weld prep edges before welding i s  started. 

Welding of the mtgr w i l l  be per AYS structural  welding Code 01 .l-75, including 
the use o f  qua l i f i ed  weld procedure specifications. N a l i f i e d  and cer t i f i ed  
welders and inspectors w i l l  be u t i i i z e d  during f a b r i c a t i ~ n  of the rotor .  

Proposed weld j o i n t s  have already beer. reviewed for  inspectabi l i  ty .  Non- 
destructive t es t  methods and acceptance c r i t e r i a  have been evaluated which 
inaicate tha t  state-of-the-art ?0T are avai lable and usable t o  detect allow- 
able f l aw  sizes. 

6.2 TRANSPORTATION AND INSTALLATI ON 

Ui th  the exception of the tower and cer ta in  e lec t r i ca l  equipment, the MOO-2 
UTS w i l l  be pre-assemb?ed a t  the Boeing Crwnpany i n  Seattle. The r o t o r  and 
dr ive t r a i n  w i l l  be assmbled wi th the ~ a c e l l e  and alignment checks campleted 
p r i o r  t o  pa r t i a l  disassembly and shipment. The f i n a l  ro to r  d r i ve  t r a i n  
alignment w i l l  take place a t  the WTS s i te .  A l l  comjmcents have been sized 
and weiyht 1 imited so that  they can oe transported v ia  conventional r a i l  andl 
or highway modes. 

S i t e  preparation a c t i v i t i e s  w i l l  be i n i t i a t e d  whiie the UTS i s  being MnU- 
factured. The yard work, WTS foundation, and u t i l i t y  inter face equipment 
ins ta l  l a t i on  w i l l  a1 1 be car$leted by the time the WTS arr ives a t  the s i te .  
The tower assembly erection, and the nacelle and ro tor  assembly and mounting 
w i l l  be accomplished by using a 241; ft gin-pole. A f te r  dr ive t r a i n  
alignment, fsnctional check-out, and u t i l i t y  persdnnel training, the WTS w i l l  
be turned over t o  the user u t i  1 i ty.  

Preliminary transportaticn and s i t e  a c t i v i t y  plans have been prepared to 
support the development o f  detai led schedules and t o  provide a basis f o r  cost 
estimating. Protctype system schedules and costs are based on the insta1:a- 
t i on  of a s ingle WTS u c i t  a t  a s i t e  approximately 1000 m i l s  from Seattle. 
Production planning nas been based on the i r ts ta l la t ion o f  a 25 hTS u n i t  f d m  
a t  a s imi lar  s i te .  The resul ts o f  these planning a c t i v i t i e s  are presented 
i n  the following parzgraphs. Systzm checkout and acceptance t es t  plans are 
presented i n  section 6.3. 

These plans and the cost estimates devel cped f ron them are sensit ive t o  the 
characterist ics o f  the s i t e  selected f o r  i ns ta l la t ion  of the MOO-2 WTS. A l l  



transpartation and s i t e  a c t i v i t y  plans a d  cost estimates w i l l  be modified 
accoding l j ,  fol  lowing s i  t e  selection. The speci f ic  s i t e  characterist ics 
adopted as groundrules f o r  the preliminary planning and cost estimating are 
as follows: 

The s i t e  i s  fu l  l y  accessi b ie  by conventional over-the-road transportation. 
The s i t e  i s  located on generally f l a t  te r ra in  wi th a substrate presenting 
no unusual o r  adverse fractures. 
The s i t e  i s  assumed to  be IOU0 miles from the  manufacturjng plants. 
A? 1 construction work i s  assumed t o  be done i n  ideal  weather conditions. 
A l l  p e n i t s  and 1 icenses are furnished by the user u t i  11 ty. 
A1 1 u t i l  i ties. water, power and access mads are provided w i th in  400 feet  
of the tawer by the user u t i l i t y .  
Craf t  labor required t o  support the construction phase i s  avai lable w i t ? -  
i n  cannuting distance. 
Concrete for the foundation was priced a t  $40 per cubic yard. 

Unt i l  specific UTS sites are selected, transportation related a c t i v i t i e s  are 
focbsed on the fo1 I m i n g  elements : (1 ) preparation o f  design constraints 
dicta+.& by transportation s ize at:d weight l imi ts ,  (2)  analyses of the type 
iind number of specia:iz& containers and handi i r ;~  f ix tures n ~ d e d  t o  move 
cmpunents from the factory to  the US'S site, and (3) preparaticn of the 
tr8znspor:ation cost es t imtes  f o r  isc lusion i n  the  MOO-2 turnkey o s t s .  A 
f 9 m l  doc-mented transportation plan ni 11 be pre~ar?d and svbmi t t ed  a t  the 
detai led design review. 

The design constraints were developed based upon ra i l road and t ruck ing i 2 -  

f o m t i o n  kit t i  the object ive o f  being able t c ~  ship WTS cawnents  to  a t  
least 90: af U.S- d~s t i na t i s ss .  These constraints were incorpcrated i n t o  the 
i400-2 des~gn requirements 3s fol lous: 

Trsnstfirtabi: i t y  - A?: systea e l w n t s  wi th exceptiori of the tower foundation 
A -  
sha;l ?.e designed, fabricated and assmbled so as t o  allow the i r  t r a n s p ~ r t  by 
c z m r c i a ;  carr iers, u t i l t z i n g  standard comercia1 shi?ping sad handling 
przc t i ce5.  

Weight and W~ensions l  Constraigtz -- - The U S  components shal l  be des'gned t o  
r ee t  the fc l lcwing weight and d i ~ r ~ s i o n a l  constraints if possible. .Zxce~t:ans 
w i l  : require waiuat ion t o  detemine t f  accmdat ions cat1 be arransed. 

M A X .  MAX.  M A X .  HA;( . 
F!ANSPOR1ATION WFIGHT LENGTH WIDTH HE I GHT 

Truck 100,000 I b s .  150' 14 '  10' 
72' di  t h  lowboy 

* Can be increased t o  !2 feet  f o r  cy l indr ica l  
;terns that are 55 feet or  less i n  lecyth.  



Qua1 i ta t i ve  Handl inq and Transportabi ! i t y  R e q v i r e n t s  - Handl ing, t iedorn 
and s'l inoitw m i n t s  shal l  be incorporated i n  the design of equipment t o  
f a c i l  i t a l e  &ansWrtabil i tj, warehousing, and handling requirements. Fu l l  
design cons'deration also shal l  be given t o  the safety aspects o f  equipment, 
i t s  sectional i ra t ion  and disassembly capabi 1 i ty  f o r  transport purposes, and 
on-si t e  r e a c s d l y  . 
A preliminary analyses o f  special ized packaging and hand? ing requi r e n t s  has 
been p e r f o d  i n  order to  conpute r e a l i s t i c  cost estimates and to  ident i fy 
any long lead items. No long lead items were ident i f ied.  Shipping f ixtures 
f o r  the production program w i l l  be reused. Specialized f ix tures w i  11 be 
required f o r  the blades, gearbox, tcmer, law speed shaft, ? u i l l  shaft and 
couplings, yaw bearing, generator and nacelle. The ro to r  w i l l  be shipped i n  
f i v e  pieces (Figure 6-3). The preasseaibled nacelle structure wi th i t s  mechanical/ 
e lec t r ica l  ins ta l la t ions w i l l  be transported t o  the s i t e  by truck. Due to weight 
l imitat ions, the gear box and generator w i  11 be shipped separately- The tower 
w i l l  be shipped i n  sections and the e lec t r i ca l  swi tchgear and transformers w i l l  
be shipped individual ly. Once the items are delivered t o  the s i te ,  covered 
storage for the electronics and c r i t i c a l  machined surfaces w i l l  be provided 
by tarpaulins and by temporary storage wi th in  the tower. 

Hub 

Fgure 63. Standard Truck and Rai7rOad Cars 
6.2.2 Sl t e  Preparation and Instal  l a t ion  

The detai led design of the WTS foundatian and u t i ? i t y  interfaces w i l l  be 
i n i t i a ted  imzd ia te ly  a f te r  s i t e  selection. Such factors as soi 1 charac- 
t e r i s t i c s  and seismic zone hake a s igni f icant  impact on the foundation 
design. Eoeing w i l l  work d i rec t l y  with the user u t i l i t y  to  coordincte the 
WTS-to-utiiiiy interface. This ac t i v i t y  w i  11 occur i n  para l le l  wi th a 



detai led s i t e  survey where such thifigs as topography, soi 1 s inves t iga t ion  
samples, roads, transportat ion routes. requirements for temporary f a c i l i t i e s ,  
types of equipment required fo r  s i t e  preparation, and ava i lab le  on-s i te u t i l -  
i t i e s  are defined i n  s u f f i c i e n t  de ta i l  t o  support the s i t e  design. The 
g o v e m n t  and/or user u t i l i t y  w i l l  fu rn ish  e l e c t r i c a l  d i s t r i b u t i o n  1 ines, and 
comnunications l i n e s  and access roads to  the s i te .  

The a c t i v i t i e s  associated w i th  s i t e  preparation include: 

c lear ing and grading o f  s i t e  
se t  up of temporary structures 
i n s t a l l a t i o n  o f  temporary u t i l  i t i e s  
preparation of a storage yard 
excavation f o r  tower and miscellaneous other foundations 
fabr ica te  and set  concrete forms 
i n s t a l  1 re in forc ing  steel, andror bolts,  t i e  down steel  and 
e l e c t r i c a l  conduits 
pour concrete 
remove forms and backf i 1 1 
i n s t a l  1 underground conduits and copper ground g r i d  
compaction and surfacing o f  assembly lay-down areas 

Fol lowing concrete cure and compl e t ion  of s i t e  preparation, the erect ion equip- 
ment and the tower components w i l l  a r r i v e  a t  the s i t e .  The WTS erect ion 
procedure u t i l i z e s  a 100 ton capacity, 240 fee t  t a l l ,  gin-pole w i th  appropriate 
spreader bars, s l  ings, tag 1 ines and accessories. The gin-pole i s  mounted on 
i t s  ind iv idua l  foundation adjacent t o  the tower foundation. The tower cunpon- 
ents (approximately 16) are f i e l d  welded i n t o  three sectfons. The tower 
sections are  i n s t a l  l e d  on the foundations and circumferential we1 ding of the 
three sections i s  completed. With the tower erected, the man-1 i f t  and the 
e l e c t r i c a l  equipment w i t h i n  the tower i s  ins ta l led .  Likewise, the equipment 
(main transformer, bus t i e  contactor and f i e l d  current 1 i m i  t i n g  res i s to r )  loca- 
ted  on the e l e c t r i c a l  equipment foundation and the buried e l e c t r i c a l  cable 
from the tower t o  the yard e l e c t r i c a l  equipment i s  ins ta l led .  

A t  t h i s  time, the nacel le has ar r ived a t  the s i t e  and i s  being assembled and 
prepared f o r  erect ion on the tower. The on-s i te nacel le assembly consists 
o f  re - ins ta l  1 ing  the yaw bearing, gear box, generator, gear box 1 ubr icat ion 
system, o i l  coolers, wind sensors, etc., and completing e l e c t r i c a l  and 
hydraul ic connections t o  t h i s  equipnent. A f te r  funct ional checkout, the 
nacel le w i l l  be erected on top o f  the tower and bolted t o  the support flange. 
E lec t r i ca l  connections a t  the yaw s l i p  r i n g  w i l l  complete nacel le i ns ta l  l a t i o n .  

Assembly o f  the f i v e  r o t o r  sections i s  accomplished on a lay-down area 
adjacent t o  the tower. After ro to r  f i e l d  assembly and functional test ,  the 
ro to r  w i l l  be hoisted and bol ted t o  the low speed shaft. E lec t r i ca l  connec- 
t i a n  a t  the rotor/nacel l e  s l i p  r i n g  and hydraul ic connections w i l l  compl ete 
' f l S  erection. The next phase consists o f  system checkout and acceptance tes t ing  
as discussed i n  Section 6.3. 



The foregoing discussion descr ibed the  s i t e  p repara t ion  and i n s t a l  l a t i o n  o f  
a s i n g l e  proto type u n i t .  The s i t e  preparat ion and i n s t a i l a t i o n  of a niul t i -  
u n i t  farm w i l l  be s i m i l a r  t o  a s i ng l e  u n i t  except t h a t  economics of sca le  w i l l  
be achienV3d by t he  use o f  reusable concrete forms, spec ia l i zed  t e s t  and a l i g n -  
ment t o o l  s and f i x t u r e s ,  and modif ied heavy 1 i f t  equipment. Economies may be 
achieved by use o f  a s i n g l e  area f o r  rece ip t ,  storage, and assembly of the  
major WTS assemblies w i t h  subsequent t r anspo r t  w i t h i n  the  farm area. 

6.3 TEST 

The t e s t  a c t i v i t i e s  c a r r i e d  o u t  dur ing t he  conceptual and p re l im ina ry  design 
phase were predominantly o r i en ted  towards support ing t he  on-going design 
e f f o r t .  These t e s t  a c t i v i t i e s  were undertaken t o  conf i rm proposed design 
approaches, o r  t o  prov ide data from which a design approach could be selected; 
i n  e i t h e r  case, they a re  categor ized as development t es t s  and a re  summarized 
i n  paragraph 6.3.1. 

A second category of t e s t  a c t i v i t y  was pursued dur ing  p r e l i f i i n a r y  design. 
This a c t i v i t y  cons is ted e n t i r e l y  of p lann ing associated w i t h  the checkout 
and acceptance t e s t s  o f  the MOD-2 WTS as defined i n  p re l im ina ry  design. This 
a c t i v i t y  i s  sumnarized i n  paragraph 6.3.2. 

6.3.1 Development Tests 

6.3.1.1 Wind Tunnel Test Program 

Object ives:  

The pr imary ob jec t i ve  of the  wind tunnel t e s t  was t o  ob ta i n  data f o r  v e r i f y i n g  
MOSTAB computer codes used f o r  coupled dynamic ana lys is  of a so f t  tower wind 
tu rb ine  system. 

Several secondary ob jec t i ves  developed as the t e s t  progran d e f i  n i  t i o n  was re -  
f ir led m a  tne  conceptuai and p r e l  i m i  nary design progressed. Included i n  t h i s  
se t  o f  ob jec t i ves  were the comparison o f  a f i x e d  and a teetered hub r o t o r ,  
and assessment of a r o t o r  u t i l i z i n g  a c o n t r o l l a b l e  t i p  (as opposed t o  f u l l  
span c o n t r o l )  f o r  ad j us t i ng  r o t o r  p i t c h  angle. 

Approach : 

A one-twent ieth sca le  model of the MOD-2 WTS was designed and fabr i ca ted  by 
the Boeing Ver to l  wind tunnel o rgan iza t ion  t o  requirements provided by the 
MOD-2 p ro j ec t .  The o r i g i n a l  model incorporated f u l l  -span p i t c h  con t ro l  of 
the blades and a braced tower. Machine sca l i ng  o f  geometry, mass, s t i f f ness  
and frequency was ca r r i ed  o u t  i n  the model design. When i t  became impossible 
t 3  ho ld  nace l l e  mass t o  the  proper sca l ing  (due t o  the weight requi red f o r  
the model torque absorber system), conpensating mass was added t o  the tower 
t o  ob ta in  the proper frequency r e l a t i o n s h i p  o f  the tower. When tbe evo lu t i on  
of the design progressed t o  the se lec t i on  of a system c f  p a r t i a l  span ( t i p )  
c cn t ro l  of c o l l e c t i v e  p i t c h ,  the model ;?as mod i f ied  t o  t h i s  c o n f i r ~ r a t i o n  
f o r  a second t e s t .  



Program: 

Model design was s tar ted  i n  December o f  1977. Design was essen t i a l l y  com- 
p leted and a review conducted on March 1, 1978. Fabricat ion i ~ f  the model was 
completed by the end o f  Apr i l ,  and the t e s t  was conducted during the period 
from May 4 through May 16, 1978. Fabricat ion o f  the p a r t i a l  span contro l  
blades and other  par ts  was completed by the f i r s t  week o f  August; the second 
series o f  tes ts  were conducted during the period o f  August 15 t o  August 19. 

S ign i f i can t  Results: 

The fo l lowing i s  a sumnary o f  the more s i g n i f i c a n t  resu l t s  o f  the wind tunnel 
tests  (See sect ion 5.1 -1  f o r  de ta i led  resu l t s  and cor re la t ion  w i t h  the MOSTAS 
computer program) : 

1) MOSTAB was shown t o  provide a good pred ic t ion  of power and 
o f  steady components of f 1 apwise and chordwise bending moments. 
MOSTAB was found t o  underpredict the magnitude of the a l terna-  
t i n g  f lapwise moment; on the basis o f  wind tunnel resu l ts  a 
f a c t o r  o f  1.65 must be appl ied t o  these predict ions. A 
modi f icat ion t o  the program was made t o  incorporate t h i s  factor .  

(2) The v i a b i l i t y  o f  the s o f t  tower concept was proven over the 
operat ing wind speed range. 

( 3 )  The teeter ing -otor was shown to  be superior t o  the f i xed  r o t o r  
by lowering f lapwise a1 ternat ing moments by approximately 
50 percent. 

( 4 )  MOSTAB predict ions f o r  performance data i s  i n  good agreement 
w i th  t e s t  resu l t s  f o r  the t i p  control  conf igurat ion. 

15) Performance o f  the t i p  contro l  model compared we l l  w i th  the 
ful l -span model. 

6.3.1.2 Hydraulic Reservoir Test 

Objectives: 

The object ive o f  the hydraul ic reservoi r  t e s t  was t o  evaluate the r o t a t i n g  
reservoi r  which supplies the blade p i t ch  contro l  hydraul ics system. For 
the MOD-2 design t h i s  reservoi r  i s  mounted on the low speed shaft and 
therefore rotates a t  17.5 rpm. The evaluation was t o  include an assessment 
of the degradation o f  the hydraul ic  f l u i d ,  the p o s s i b i l i t y  o f  a i r  enter ing 
the pump i n l e t ,  the operation o f  a l i q u i d  leve l  ind icator ,  and the p o s s i b i l i t y  
of o i l  f low through the a i r  vent. 

Approach: 

A c lear  p l a s t i c  f u l l  scale reservoi r  which permitted visual observation of 
the i n t e r i o r  was fabricated and mounted on a trunnion tha t  simulated the 
proposed i n s t a l  l a t i o n  on the low speed shaft. The reservoi r  was connected 
to a hydraul ic bench twough swivel connections, and a rnezns of ro ta t i ng  
the trunnion a t  var iable speeds was incorporated. 



Program: 

Test requirements were released on September 15 and t e s t  design and necessary 
procurements s ta r t ed  imnediately.  The t e s t  setup was completed on October 
25 and t e s t i n g  was conducted dur ing t h e  per iod October 26 through November 7. 

Tests were conducted a t  r o t a t i o n a l  speeds o f  17.5 and 20 rpm using var ious 
combinations o f  f l u i d  f l ow  and rese rvo i r  leve ls .  S t a t i c  t es t s  were a l so  run 
w i t h  the i n l e t  a t  var ious azimuthal locat ions.  

S i g n i f i c a n t  Results: 

I n i t i a l  runs showed t h a t  severe f l u i d  aerat ion occurred when the r e t u r n  
l i n e  i n l e t  was above the f l u i d  l eve l .  It was a lso  noted t h a t  some o i l  f e l l  
i n t o  the vent p ipe w i t h  each revo lu t ion .  The rese rvo i r  was modi f ied by adding 
a  d i f f u s e r  t o  the f l u i d  i n l e t  p ipe  and a sh ie l d  t o  the vent p ipe i n l e t .  

The f i n a l  t e s t  runs ind ica tsd  t h a t  o i l  f l ow  pat terns were acceptable and 
f l u i d  bu lk  modulus remained unchanged. There was no o i l  f l ow  from the  a i r  
vent and the l i q u i d  l eve l  plunger fo rce  was adequate t o  operate the low l e v e l  
switch. 

6.3.1.3 Blade Buckl ing Test 

The combination o f  curved and f l a t  sheets i n  a  bending s i t ua t i on ,  such as 
ex i s t s  i n  the MOD-2 blade p re l im inary  design,presents an uncer ta in ty  i n  
determining the end f i x i t y  o f  the curved panel and therefore the determinat ion 
o f  the buck l ing  s t reng th  o f  the sect ion. The analys is  f ~ r  the MOD-2 blade 
design assumed a conservat ive approach t o  determine the buck l ing  al lowables 
used i n  blade des: . The ob jec t i ve  o f  the blade buck l ing t e s t  was t o  
v e r i f y  the analys is  methods used f o r  buck l ing under a x i a l  compression and 
bending compressive loading. 

Approach : 

A f u l l  sca le  sect ion represent ing the MOD-2 blade p re l im inary  design was 
prepared us ivg  the forming and welding procedures developed f o r  the proto-  
type blade f ab r i ca t i on .  This section, 35 f e e t  i n  length, represented the 
geometry from the s t a t i o n  360 f i e l d  s p l i c e  f langed j o i n t  t o  s t a t i o n  780. I n  
the i c te res t  o f  economy, p la tes  'used were standard thickness and therefore 
deviated s l i g h t l y  from pre l imi r iary  design sizes. This had no e f f e c t  on the 
ob jec t i ve  o f  the buck l ing program. Load t r ans fe r  s t r uc tu re  was b u i l t  i n t o  
the specimen dur ing fabr i ca t ion .  

Test f i x t u r e s  were designed and fabr i ca ted  which would permi t i n t e r f a c i n g  
the specimen w i t h  the s t r uc tu ra l  t e s t  strongback. 



Program: 

Final  t e s t  requirements were released on September 15, Test f i x t u r e  and 
t e s t  set-up design was accomplished by October 13. Fabricat ion o f  the t e s t  
f i x t u res  was accomplished i n  the period between October 16 and November 2, 1978. 

The t e s t  specimen was fabr icated by the MOD-2 manufacturing shop and was 
ava i lab le  f o r  the t e s t  on November 3. Instrumentation o f  the specimen, 
i n s t a l l a t i o n  i n  the strongback, and completing the t e s t  set-up was accom- 
p l  ished by November 13. The t e s t  was conducted on November 14 and 15, 1978. 
Subsequent t o  the t e s t  the specimen was subjected t o  a stress r e l i e f  cycie 
i n  the Plant I1  furnace. Measurements were taken before and a f t e r  the 
cycle t o  determine the amount o f  d i s t o r t i on  which rou ld  be expected from 
stress re l iev ing.  The t e s t  specirnent i s  shown i n  Figure 6-4. 

The t e s t  consisted o f  applying an ax ia l  compressive load i n  the form o f  
a couple and a bending compressive load a t  the outboard end o f  the specimen. 
These loads were' applied simultaneously and i n  increasing percentages o f  the 
t e s t  load. The specimen was subjected t o  148% o f  the predicted ul t imate 
strength without evidence o f  buckling. 

S ign i f i can t  Results : 

The primary object ive o f  the t es t  was accomplished i n  t ha t  the buckling 
analysis method was shown t o  be conservative. The prel iminary design o f  the 
blade was shown t o  have comfortable margins from the standpoint o f  buckling. 
See section 5.1.3.2 f o r  a discussion o f  t e s t  resul ts.  

A second important r e s u l t  was derived i n  the form o f  a s i gn i f i can t  development 
o f  the manufacturing blade assembly procedures, inc lud ing the welding , forming. 
and hand1 i ng. Heat treatment caused no shape d is to r t ion .  





6.3.1.4 Fatigue Allowabler Test Program 

Objectives: 

The design l i f e  o f  he IC1D-2 UTS i s  30 years. R.e rotor blad w i l l  therefore k experience2.1 X 10 revolutions during t h i s  period (4 .2X 1 0% l o a d c y c l e s a t  
Zlrev) and fat igue 1 i f e  becomes the cont ro l l ing factof i n  i t s  design. P r e s n t  
data on fat igue l i f e  generally extends only t o  1 X 10 cycles; therefore, the 
i n i t i a l  objective of the t es t  program was to  extend fatigue data to  cover the 
HOD-2 experience and derive fat igue allowables to use f o r  rotor blade design. 
As the program progressed, the fol lowing secoadary objectives developed: the 
ver i f icat ion o f  the a1 louables f o r  d i f f e rw - t  spectrum loading c m d i t i w s ,  
evaluatioii o f  three candidate steels, evaluation o f  the iigfluence OF local ized 
residual stress on fat igue l i f e ,  and determination o f  the allauables to be used 
i n  the klade f i e l d  splice. 

Approach : 

A series o f  tests were conducted on i lniaxial l y  loaded surface flawed speci- 
mens. The specimens were subjected t o  spectrum loading representative o f  
expected service loading on the tension side o f  the blade. I n i t i a l l y ,  the 
spectrum was representative o f  the load p ro f i l es  expczted for the f ixed hub 
ro tor  f o r  both the upwind and downwind ro tor  configurations. Specimens Here 
made from A533 steel which was i n i t i a l l y  expected t o  be a candidate for  the 
MID-2. From the resul ts o f  these tests, a fat igue design allowable model 
was developed. 

When the pa r t i a l  span p i t ch  control concept and i t s  corresponding load 
spectrum was adopted i n  the cdnceptual design phase, and blade m t e r i a l  
candidates were reduced to  three, a second series o f  tests were conducted 
t o  conf i rni  the appl icabi 1 i t y  o f  the model developed as a resui t of the 
f i r s t  series o f  tests. 

Program: 

The f i r s t  series o f  tests was started i n  N~vernSer, 1977. Twenty-two 
specimens were prepared and eighteen of these were tested. Each specimen 
contained a pre-cracked surface f l a g  -06 inches deep by -25  inches long. 
Specimens were tested i n  rnac;u nes automa t i c a l  l y  control led by computer, which 
permitted programing spectrum load cycles on a 24 hours, 7 day work basis. 
Five machines were used a t  the peak of the program. Testing on the f i r s t  
series continued through May 1978. The second series o f  tests was startea i n  
August 1978 and continued through November 1978. During t h i s  series the 
four specimens not used on the f i r s t  series plus seden additional specimens 
were tested using spectrum load cycles representative o f  the t i p  control 
configuration. Six machines were used a t  the peak o f  t h i s  prcgram. 

Signif icant Results: 

The primary ?nd secondary objectives were achieved. The resul ts o f  the 
tes t  program were .:sed t o  develop a fatigue a1 lowables model which i s  appl i -  
cable t o  the c lected 30 year 1 i f e  of the program. See sectior! 5.1.2 for 
the descr ipt i *  of the f?tigue allowable model. The rnodel accurately 
predicted the ex3ected 1 i f e  o f  the specimen tested during phase two. Test 
data showed that  the nodel was applicable t o  211 four o f  the A grade steeis 
tes tee. 

6-1 7 



6.3.2 Acceptance Test 

As the conceptual and prel imirary design o f  the 13[#)-2 UTS ?regressed. ;;la 
the major fw h r e s  of the configuration becaw known, G plan f;,- I t s  tes t ing 
was in i t i a ted .  The plan and i t s  !aier implementatinr. i s  pa r t  o f  an overal l  
systems t .  jnpor'nj approach t o  the MID-? ;rr,ject. The plan ident i f ies  the 
various steps :lj which increw-?;: dssurance i n  the design and manufacture 
of the kTS ,I ier;en*c xi 11 ~e attained, s ta r t ing  from the tests of conponents, 
+hr:r;3i; as~ernbry and tes t  i n  the factory, and ending wi th  operational and 
acczptaqce tests a t  the chosen n30-2 rJTS si te.  

A pr;mry source o f  requirenents i n  developing the t es t  plan i s  Exh ib i t  B 
o f  the rK)D-2 Statement o f  k r k .  Other requirements are derived from an 
analysis ~f drawings, the s t n c t u r a l  c r i t e r i a ,  and iower level  hardwzre 
specifications. 

The p rx l  iminary plan ca l l s  f o r  a comprehensive series o f  tests on the c n -  
p iete ly assembled nacelle and ro tor  i n  the manufacturing assembly 
area, independent tests of the erected tower a t  the chosen f i e l d  s i te ,  
checkout of the f u l l y  ass&!& UTS a t  the s i t e  t o  assure tha t  i t  i s  oper- 
at ing properly under wind power, and fina; l y ,  a series of acceDtance tests 
durinq which data i s  obtained fran which i t  w i l l  be shown that  the MOD-2 UTS 
i s  operating wi th in  the specified design 1 imi ts and i s  capable o f  operating 
i n  a u t i ?  i t y  network. A : i s t  o f  the engineering measurements t:, be imple- 
mented t o  support the acceptance tests w i  11 be included i n  the release of 
the system test  plan. 
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power scal ing exponent 

windage churning loss 

length 

;apl i tude o f  gusts 

annual energy production 

amphere hours 

Gaerican I n s r i  tu te  o f  Steel Construction 

a1 ti tude 

part icular value o f  "A" 

annual operations and mi ntenance costs 

width 

Boei ng Engineering and Construction 

basic factory labor 

B r i t i sh  thennal u n i t  (s) 

cord (a i  r f o i  1 ) 

Wei bu l l  constant 

center o f  gravity 

drag coeff icient 

1 i f t  coeff ic ient 

cost of e lec t r i c i t y  

cost o f  e lec t r i c i t y  program 

power coef f i  c icnt  

compact planetary gear 



MEAN I NG 

CRT 

cu. ft. 

o (OIA)  

da/dn 

db 

DC 

ClG 

ME 

E 

EOCP 

Es 

f 

Fcr 

FCR 

FMAT 

FME A 

FMFG 

fn 

f ( P I  

FPS 

FR 

m a x i m  system eff ic iency 

maxiuun ro to r  power coeff ic ient 

c r i t i c a l  buck1 ing stress 

coRputer m t e  terminal 

copper 

cubic feet 

cubic yards 

d i  meter  

crack growth ra te  

decibal (s) 

d i rec t  current 

diesel driven genera t o r  

Department o f  Energy 

mdulus of e l a s t i c i t y  

energy oatput conputer program 

specific energy 

l i m i t  load stress 

c r i t i c a l  load 

fixed charge rate (annual i zed) 

rraterial factor 

fa i lu re  mode and effects analysis 

manufacturing factor 

frequency requi m n t  

1 oad 

feet per second 

failures per year 
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ft. 

f t . 2  

9 

G 

GCB 

GR 

hr!s) 

Hz (HZ) 

K 

K 

Kc 

b x  

Kol 

WC 

KRO 

Ks i 

KV 

KV A 

w 

KWh 

Kips 

lb(s) ( r j  

L. E. 

LERC (LRC) 

f req*mcy 

feet 

square foot 

acceleration due t o  gravi t y  

modulus o f  r i g i d i t y  

generator c i r c u i t  bmaker 

steel grade 

hour (s ) 

Hertz (cyc?es/sec. ) 

to ta l  UTS cost 

inch (es) 

Weibull constant (exponent) 

one thousand 

buck1 ing constant 

m a x i m  stress intensi ty f o r  each block o f  cycles 

maximum stress intensi ty i n  each spectrum 

p i tch  control cost factor 

baseline value (cost) 

thousand pounds per square inch 

k i l ovo l t  ( s j  

K i lovol t  amphere (s) 

Kilowatt (s)  

k i lowatt  hour ( s )  

thousand pound (s) 

pound (s) 

leading edge 
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m i  n 

wh 
H.S. 

HSB 

Kr8F 

w 
Wh 

O L M  

O.D. 

p s i  

Powgn 

PT 

meters 

wollrent 

maxi mm 

mean dcmn time 

m i n t a m  

miles per hour 

margin o f  safety 

=st s ign i f icant  b i t  

mean ti= be- failure 

mega watt  (s) 

uega watt hour (s) 

nunber of spares 

c i rcu la r  frequency 

eff ic iency 

National Advisory Carmi t tee f o r  Aeronautics 

National Aerwraut i c  and Space Administration 

operations and maintenance 

outside diameter 

power factor 

specf f i c  power 

pounds per square inch 

p m r  errdr gain 

par t i c le  t e s t  methoa 

radial  distance from hub center 

radius o f  WTS ro tor  

minimum stress/maximwn stress 



RAD 

rev 

POT 

s (s=) 

SCF 

Sf[; 

t 

t 

T.E. 

TFT 

UPS 

V 

v (v,) 

" r 
Vel 

radian (s) 

revol ution 

rotor cost 

revol utions pccr minute 

radio-graphic test method 

rate error gain 

stress 

second (s) 

structural caposites industries 

standard temperature day 

thickness 

reorder t h e  

trai 1 ing edge 

transverse f i 1 anent tape 

torque extracted from wind 

uninterruptable pawr supply 

ultrasonic test method 

volt (s) 

wind reloci ty 

rated wiad velcci ty 

velocity 

at-in wind velocity 

design wind velocity 

enpirical homogenous wind speed 

cub-out wind ve1oc:ty 

refersnce wind velocity 

visual test method 
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weight 

wirld turbine 

wind turbine system 

re ferace  axi s 

reference axi s 

Year (s) 

reference axis 

elevation above ground level 

surface roughness 1 ength 

reference height 

feet 

inches 

cents 

d ~ l  lars 

percent 

temperature, Fahrenheit 

temperature, Centigrade 

cost o f  fat  lure 

degrees 

less than 

less than or equal to  

equal to 

greater than 

greater than or equal to 



much less than 

much greater than 

f a i l u r e  ra te  

sol i d i  t y  

phase (e lectr ica l  ) 

wind yaw error 

standard deviation 

col l e c t i  ve p i tch angle 

longitudinal component o f  turbulence spectrum 

longitudinal turbulence intensity 

wind velocity separation distance 

a i r  density 

rotor  r a t e  

change 

dens i t y  

Poisan's Ratio 

p i tch angle 

efficiency 
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SPEC! FICATIONS AN3 COtlSTRA 1llTS 

1.0 User Requiremnts  

1.1 The wind t u r b i n e  s h a l l  genera te  r a t e d  power a t  at1 wind speeds between 
r a t e d  and cut-out speeds,  and w i l l  ope ra te  a t  reduced power 'output a t  wind meeds  
between cut - in  and ra ted .  

1.2 T!?e wind t u r b i n e  shall g m e t c t s  three-phase 50 tlz pclwer i n  the megawatt 
tar. %. 

1.3 The wind turbine .  including a l l  conponents, s h a l l  be d e s i ~ n e d  f o r  a 
useful  u t i l i t y  s e r v i c e  l i fe  of 30 y e a n .  

2.0 System Desiqn Rcqoiremnts 

2.1 -1 The wind environnent t h a t  t h e  wind t u r b i n e  w i l l  be e ~ o s e d  t o  fs 
t h ~ t  r e s u l t i n g  i n  a y e a r l y  m a n  wind speed of 6.3 m/s (14 nph). The nuxinun wind 
l w d s  s h a l l  be cor@utcd f o r  a maximum design wind of 53.6 n/s a t  9.1 EI (120 t r ~ h  
a t  30 f t )  above grade,  and a gus t  f a c t o r  of 0. 

2.1.2 The u n i t  s h a l l  be designed f o r  a ~ i n i - 3  a v a i l a b i l i t y  o f  90 per- 
c e n t  over t h e  s e r v i c e  life w i t h  spec ia l  cons ide ra t ion  given t o  s e r v i c i n s  and 
oraintenence o f  c r i t i c a l  areas. 

2-1.3 Network se rv ice  protec t ion  a g a i n s t  wind t u r b i n e  f a u l t s  and tur- 
btr.e protec t ion  a g a i n s t  network f a u l t s  s h a l l  be provide'd. 

2.1 - 4  The system design s h a l l  provide a method f o r  sa fe ly  t r ansn i t t in :  
Y i ~ h t n i n g  strikes anywhere on the system t o  t h e  ground. 

2.1.5 The c o l o r  of any coat ings  and o t h e r  i d e n t i f i c a t i o n  mrk in?s  used 
on the wind tu rb ine  s h a l l  be provided by t h e  NASA P r o j e c t  tlanager. 

2.2 Rotor 

2.2.1 The design sha l l  be o f  hor izonta l  - ax i s  configurat ion.  

2.2.2 The r o t o r  shirll have a minimum diameter  of 91.4 m (300 f e e t ) .  

2.2.3 The wind turbine  s h e l l  be capable  of  self-protection i n  the 
evefi t o f  an emergency. 

2 , 3  ~ o d r o l  Hades 

2.3.1 lhnual  operation o f  the wind t u r b i n e  a t  t h e  site. 

2.3.2 RemPe m n i t o r i n g  and contro l  by a dispatcher located a consider- 
a b l e  d i s t r n c e  from t h e  s l t e .  The d i s t ance  w i l l  depend on t h e  se lec ted  r i t e .  

2.3.3 Unattended, f a i l - s a f e  automatic wlnd t u r b i n e  operation. 
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2.4 Desion Codes and Standatds 

A l l  app l i cab le  design codes and s tandards  s h a l l  be used in  t h e  d t s i ~ n ,  
fabr ica t ion ,  i n s t a l l a t i o n  and opera t  ion uf t h e  wind turbine .  

2.5 Deta System Ins t runenta t ion  

2.5.1 The engineerins i n s t r ~ t ~ c t a t i o n ,  which s h a l l  t~ 1 lmited t o  a 
naximm of 9 6 channels , shal  I lnc l  ude t h e  f o l  iowinc, i terns : 

Component 

Blades 

Hub 

S h a f t s  

Transmission 

Brake (s ) 

Generator 

0 t d  P l a t e  

Bearings 

Hydraul lc System 

Nacel 1 e 

Measurements 

S t r a l n  gages to  m a s u r e  f l a rwise ,  chordwise, 
and t o r s i o n a l  s t r a i n s  on each b l u e .  

Blade p i t c h  angle ,  s t r a i n  gzses located i n  
a r e a s  o f  s t r e s s  concentrat ions.  

Rotat ing speeds ( h i n h  and low!, strain.gages 
on low-speed s n a f t  t o  measure snaft t o r q ~ e ,  
bending nionients and t h r u s t  loads ,  blade pcsi- 
t i o n  i n  r o t a t i o n ,  proximity probes t o  measure 
s h a f t  pos i t ion .  

Of 1 temperature 

Tenperat ures 

Rotat ing speed, winding t ecqera tu res ,  f i e l ?  
c u r r e n t ,  vol t a g t  ou t  (each phase), current  out  
(each phase),  KW and KVARS. 

S t r a i n  gage 

Temperatures, v ib ra t ion  

O i l  p ressu re ,  o i l  temperature, o i l  level , pmp 
motor tengera ture  

Temperatures a t  various loca t ions .  
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Yaw Drive Hotor temperature, anguler posI t i o n  of nacel le, 
s t ra in  gages t o  measure yzw t oque .  

Envi ronment Ambient temperature, wind d i rec t ion,  wind speed. 

2.5.2 The operat ion Instrumentation s h a l l  record parameters such as 
temperature, pressure, voltage end power which a re  necessary t o  meet the operr- 
t i o n a l  needs of the p a r t i c i p a t i n g  u t i l i t y .  No r a p i d l y  changing s ignals such as 
v i b ra t i on  and dynamic s t r a i ns  need be recorded. 

3.0 Environmental Constraints 

3.1 Wind Envi ronment 

3.1.1 Steady Y!nd Model : The annual d i s t r i b u t i o n  o f  steady wind 
speeds i s  given by the fo l lowing Weibull d i s t r ibu t ion :  

Uhere ? ( V ~ V ~ )  - p r c b a b l l i t y  t ha t  YhVp 
V = steady wind speed, m/s 
Vp= prescr ibed value o f  V 
C = empir ical  constant = 7.06 m/s 
k = empir ical  constant = 2.27 

The subscript, r, indicates the parameter ism evaluated a t  
a reference elevat ion of 9.lm (30 ft. ). The empirical 
Ueibul l  constants, c and k, spec i f i ed  above define a s i t e  
w i t h  a mean year l y  wind speed o f  6.3 mls (14 mph) a t  9.lm 
(30 ft.). 

3.1.2 Wind Shear Model: Wind speeds a t  elevations o ther - than 
the reference elevat ion are given by the fo l lowing equations: 

Uhere steady wind speed a t  e levat ion o f  in terest ,  m/s vr= . steady wind speed a t  reference elevation, m/s 
h = elevat ion o f  in terest ,  m 
= reference elevat ion = 9.lm (30 ft.) 

* - 
and 

0.20 

0 

%= surface roughness length = 0.05111 (0.16 ft. ) 
V,= empirical homogeneous wind speed = 67.1 m/s (150 mph) 
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3.1.3 Turbulence Hodel : The wind turbulence associated w i t h  a spec&fic 
steady wind speed a t  the reference elevation is a Gaussian 
random process wtth t h e  following turbulence intensf ty: 

where 0; = turbulence intensity (i.e., the standard 
deviation of turbulent fluctuations ) 
associated w i t h  V, , mls 

and the subscripts x, y, z indicate longitudinal, la tera l ,  
and vertical di recti  ons , respectively. Qe turbulence 
spectrum for the longitudinal couponent of turbulence i s .  

where = ci rcul a t  frequency, Hz 
annual average spectr for 1 ongi tudinal component 
o f  wind turbulence, 8 s  

= reduced frequency = nh/V , dimensionless 

90 ,~  = 
dimensionless constgnt = 0.0144 

Stmf 1 ar  equations apply to the 1 ateral and vertical components 
w i t h :  

The longitudinal turbulence intensity a t  a given elcvatfon and steady wind 
speed for a specific wind turbine i s  given by the fo1low;ng equatfon: 

i n  which the circular frequency 1 imi t s ,  nmax and nmin, are 
determined from the response characteristics of the specific 
wind turbine. Similar equations tpply for the lateral and 
vertical turbulence in tens i t i2s . r  and rz , respectively. The 
corresponding 1 onqi tudi nal gust a "7 pl  i tude i s distributed 
according to tha Gaussian random process : 
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? probabi l i ty  density that  a longitudinal gust 
w i l l  occur u i t h  al~pl i tude Ax, s/a 

A. - longitudinal gust 8g l f tud t .  ./s 

Similar equations apply for the l i t e r a l  and ver t ica l  gust 
.ql i tudes. Ay and &, respectively. The turbulence o f  the 
winds consists o f  a set of discrete gusts u i t h  Gaussian random 
amplitudes, as defined above, and with shapes and periods 
specffied by the fol lowing equations: 

r l t h  s fa i l a r  equations for Vy( t )  and Vz(t). and 

) 2nn,;, L 'fie &2n, 
'/T. (Zn,;, 

*n- , I,T* >2*- 
where t = time, s 

T= gtst-period, s 
%= most probuble period o f  a gust with arplftude 

A, s 
3.1.4 S i te  Data: Once the s i t e  a t  which the wind turbine Is t o  be 

insta l  ?d i s  identif ied, any new wind data f r o m  th i s  s i t e  dl1  
3c docunrnted and furnished t o  the contractor. 

The curretits flowing i n  a lightning f lash to  ground a re  separated into 
three categories: 

a. Return stroke swges Peak current on the order of up t o  
100,000 A or mre. 
Duration on the order o f  tens o f  
microseconds. 

b. Intermediate currents Peak current on the order of up t o  
10,000- A -or rare.  
&ration on the order of m i  1 1 i seconds. 

c. Continuing currents Peak current on the order cf up t o  
lono A. 
Duration on the order o f  hundreds of 
m i l 1  iseconds. 



Page 6 

The c u r r e n t  ti= h i s t o r y  f o r  a model l i g h t n i n g  flzsh t o  ground is shown 
d i a g r a m a t i c a l l y  i n  f i g u n  B-1 with  some f u r t h e r  d e t a i l s  being presented  i n  
fable 0-1. The f l a s h  i s  a very  s e v e r e  discharge.  The nodel i s  f o m u l a t e d  i n  
terms o f  c e r t a i n  Ley p o i n t s  (A th roush  I i n  f i g u r e  a-1) a t  which s p e c i f i c  values 
of cu r ren t .  i s  and ti-, t ,  a r e  a t t a i n e d .  Between success ive  key p o i n t s  t h e  
current is as s rncd  to  change i n  a s t e a d y  s t r a i g h t - l i n e  fashion wi th  t i m e .  

The nude1 is e s s e n t i a l l y  developed f o r  app l i ed  purpcses , and i t  has ccase- 
qucnt ty  been s i rap l i f ied .  In  phys ica l  r e a l i t y .  a s e v e r e  d i s c h a r s e  would have f a r  
un strokes and a l s o ,  more phases o f  con t inu ing  c u r r e n t  t han  i n d i c a t e d  on 
figure B-1; however, t h e  i n t e g r a t s d  e f f e c t s  o f  a very seve re  n a t u r a l  d i s c h a c e  
md of the tlodel a r e  s i m i l a r .  

3.3 Seismic Loads 

The e n t i r e  wind t u r b i n e  assembly s h a l l  be capable  of withs tandinq  
h e  3 feiS!ajc l oads  without s u s t a i n i n g  danage t o  t h e  assembly o r  any of its 
components. 
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