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EXECUTIVE SUMMARY 

The response o f  a wind t u r b i n e  when the  blades t r a v e l  through the  

wake o f  i t s  support ing tower i s  an important  consideratdon i n  the  

design o f  a wind energy conversion system. This tower induced f l o w  

per turbat ion ,  corr~nionly known as tower shadow, has the  cyc l  i c  e f f e c t  

o f  unloading a blade f o r  a s h o r t  pe r iod  o f  t ime w i t h  each r o t o r  revo lu-  

t i o n .  A per iod i c  f o r c e  o f  t h i s  na ture  has the  c a p a b i l i t y  o f  e x c i t i n g  

v i b r a t o r y  responses and e x h i b i t i n g  a f a t i g u e  a f f e c t  on the  l ong  range 

opera t ion  o f  t he  tu rb ine .  

For t h i s  study, t he  response o f  t he  r o t o r  t o  the  unsteady load ing i s  

examined using two a n a l y t i c a l  models t h a t  deal w i t h  an i s o l a t e d  t u r b i n e  

blade. One model assumes the  blade t o  be r i g i d  and hinged a t  t he  hub, 

w h i l e  the  o the r  model assumes a f l e x i b l e  blade can t i l eve red  a t  the  hub. 

Two approaches were chosen because each has c e r t a i n  advantages. The 

r i g i d  model i s  simple and l i n e a r i z e d  y e t  o f f e r s  i n s i g h t  i n t o  the  problem, 

wh i l e  the  f l e x i b l e  blade model inc ludes many non-1 i n e a r  terms and provides 

an in-depth ana lys i s  o f  t he  blade motion. Each model i s  solved t o  

i d e n t i f y  general t rends t h a t  occur under normal wind t u r b i n e  operat ion.  

The wake t h a t  per turbs  the  blade i s  q u i t e  complex because a wind 

t u r b i n e  p ipe  tower i s  a c y l i n d r i c a l  b l u f f  body t h a t  produces a wake w i t h  

fea tures  common t o  most b l u f f  bodies. The wake i s  genera l l y  unstable 

g i v i n g  i t  a v a r i a b l e  s t ruc tu re .  Flow features change w i t h  windspeed, tower 

diameter, turbulence, and a host  of o the r  physical  parameters. It i s  n o t  

feas ib le  t o  account f o r  a l l  aspects of t h e  complex wake f low;  thus, a 

simple wake model i s  used as an approximation. The main fea tures  o f  t h e  



wake requ i red  t o  preserve t h e  na ture  o f  t he  b lade i n t e r a c t i o n  a re  the  

wake w id th  and l o s s  o f  wind speed. These fea tu res  a r e  approximated by 

us ing a  rec tangu la r  v e l o c i t y  decrement occur ing  behind the  tower. 

Th is  tower shadow model i s  shown i n  F igure  1. The v e l o c i t y  decrement 

has s t reng th  ( w ) ,  w i d t h  ) and i t  main ta ins  t h e  p e r i o d i c  frequency o f  

blade passage. A simple nio~iientun ana lys i s  o f  t h e  wake v e l o c i t y  y i e l d s  

the  r e s u l t ,  

f o r  es t imat ing  the  v e l o c i t y  decrement. Since t h e  Reynolds Number i s  u s u a l l y  

high, t h e  l a r g e s t  v e l o c i t y  decrement pe rm i t t ed  by t h i s  model i s  wo = .5 ,  

meaning the  windspeed behind t h e  tower i s  h a l f  t h e  f r e e  stream v e l o c i t y .  

I n  modeling the  t u r b i n e  so t h a t  t h e  tower shadow a f f e c t  i s  c l e a r l y  

por t rayed,  i t  i s  necessary t o  i s o l a t e  the  wake-blade i n t e r a c t i o n  from t h e  

many o t h e r  unsteady va r iab les ,  The v a r i a b l e s  t h a t  w i l l  be neglected i n  

t he  f o r c e  system are  changes i n  wind speed and r o t a t i o n a l  speed o f  t h e  

r o t o r ,  wind shear, and g r a v i t y .  Th is  leaves a  system t h a t  i s  p e r i o d i c a l l y  

per turbed by t h e  tower wake. 

One model used f o r  the  simp1 i f i e d  ana lys i s  cons i s t s  o f  a  r i g i d  s lender 

beam at tached t o  the  r o t o r  hub by a  h inge-spr ing.  Th i s  model i s  known as 

an o f f - s e t  hinge model and has been used ex tens i ve l y  f o r  helocopter  

s tud ies  as w e l l  as having been success fu l l y  adopted t o  wind tu rb ines  i n  

many recen t  s tud ies  [7]. The model i s  shown i n  F igure  2, 

The governing equat ion o f  mot ion f o r  t he  i s o l a t e d  b lade represents 

a  p e r i o d i c a l l y  f o rced  s i n g l e  degree o f  freedom system.. The governing 
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Mgure 4.3 
Blade Flapping Diagrsm 

@ = Flanping angle 

= Coning angle 

K= Hinge spring constant 

e= Hinge o f f s e t  

~ i = r i  & Inert ial  force 

Fc= ( e ~ + r  cos(Q+3))a2dm Centrifugal force 



equat ion i s  g iven  by t h e  f o l l o w i n g  expressions: 

- - -. l / t i p - s p e e d  r a t i o  where: vo nR, 

- - v  
i induced v e l o c i t y  r a t i o  

Q = r / R ;  s t a t i o n  span 

4 
pC1uCR ; L O C ~ ~ S  i n e r t i a  t e n  Y =  1 

@ I  . d B =  -. ' f l a p p i n g  speed 
d$ R '  

Oo = b lade t w i s t  

e = b lade p i t c h  
P  

w($) = wake s t r e n g t h  

and 
2 MC = n ( r  s i n  A + cosh s i n l )  

2 2 2 2 
n  

B u = R ( E  cos A + cos A - s i n  A )  + - 2 

w i t h  

n = r o t a t i o n a l  speed 

K = h inge s p r i n g  cons tan t  
B 
E = h inge o f f s e t  cons tan t  

A = coning angle 

I = mass moment o f  i n e r t i a  



An equ iva lent  wake i s  determined by s e t t i n g  the  shaded area behind 

the  tower equal t o  the  area o f  a sec tor  swept by the  blade; 

This d e f i n i t i o n  f o r  t he  wake assumes t h a t  the  v e l o c i t y  change depends o n l y  

on the  blade asimuth angle, so the  wake ac ts  instantaneously over the  

e n t i r e  b lade when the  shadow i s  encountered. 

As an example o f  the  blade response, a s o l u t i o n  i s  determined fo r  

the  steady s t a t e  opera t ion  o f  t he  NF-I i s  a 9 m/s (20 mph) wind. During 

r o t a t i o n ,  t he  tower shadow d e f i c i t  occurs between (64~ + 180') and (64~ - 180°), 

bu t  t he  r e s u l t i n g  response i s  n o t  s i g n i f i c a n t  u n t i l  t he  blade begins i t s  

ascent from the bottom o f  r o t a t i o n .  The t u r b i n e  b lade fo l lows an o s c i l l a t i n g  

path  as i t  r o t a t e s  about the  wind sha f t .  The o s c i l l a t i n g  p a t t e r n  i s  s i m i l a r  

f o r  a l l  windspeeds because the  damping remains l e s s  c r i t i c a l .  'The b lade r o o t  

bending moment f o r  t he  example case i l l u s t r a t e s  the  response (Figure 3 ) .  

O s c i l l a t i o n s  o f  the  blade r o o t  bending moments are  the  most important  

fea tu re  o f  t he  response. These o s c i l l a t i o n s  a re  bes t  described by t h e i r  

maximum (!Imax) and minimum values (Mmi n) .  F igure  4 shows the  maximum, 

minimum and steady moments encountered over  the  e n t i r e  opera t ing  range o f  

wind speeds f o r  WF-I. The magnitude of the  steady r o o t  moment drops q u i c k l y  

when the  opera t iona l  mode i s  changed t o  constant  r o t a t i o n a l  speed. A more 

s u b t l e  change occurs i n  the  magnitude o f  the  o s c i l l a t i o n s .  I f  the  steady 

moment i s  removed from the response, a c l e a r  p i c t u r e  o f  t he  tower shadow 

per tu rba t ion  resu l  t s  (F igure  5 ) .  The fl atwise moment v a r i a t i o n  increases 

a t  a f a s t e r  r a t e  under constant  r o t a t i o n a l  speed ( reg ion  111) operat ion,  

than would have occured if constant t ip -speed- ra t io  has been maintained. 
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FIGURE 4.7 

R I G I D  PREDICTION 
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F IGURE 4.8 

OPERATING RANGE 
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FIGURE 4.9 

CYCLIC LOADS 



I n  a d d i t i o n  t o  blade r o o t  bending moment v a r i a t i o n s ,  t he  wake c o n t r i -  

butes t o  the  yaw mot ion experienced by the  tu rb ine .  Dur ing h igh  winds, 

WF-I has been observed t o  o s c i l l a t e  about a  p o s i t i o n  s l i g h t l y  yawed away 

from the  wind d i r e c t i o n .  A  mot ion o f  t h i s  na tu re  i s  i n d i c a t e d  by t h e  

p red i c ted  shadow data when t h e  b lade moments f o r  t h e  e n t i r e  r o t o r  a re  

resolved about t h e  yaw a x i s .  An example o f  t he  r e s u l t i n g  yaw moments 

occur ing  i n  a  20 m/s (44 mph) wind a re  shown i n  F igure  6. The yaw 

moment has a  frequency o f  t h ree  t imes the  r o t a t i o n a l  speed w i t h  an 

amp1 i t u d e  v a r i a t i o n  about a  p o s i t i v e  mean yaw moment. 

The prev ious s imple r i g i d  blade model i s  n o t  adequate f o r  an ana lys i s  

o f  t h e  f o r c e  d i s t r i b u t i o n  a long t h e  blade. The r i g i d  model i s  use fu l  f o r  

determin ing many dynamic a f f e c t s  caused by t h e  tower shadow, b u t  t h e  

r i g i d  model l acks  the  a b i l i t y  t o  handle b lade f l e x i b i l i t y  and a  complex 

geometry. A  wind t u r b i n e  blade i s  a  non-uniform non-homogenious beam and 

the  e n t i r e  mot ion of t h e  b lade i s  needed f o r  a  d e t a i l e d  ana lys i s  o f  l oad ing  

and moments. 

The equat ion of  mot ion f o r  a  d i f f e r e n t i a l  element o f  a  f l e x i b l e  r o t o r  

b lade i s ;  

a 2 2 2 a x 
7 az [ (7 a z Ixy + a z I 1 - -- a a z 

( G % I + ~ ~ = F  a t  Y a z 

where; R 

G = 
2 

m r  zdz = b lade tens ion  

z 

E  = E l a s t i c  modulus 
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FIGURE 4.1 1 

YAW MOMENTS 



M = 1 ineal mass 

I  = aero moments of inertia Ixu' Iyy' xy 

F Fx = aerodynamic and centrifugal loads 
Y' 

I t  i s  evident by examination of these equations that the blade motion 

i s  coupled in the lag and flapping planes. There i s  no closed form 

solution for the expression, so an approximate method for solution i s  

required. A modal analysis i s  chosen as the preferred solution technique 

since the equations are uncoupled in the modal frame of reference. 

For this  model, tower shadow i s  represented by a rectangular pulse 

that i s  both a function of azimuth angle and blade radius. Therefore, the 

velocity defici t  i s  applied gradually starting a t  the blade root as the 

blade encounters the wake. 

Rated conditions were also chosen to show the typical response of 

the blade when tower shadow perturbation i s  disrupting the flow. Figure 7 

shows the blade root bending moment prediction for the flexible blade. 

The blade response has many similarities to the rigid blade analysis in 

t h a t  the shadow response occurs af ter  the blade passes behind the tower 

and the recovery from the shadow indicates a damped oscillation. Bending 

moments are not severe because the tower shadow i s  applied and removed 

gradually. The gradual loading of the blade i s  believed t o  be a realist ic 

model of the physical situation. 

Part of the output from the solution of the equations of motion includes 

the steady-state forces that would exist for a uniform flow field.  The 
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FIGURE 5.8 

MODAL PREDICTION 



maximum bending moments on the  blade occur between the  .5 and .7 blade 

rad ius  s ta t i ons .  The s t ress  occur r ing  on t h i s  sec t ion  o f  the  blade should 

be a maximum because the  cross-sect ional  area decreases towards the  t i p .  

F igure 8 shows the  a f f e c t  t h a t  pre-coning the  b lade 10 degrees has on 

the  bending moment d i s t r i b u t i o n .  Cen t r i f uga l  r e l i e f  reduces the  t o t a l  

moment by more than h a l f ,  which i s  a s i g n i f i c a n t  reduc t ion  o f  the  steady 

app l ied  loads. 

I n  summary, both models i n d i c a t e  t h a t  t he  tower wake imparts a 

f o r c e  t h a t  causes the  blade t o  have a damped o s c i l l a t o r y  motion w i t h  

l a r g e  d e f l e c t i o n  amplitudes occur ing on the  upswing o f  the  blade (g > 180"). 

The major discrepancy between the  two model p red ic t i ons  invo lves  the  magni- 

tude o f  the  r e s ~ ~ l t i n g  forces. Larger c y c l i c  fo rces  a r e  always p red ic ted  

by the  simple r i g i d  model because the  shadow i s  assumed t o  encompass the  

e n t i r e  blade instantaneously,  whi 1 e the  complex model assumes a gradual 

a p p l i c a t i o n  o f  the  shadow. 

O f  the  two approaches, the  r i g i d  system solved by computer code RIGID 

proved t o  be eas ie r  and less  t ime consuming than i t s  f l e x i b l e  counterpar t  

solved by computer code DYNAMICS. Since the  simple model p red ic t s  a more 

d r a s t i c  response, i t  serves t o  make conservat ion est imates o f  t h e  b lade 

loading.  The more complex model serves the  purpose of de f in ing  a d e t a i l e d  

load ing d i s t r i b u t i o n  along the  blade. For design appl i ca t i ons ,  the  simple 

system w i l l  i n d i c a t e  problem areas and the  complex system w i l l  de f i ne  the  

loads a t  those problem areas. 
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F IGURE 5.6 

CENTRIFUGAL RELIEF 



ABSTRACT 

The design o f  a  wind t u r b i n e  invo lves  t h e  combination o f  many 

parameters, one o f  which i s  t h e  determinat ion o f  t h e  dynamic l oad  cases 

a f f e c t i n g  the  blades. The dynamic loads inc lude  many p e r i o d i c  and 

random f l u c t u a t i o n s .  O f  these loads, the  c y c l i c  load ing o f  t he  blade 

as i t  passes through the  wake o f  the  wind tu rb ines  support ing tower 

i s  the  sub jec t  o f  t h i s  paper. 

The tower wake and/or shadow causes a  change i n  the  d e f l e c t i o n  

p a t t e r n  o f  t h e  blade on a  once per r e v o l u t i o n  per  blade basis.  A n a l y t i c a l  

p red ic t i ons  developed f o r  t h i s  p r o j e c t  show t h a t  t h e  blade e x h i b i t s  an 

o s c i l l a t o r y  motion. The ampli tude o f  o s c i l l a t i o n  ranges from a maximum 

on t h e  upswing o f  t he  blade t o  near zero ampli tude immediately be fore  

the  tower wake i s  encountered on the  downswing. 

The magnitude o f  t he  tower induced load v a r i a t i o n  i s  an essen t ia l  

p a r t  o f  a  wind t u r b i n e  design because c y c l i c  l oad  v a r i a t i o n s  have a  

f a t i g u i n g  e f f e c t  on s t r u c t u r a l  components t h a t  must be inc luded i n  the  

design process. Therefore, the  enclosed ana lys is  o f f e r s  a  procedure f o r  

p r e d i c t i n g  t h e  wind t u r b i n e  blade response t o  tower shadow f o r  use i n  

p re l im ina ry  design app l i ca t i ons .  

iii 
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INTRODUCT ION 

The response o f  wind t u r b i n e  when the  blades t r a v e l  through the  

wake o f  i t s  suppor t ing  tower i s  an impor tan t  cons ide ra t i on  i n  t h e  

design o f  a wind energy convers ion system. Th i s  tower induced f low 

pe r tu rba t i on ,  commonly known as tower shadow, has t h e  c y c l i c  e f f e c t  

o f  unloading a b lade f o r  a s h o r t  pe r iod  o f  t ime w i t h  each r o t o r  rev01 u- 

t i o n .  A p e r i o d i c  f o r c e  o f  t h i s  na tu re  has the  capab i l  i t y  of e x c i t i n g  

v i b r a t o r y  responses and e x h i b i t i n g  a f a t i g u e  a f f e c t  on the  l ong  range 

opera t ion  o f  t he  tu rb ine .  Therefore, t he  tower shadow must be taken 

i n t o  account t o  assure s t r u c t u r a l  i n t e g r i t y .  

The ex ten t  o f  tower i n t e r f e r e n c e  i s  p r i m a r i l y  determined by the  

geometry o f  t he  support. There a r e  two major types o f  support  s t r u c t u r e s  

commonly employed, t he  t r u s s  tower and the po le  tower. L i t t l e  has 

been accomplished t o  q u a l i f y  t h e  a f f e c t  o f  a po le  tower wake d i s t u r -  

bance. The m a j o r i t y  o f  a v a i l a b l e  data has been produced by the  Depart- 

ment of Energy f o r  the  t r u s s  towers t h a t  support  t h e i r  l a r g e  demonstration 

systems. The wake behind a t r u s s  tower i s  r e l a t i v e l y  s t a b l e  and can 

be p red i c ted  us ing  Prandt l  ' s  m ix ing  l e n g t h  theory. The wake behind 

a po le  tower i s  on ly  we1 1 behaved f o r  low wind speeds. A t  moderate 

and h igh  wind speeds, the  wake becomes unstable because the  near  wake 

i s  i n  t he  reg ion  of vo r tex  formation. Even w i t h o u t  t h e  added compl i -  

c a t i o n  of b lade motion, present  theory  cannot p r e d i c t  t he  d e t a i l e d  

near wake s t r u c t u r e  f o r  any th ing  b u t  low wind speeds. 



The purpose o f  t h i s  p r o j e c t  i s  t o  eva lua te  t he  a f f e c t  o f  tower 

shadow on the  t u r b i n e  r o t o r .  A wind t u r b i n e  r o t o r  blade i s  d r i v e n  by 

fo rces  t h a t  have i n e r t i a l ,  e l a s t i c ,  and aerodynamic o r i g i n s .  O f  these 

fo rces ,  t he  aerodynamic f o r c e  i s  the  r e s u l t  o f  t he  dynamic r e a c t i o n  o f  t he  

b lade t o  t he  a i r .  Therefore, f l o w  pe r tuba t i ons  caused by the  tower r e s u l t  

i n  unsteady fo rces  t h a t  produce blade motion. 

The response o f  the  r o t o r  t o  the  unsteady l oad ing  i s  examined us ing 

two a n a l y t i c a l  models t h a t  deal w i t h  an i s o l a t e d  t u r b i n e  blade. One model 

assumes the  b lade i s  r i g i d  and h inged t o  t he  hub, w h i l e  t h e  o t h e r  model 

assumes a  f l e x i b l e  blade c a n t i l e v e r e d  i n t o  the hub. Two approaches were 

chosen because each has advantages. The r i g i d  model i s  s imple and l i n e a r i z e d  

so t h a t  i t  o f f e r s  i n s i g h t  i n t o  t h e  problem, w h i l e  the  f l e x i b l e  b lade model 

i nc ludes  many non-1 i n e a r  terms t h a t  compl icate t h e  system. Each model i s  

so lved  t o  i d e n t i f y  general t rends  t h a t  occur w i t h  normal wind t u r b i n e  

opera t ion .  

I t  i s  hoped t h a t  t he  r e s u l t s  o f  t h i s  research w i l l  g i v e  a  designer 

i n s i g h t  i n t o  the  tower shadow phenomenon t o  a s s i s t  him w i t h  design decis ions,  

because an understanding o f  tower shadow i s  v i t a l  t o  t h e  cos t ,  sa fe t y ,  and 

r e l i a b i l i t y  cond i t i ons  necessary f o r  t he  economic genera t ion  o f  power from 

the  wind. 



C H A P T E R  2 

THE UNIVERSITY OF MASSACHUSETTS WIND FURNACE I 

2.1 Operat ional Aspects 

To f a c i l i t a t e  the  i n v e s t i g a t i o n  o f  tower shadow, the  wind t u r b i n e  

opera t ing  a t  t he  U n i v e r s i t y  o f  Massachusetts i s  used as a  t y p i c a l  example 

of a  h igh  speed ho r i zon ta l  a x i s  w indmi l l .  Th is  wind tu rb ine ,  known as 

the  Wind Furnace I (WF-I), i s  used f o r  the  space heat ing  o f  a  home, 

Solar  Hab i ta t  I. WF-I has a  downwind c o n f i g u r a t i o n  w i t h  a  t h r e e  bladed 

9.9 m (32.5 f t . )  diameter r o t o r ,  and the  torque developed by t h e  r o t o r  

i s  t ransmi t ted  t o  a  31.5 kW a.c. synchronous generator.  The e n t i r e  

ro tor -genera tor  system i s  mounted atop a  18.3 m (60 f t . )  stayed po le  mast. 

The t u r b i n e  has a  design capac i ty  o f  25 kW a t  1 1 . 7  m/s (26 mph) wind 

speed. 

Operat ion o f  the  WF-I i s  defined by fou r  regions:  (1 )  s tar t -up;  

( 2 )  constant  t ip -speed- ra t io ;  ( 3 )  constant  r o t a t i o n a l  speed; and (4)  shut  

down. These opera t iona l  regions are  shown i n  Figure 2.1, a  representa- 

t i o n  of power ou tpu t  as a  func t ion  o f  windspeed. Power product ion  i s  

c o n t r o l l e d  w i t h  changes i n  b lade p i t c h  angle and generator e x c i t a t i o n .  

P i t c h  angle and e x c i t a t i o n  are  s e t  by a  pre-programmed microprocessor 

based on r o t o r  speed. F igure 2.2 shows the  p i t c h  changes t h a t  occur from 

s t a r t - u p  t o  shut  down as a  func t ion  o f  wind speed. 

I n  reg ion  I, sta r t -up ,  the  blades a r e  p i tched t o  40' t o  produce 

maximum s t a r t - u p  torque. The wind speed must be s u f f i c i e n t  t o  t u r n  the  

r o t o r  a t  40 rpm before  the  blades are  p i t ched  t o  6.0" f o r  reg ion  I 1  

opera t ion .  Throughout reg ion  11, the  aerodynamic cond i t i ons  needed t o  

e x t r a c t  t h e  maximum power from the wind a re  maintained by keeping the  
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t ip-speed-ratio a t  a constant value of 7.5. Tip-speed-ratio i s  the r a t i o  

of ro tor  speed t o  wi nd speed ; 

where: Q = ro tor  rota t ional  speed 

R = ro tor  radius 

Vo = wind speed 

The generator exci ta t ion i s  used d u r i n g  constant tip-speed operation t o  

control the rotor  rpm so t h a t  the  power will  follow a cubic re la t ionship 

w i t h  increasing wind speed. 

When the rota t ional  speed reaches 167 r p m  a t  rated condit ions,  

region I11 operation begins. 7he ro tor  speed and power remain constant 

throughout region I11 because the  blades a re  pitched to  " sp i l l  the 

wind." This control of speed and power i s  maintained unt i l  the turbine 

is  s h u t  down. Region IVY shut-down, i s  broughtabout by pitching the 

blades to  an angle of 90" o r  f u l l  feather .  

2 .2  Structural  Parameters 

The rotor  blades a r e  the primary components affected by the tower 

shadow. As e l a s t i c  s t ruc tures ,  the blades a r e  continually subjected t o  

a cycl ic  un-loading as  they pass behind the tower. Sicne the un-loading 

pattern is periodic, fa t igue  and resonance problems will be a fac tor  i n  

any design. Therefore, the  blade s t ruc tura l  properties must be known 

before an analysis of the tower shadow perturbation can progress, since 

the aerodynamic, e l a s t i c ,  and ine r t i a l  forces depend on the geometry 

and material composition of the  blade. 



The wind furnace blades are designed t o  have a twist and chord 

distribution near the optimum as predicted by aerodynamic theory and 

they are designed with an NACA 4415 airfoil  section. The blades are 

constructed of glass reinforced plastic ( G R P )  molded into three structural 

members, the spar, skin, and trai l ing edge stiffener (Figure 2.3). The 

blade root stock i s  a steel sleeve which serves as a bearing support to 

cantilever the blade into the hub  a t  a coning angle of ten degrees. 

The blade design i s  summarized in Table 2.1 [ 2  1. These design para- 

meters are then used as input to the structural computer codes, MOMENTS, 

and FREQ, developed by Perkins [ 21. The output of these computer codes 

includes the following blade section structural properties: the mass 

distribution, mode shapes, and natural frequencies whose values are 

given in Table 2.2  with the modal coordinate system (Figure 2 .4) .  A 

mode shape i s  the orientation of the blade when i t  oscillates a t  a 

natural frequency. For a flexible system there are an infinite number 

of natural frequencies, b u t  only the lowest few frequencies are important 

to the response of a system. 

2.3 Vibrational Considerations 

The natural frequencies and blade properties presented in the previous 

section are sufficient to perform an  elementary vibration analysis of 

possible resonant conditions. Resonance occurs when the frequency of 

the applied force system coincides with one of the natural frequencies 

of the body. A t  the resonant condition, large amplitudes may develope 

causing a loss in structural i'ntegrity. To determine the resonant 

frequencies, i t  i s  necessary to identify cases where the blades' natural 



TABLE 2.1 

BLADE DESIGN 

WF-1 (Radius = 16.25 f t )  

L.E. t o  Sk in  Spar Web 
r/Radius Chord Tw is t  Spar Web Thickness Thickness Thickness 

(Station11 0) ( f t )  (degrees) ( f t )  ( i n )  ( i n )  ( i n )  

6 
= 2.2 x 10 p s i  6 GSkin= . 5  x 10 p s i  1b 

E s k i n  'skin = .0555 - 
i n  3 

6 
= 4.4  x 10 p s i  6 Gspar= . 3  x 10 p s i  l b  

Espar pspar= -0501 3 
~n 
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FIG. 2 . 3  
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Table 2.2 

M a 5 5  r ~ I 5 T R X E U T I O N  ( K G )  

10+050 6,123 4,766 4,016 3,463 2,696 1*99? 1,473 1,025 0.527 

NfiTURaL FREQUENCY (RaDIaNS/SECOND)  

28 + 430 64 I 450 

F'igure 2.4 

KODAL COORDINATES 



frequency co inc ides  w i t h  the  p e r i o d i c  f o r c e  o f  t h e  tower shadow. 

Prev ious ly  determi ned b lade n a t u r a l  f requencies were developed f o r  

a non- ro ta t ing  system. These f requencies w i l l  n o t  be t h e  same f o r  a 

r o t a t i n g  system. The c e n t r i f u g a l  f o r c e  r e s u l t i n g  from r o t a t i o n  s t i f f e n s  

t h e  blade and thus r a i s e s  the  na tu ra l  frequency. The increase i n  na tu ra l  

frequency i s  determined w i t h  t h e  a i d  o f  theTheorem o f  Southwell, which 

i s  discussed i n  Appendix A. B r i e f l y ,  t h i s  Theorem s t a t e s  t h a t  t h e  

frequency i s  d i v i d e d  i n t o  two par ts ,  t he  non- ro ta t ing  e f f e c t  and the  

r o t a t i o n a l  e f fec t .  These two p a r t s  a r e  combined us ing  equat ion 2.2: 

where: w = non - ro ta t i ng  frequency n 

n = r o t a t i o n a l  speed 

a = Southwell c o e f f i c i e n t .  

The Southwell c o e f f i c i e n t  (a) i s  found us ing  t h e  expression; 

where: R = r o t o r  r a d i u s  

R = hub rad ius  
0 

0 = mode shape 

m = mass per u n i t  l e n g t h  

The Southwell c o e f f i c i e n t s  f o r  t h e  f i r s t  t h r e e  f requencies f o r  t h e  

Wind Furnace blades have t h e  values; 



These values are  used i n  con junc t ion  w i t h  eq. 2.2 f o r  t h e  eva luat ion  o f  

t he  na tu ra l  frequency a t  any r o t a t i o n a l  speed. 

Force frequencies are  now needed t o  complete the  frequency ana lys is .  

The un-loading o f  t he  r o t o r  behind t h e  tower produces a  p e r i o d i c  f o r c e  

t h a t  has a  pr imary harmonic component equal t o  the  r o t a t i o n a l  speed 

( 1 P )  on each blade and a  th ree  per r e v o l u t i o n  (3P) harmonic on t h e  r o t o r .  

These two harmonics are  l a r g e s t  i n  magnitude, b u t  they are n o t  the  o n l y  

components produced by t h e  e x c i t a t i o n .  The nature  o f  t he  tower shadow 

i s  p e r i o d i c  and u n l i k e  a  sinusodal disturbance, a  p e r i o d i c  f o r c e  system 

can e x c i t e  many frequencies. The fo rced frequencies occur a t  i n t e g e r  

mu1 ti p l  es o f  the  r o t o r  speed ; 

= nn 

where: n  = i n t e g e r  

I n  general t he  h igh  harmonics have n e g l i g i b l e  e f fec ts  on a  system. 

A comparison o f  t he  frequencies i s  c l e a r l y  shown by t h e  fan  diagram 

(Campbell p l o t )  i n  F igure  2.5. The s t r a i g h t  l i n e s  extending from t h e  o r i g i n  

i n d i c a t e  the  var ious  harmonics o f  r o t o r  speed and t h e  curved l i n e s  repre-  

sent t h e  na tu ra l  frequencies. Each i n t e r s e c t i o n  o f  a  harmonic l i n e  w i t h  

a  natura l  frequency l i n e  represents resonance. Since the  occurance o f  

resonance i s  genera l l y  unavoidable, i t s  e f f e c t  must be minimized. The 

sa fes t  reg ion  t o  havean occurance of resonance i s  when t h e  r o t o r  speed 

i s  va r iab le ,  s ince the  l a r g e  ampli tudes associated w i t h  resonance occur 

when the  frequencies co inc ide  f o r  extended per iods o f  t ime. Operat ional 
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experience with the Wind Furnace indicates tha t  the many resonant condi- 

tions occuring in region I1 operation do not a f fec t  the structure of 

the system. I t  should be emphasized that  resonant conditions occuring 

a t  rated rpm will generally damage the turbine since the frequencies 

coincide for  prolonged time periods. From this point, the analysis will 

involve the development of a wind turbine model tha t  predicts the load 

variation induced by the tower shadow. 



C H A P T E R  3 

FLOW BEHIND A PIPE TOWER 

3.1 The Idea l  Wake 

A wind t u r b i n e  p ipe  tower i s  a c y l i n d r i c a l  b l u f f  body t h a t  e x h i b i t s  

a wake w i t h  fea tu res  common t o  most b l u f f  bodies. One f e a t u r e  i s  t h a t  

t he  wake c lose  t o  t h e  tower i s  s t r i k i n g l y  d i f f e r e n t  from t h a t  e x i s t i n g  

f a r  downstream. The far-wake occur ing  more than 100 tower-diameters 

downstream i s  s t a b l e  and p red i c tab le .  P rand t l s '  m ix ing  l eng th  theory  

serves as t h e  a n a l y t i c a l  technique used t o  p r e d i c t  the  v e l o c i t y  d i s t r i  - 
b u t i o n  i n  t he  far-wake. The near-wake i s  genera l l y  uns tab le  g i v i n g  i t  a 

v a r i a b l e  s t r u c t u r e .  Flow fea tu res  change w i t h  windspeed, tower diameter,  

turbulence, and a hos t  o f  o t h e r  phys ica l  parameters. The remainder o f  

t h i s  chapter  concentrates on the  near-wake because i t  i s  t h i s  reg ion  

t h a t  represents the tower shadow. I n  o rde r  t o  d iscuss the  wake, i t  i s  

convenient t o  d i v i d e  the  f l o w  i n t o  c lasses t h a t  have s i m i l a r  p rope r t i es .  

There are  genera l l y  f o u r  c l a s s i f i c a t i o n s  g iven t o  the  wake: slow viscous, 

subcr i  t i c a l  , c r i t i c a l ,  and superc r i  t i c a l  [3]. Each c lass  i s  exper imenta l l y  

determined and i d e n t i f i e d  by a Reynold's Number regime, where the  Reynold's 

Number i s  de f ined as the  r a t i o  o f  i n e r t i a l  t o  viscous fo rces :  

where: V = windspeed 
0 

D = tower diameter 

v = k inemat ic  v i s c o s i t y  

When wind speeds are  low, the  wake i s  c l a s s i f i e d  as t h a t  o f  s low 

viscous f l o w  (o < R < 40). Under these low Reynolds Numbers, t h e  wake 
e 
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i s  s t a b l e  because viscous fo rces  dominate the  f l ow .  Although the  wake 

i s  s tab le ,  gradual changes occur throughout t h e  slow viscous regime. 

For  Reynolds Numbers up t o  f i v e ,  t he  f l o w  stays at tached t o  the  tower. 

Above a Reynolds Number o f  f i v e ,  t he  boundary l a y e r  separates f rom the  

sur face of t he  tower c r e a t i n g  two v o r t i c i e s .  These v o r t i c i e s  are  s ide  

by s ide  and remain s t a t i o n a r y  behind t h e  c y l i n d r i c a l  tower. These 

s t a t i o n a r y  v o r t i c e s  begin o s c i l l a t i n g  as the  Reynolds Number increases 

beyond 40, because the  f l u i d  i n e r t i a l  fo rces  now have a g rea te r  dominance 

over t h e  f low.  Fu r the r  increases i n  t h e  i n e r t i a  o f  t h e  f l o w  causes the  

v o r t i c i e s  t o  p e r i o d i c a l l y  leave the  c y l i n d e r  one a t  a t ime from a l t e r n a t e  

s ides.  This  p e r i o d i c  vo r tex  shedding i s  t he  dominant f e a t u r e  o f  t he  sub- 

5 c r i t i c a l  wake regime (40 < R < 1 . 5 ~ 1 0  ). The parameter used t o  descr ibe e 
the  p e r i o d i c  p roduct ion  o f  v o r t i c i t y  i s  t he  Strouhal Number ( S  ), de f i ned  

t 
as: 

where: f = frequency of vo r tex  product ion  (Hz) 

and has a value i n  t h e  neighborhood o f  .21 throughout t he  s u b c r i t i c a l  

regime. I n  t h i s  region, t he  f l u i d  boundary l a y e r  separates f rom the  

sur face of t h e  c y l i n d e r  a t  approximate ly  82" from t h e  up-wind s tagna t i on  

p o i n t .  Since separa t ion  occurs on the  f r o n t  p o r t i o n  of t he  tower, t he  

wake d i r e c t l y  behind the  tower i s  wider  than t h e  diameter o f  t h e  tower. 

The wide wake of t he  s u b c r i t i c a l  regime cont inues u n t i l  t h e  boundary 

1 ayer  becomes tu rbu len t .  

T r a n s i t i o n  t o  tu rbu lence t r i g g e r s  t h e  c r i t i c a l  reg ion  o f  f l o w  

5 6 
(1 .5x10 < R < 1 . 5 ~ 1 0  ) . Turbulence t r a n s f e r s  momentum i n t o  the  

e 
boundary l a y e r  causing t h e  f l u i d  t o  re -a t tach  a f t e r  i n i t i a l  separat ion.  



Therefore, the  p o i n t  o f  separa t ion  moves t o  the  back s ide  o f  the  tower. 

Re-attachment o f  t he  boundary l a y e r  i s  accompanied by the  d im in i sh ing  

w id th  of the  wake and an increase i n  the  Strouhal Number ( S  .44). When 
t 

t h e  Reynolds Number a t t a i n s  a  h igh  enough value, separa t ion  and subsequent 

re-attachment o f  t h e  boundary i s  no longer  present,  so the  f l o w  i s  c l a s s i -  

6 
f i e d  as s u p e r c r i t i c a l  (R > 1 . 5 ~ 1 0  ) .  I n  t h i s  f l o w  regime, separa t ion  occurs 

e  
o n l y  m e a t  about - +120° f rom the  up-stream s tagnat ion  p o i n t .  The wake i s  

wider  than i t  was f o r  t he  c r i t i c a l  regime and the  Strouhal  Number decreases 

t o  an average value o f  .28. The drag c o e f f i c i e n t  a c t i n g  on a  c y l i n d e r  i s  

a  good i n d i c a t o r  o f  t he  f o u r  c lasses o f  f low,  where drag c o e f f i c i e n t  i s  

de f ined as: 

where: Fd = drag f o r c e  on the  body 

p = f l u i d  dens i t y  

V = f l u i d  v e l o c i t y  

A = c y l i n d e r  area 

Figure 3.1 shows the drag c o e f f i c i e n t  p l o t t e d  as a  f u n c t i o n  o f  t he  

Reynolds Number. A t  low Reynolds numbers, h igh  drag c o e f f i c i e n t s  i n d i c a t e  

the  slow viscous regime. The drag c o e f f i c i e n t  then decreases and l e v e l s  

o u t  i n  the  v i s c i n i t y  o f  u n i t y  throughout the  s u b c r i t i c a l  regime and then 

drops d r a s t i c a l  l y  i n  t he  c r i t i c a l  regime. 

When a  Reynolds Number versus wind speed curve (F igure  3.2) i s  

developed f o r  an assortment o f  tower diameters, i t  becomes apparent t h a t  

the  tower Reynolds Number i s  genera l l y  h igh.  The wake, t he re fo re ,  i s  i n  

t he  v i c i n i t y  o f  t he  c r i t i c a l  f l o w  regime. F igure  3.3 i s  an example o f  
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a time average of the velocity in the wake near the c r i t i ca l  regime [4].  

Because tlie averaging process masks the unstable nature of the wake, i t  

has Inany features common to the flow occuring a t  Reynolds Numbers less  t h a n  

f ive.  One notable feature in the figure i s  the region of stagnant f luid 

extending 1.2 di ameters behind the tower. This stagnent region or  tower 

shadow would impart a strong impulse to  the blades i f  they were to pass 

through. In the more developed flow downstream, the shadow i s  less  pro- 

nounced. A t  present, the WF-I blades rotate  through the more developed 

flow since the tower i s  -254 rn (10 in.)  in diameter. If a .762 m (30 in . )  

tower were ins ta l led ,  the blades would travel through the stagnent region. 

The plane of rotor rotation for  the present .254 m (10 in . )  and the .762 m 

(30 i n . )  tower are superinlposed on Figure 3.3 t o  emphasize the af fec t  tha t  

changing the diameter has on the flow. Plans for  changing the WF-I tower 

have been developed and Appendix I outlines the procedure. 

3.2 Corrlplications with a Wake Analysis 

The categorization of the wake into d i s t inc t  groups, identified by ranges 

in Reynolds Number, i s  only useful as a rough approximation. The four discrete 

regimes were developed using standard experimental conditions for  the flow 

around cylindars. When conditions s t ray from the experimental standard, 

transitions between discrete categories occur a t  different  Reynolds Numbers. 

The t ransi t ion from subcri t ica l  to  c r i t i ca l  flow i s  particularly sensi t ive 

to  deviations. I t  i s  unfortunate tha t  the c r i t i c a l  region i s  sensi t ive,  

because the tower wake occurs in the range of c r i t i c a l  Reynolds Numbers for  

normal operation and a tower exposed to the environment i s  f a r  from standard 

conditions. 

The wake s tructure,  occuring in the c r i t i c a l  region, i s  d ~ ~ e  t o  a 

transformation of the boundary layer from laminar to  turbulent. This 
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t r a n s i t i o n  i s  determined by physical  fea tures  o f  t he  wind and the  tower. 

Tower roughness and wind turbulence have a  major e f f e c t  on the  c r i t i c a l  

Reynolds Number. A rough tower and/or t u r b u l e n t  wind t r i g g e r s  the  t r a n s i  - 

t i o n  from t h e  subcr i  t i c a l  reg ion  a t  lower Reynolds Nurr~bers wh i l e  h igher  

Reynolds Numbers are  needed i f  the  tower i s  smooth and/or wind i s  steady. 

Also, p ro t rus ions  from the tower c o n t r i b u t e  t o  the  wake. The o r i e n t a t i o n  

o f  guy wires,  rungs, e tc .  c reate  disturbances t h a t  may widen o r  o ther -  

wise s i g n i f i c a n t l y  a f f e c t  the  wake i n  an unpredictable manner. 

The r o t o r  adds i t s  own c o n t r i b u t i o n  t o  the  wake because i t  slows 

the  approaching wind and i n t e r f e r e s  w i t h  wake format ion behind the  tower. 

The r e s u l t  o f  downstream i n t e r f e r e n c e  i s  i nd i ca ted  i n  F igure  3.4, which 

por t rays  the  a f f e c t  t h a t  a  s h o r t  s p l i t t e r  p l a t e  has on the  wake o f  a  

c y l i n d e r .  As the  p l a t e  i n  moved downstream, the  Stroukal Number and base 

pressure c o e f f i c i e n t  ( C  ) change. The drop i n  vor tex  shedding frequency 
PS 

and increase i n  pressure occur because the  p l a t e  d i s tu rbs  the  format ion 

o f  the  v o r t i c i e s .  When the  p l a t e  i s  moved beyond the  reg ion  o f  vor tex  

formation, t he  c o e f f i c i e n t s  a b r u p t l y  r e t u r n  t o  t h e i r  normal values [5] .  

The r o t o r  may a f f e c t  the  wake i n  a  s i m i l a r  manner s ince i t  ac ts  i n  t h i s  

reg ion  o f  vor tex  format ion.  

These ex terna l  parameters combine, c r e a t i n g  a  system which i s  n o t  

ameanabl e  t o  a  complete a n a l y t i c a l  o r  experimental ana lys is .  Therefore, 

the  next  sec t i on  serves t o  reduce t h i s  complex s i t u a t i o n  i n t o  a  simple 

model represent ing the  wake and tower shadow e f f e c t .  

3.3 Wake Model 

Since i t  i s  n o t  f e a s i b l e  t o  account f o r  a l l  aspects o f  t he  complex 

wake flow, a  simple wake model i s  used as an approximation. The main 
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fea tures  o f  t he  wake requ i red  t o  preserve the  nature o f  t he  wake - 
blade i n t e r a c t i o n  are the  wake wid th  and l o s s  o f  wind speed. These 

fea tures  are  approximated by using a  rec tangu lar  v e l o c i t y  decrement 

occur ing behind the  tower. This tower shadow model i s  shown i n  

Figure 3.5. The v e l o c i t y  decrer~ent  has s t reng th  (w0) , wid th  ( 6 ) and 

i t  mainta ins the  p e r i o d i c  frequency o f  blade passage. The rec tangu lar  

pulse i s  chosen because i t  i s  simple and adaptable t o  a n a l y t i c a l  o r  

numerical methods. A p e r i o d i c  pu lse  o f  t h i s  form can be modeled w i t h  a  

Four ie r  ser ies .  This se r ies  has the  form: 

($) = a, + a  cos nY 
n= 1  n  

WO 
6 

where: a  = -- 
0 2.n 

2 w  
- -  n 6 - O s i n  - 

an n  2 

$ = azimuth angle 

One approximate method o f  c a l c u l a t i n g  the  v e l o c i t y  decrement and 

shadow w id th  i s  by assuming t h a t  viscous e f f e c t s  are  n e g l i g i b l e  and t h a t  

t he  tower i s  a  semi-permiable membrane. Th is  assumed s t r u c t u r e  produces 

the  same wake as p rev ious l y  modeled. The wake wid th  i s  the  same as the  

membrane width, which has a  value equal t o  the  tower diameter. The 

v e l o c i t y  decrement i s  found us ing the  momentum theorem i n  con junc t ion  

w i t h  experimental data f o r  the drag as a  c y l i n d e r .  

When a  c o n t r o l  volume i s  es tab l ished around the  tower, t h e  momentun 

equation f o r  the  system has the  form: 

F = P Q  (Vo - V )  D (3.5) 
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where: FT = 1/2 P C  V D i s  tower drag f o r c e / u n i t  l eng th  D 

P = dens i ty  o f  a i r  

Q = V D i s  t he  f l ow  r a t e / u n i t  l eng th  
0 

v  = wake v e l o c i t y  

Re-arranging equation (3.4) y i e l d s  the  simple r e s u l t  f o r  t he  v e l o c i t y  

decrement as : 
n 

Since the  Reynolds Number i s  usua l l y  high, the  drag c o e f f i c i e n t  never 

has a  value g rea te r  than one. Therefore, t he  l a r g e s t  v e l o c i t y  decrement 

permi t ted  by t h i s  model i s  w = .5, meaning the  windspeed behind the  
0 

tower i s  ha l f  the  f r e e  stream v e l o c i t y .  This s i r r~ple model w i l l  serve 

as the  wake representa t ion  f o r  t he  es t ima t ion  o f  the  tower shadow e f f e c t  

performed i n  the  f o l  1  owing chapter.  



C H A P T E R  4  

RIGID BLADE MODEL 

4.1 Rat ional  

The dyanmic response o f  a  wind t u r b i n e  r o t o r  i s  a  complex problem 

and tower shadow i s  on ly  one face t .  For a  p re l im ina ry  ana lys i s  o f  t h e  

tower shadow e f f e c t ,  t h i s  chapter presents a  method t o  s i r r ~ p l i f y  t h e  

r o t o r  system and c l a r i f y  the  dynamics. I n  general,  t h e  wind t u r b i n e  has 

many degrees o f  freedom t h a t  a re  s e t  i n t o  mot ion by a  complex f o r c e  

system. The fo rces  t h a t  a c t  on the  r o t o r  a r e  aerodynamic, g r a v i t a t i o n a l ,  

and i n e r t i a l .  O f  these forces,  t he  aerodynamic and i n e r t i a l  f o rces  c o n t r i -  

bu te  t o  the  b lade response from tower shadow. Aerodynamic fo rces  a r e  

due t o  the  i n t e r a c t i o n  o f  t he  a i r  on the  t u r b i n e  blades and t h e  i n e r t i a l  

fo rces  a r e  t h e  r e s u l t  o f  blade motion. 

I d e a l l y ,  t he  aerodynamic fo rces  would be steady i f  t h e  wind acted 

un i fo rm ly  over t h e  e n t i r e  r o t o r  a t  a  constant  speed w i t h  no g r a v i t a t i o n a l  

a f f e c t s .  But t h i s  i d e a l  s i t u a t i s n  never e x i s t s .  Aside from g r a v i t y ,  

wind v a r i a t i o n s  l i k e  gusts, shear, and tower shadow r e s u l t  i n  an unsteady 

load ing cond i t i on  on the  r o t o r  which may have damaging r e s u l t s .  The 

p o t e n t i a l  l y  damaging e f f e c t s  o f  tower shadow have a1 ready been proven 

by opera t iona l  experience w i t h  the  NASA MOD-0 wind tu rb ine .  With the  

i n i t i a l  tower con f igu ra t i on ,  t he  tower shadow r e s u l t e d  i n  excessive blade 

f l a p p i n g  and consequent ma te r ia l  f a t i g u i n g .  Subsequent removal o f  the  

s t a i r s  from w i t h i n  the  tower s t r u c t u r e  s i g n i f i c a n t l y  reduced the  tower 

shadow [ 6 I .  

I n  modeling the  t u r b i n e  so t h a t  the  tower shadow e f f e c t  i s  c l e a r l y  

portrayed, i t  i s  necessary t o  i s o l a t e  the  wake-blade i n t e r a c t i o n  from the 
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many o ther  unsteady var iab les .  The va r iab les  t h a t  w i l l  be neglected i n  

the  f o r c e  system are  changes i n  wind speed and r o t a t i o n a l  speed of t h e  

r o t o r ,  wind shear, and g r a v i t y .  Th is  leaves a system t h a t  i s  p e r i o d i c a l l y  

per turbed by the  tower wake. Simp1 i f i c a t i o n s  i n  t h e  s t r u c t u r a l  aspects 

o f  t he  r o t o r  a re  a l s o  requ i red  when modeling the  tu rb ine ,  The r o t o r  blade 

i s  assumed t o  a c t  l i k e  a r i g i d  s lender beam w i t h  motion i n  the  p lane of 

r o t a t i o n  (edgwi se) uncoupled from t h a t  perpendicular  t o  t h e  p lane o f  

r o t a t i o n  ( f l a t w i s e ) .  Of these, the  edgewise mot ion i s  small and w i l l  be 

neglected s ince the  aerodynamic requirements o f  t h e  blade produce a 

s t r u c t u r e  t h a t  has small edgewise forces and a l a r g e  edgewise s t i f f n e s s .  

Three coord inate  systems a re  used t o  descr ibe  t h e  t u r b i n e  blade 

mot ion (Figure 4.1 ) .  The XYZ system t h a t  i s  at tached t o  t h e  hub and 

r o t a t e s  w i t h  a constant  speed (n). An X ' Y  ' Z '  system at tached t o  t h e  b lade 

r o o t  and i n c l i n e d  by the  coning angle (A). The blade i s  then loca ted  by 

the  XYZ system t h a t  i s  f i x e d  t o  the  blade, so t h a t  i t  moves through t h e  

f l o p p i n g  angle ( 6 )  measured from t h e  (X 'Y 'Z ' )  blade r o o t  system. 

4.2 The Off -Set  Hinge Model 

The s p e c i f i c  model used f o r  the  s i m p l i f i e d  ana lys i s  cons is t s  o f  

a r i g i d  s lender beam at tached t o  the  r o t o r  hub by a hinge-spring. This 

model i s  known as an o f f - s e t  h inge model and has been used ex tens ive l y  

f o r  h e l i c o p t e r  s tud ies  as w e l l  as having been success fu l l y  adopted t o  

wind tu rb ines  i n  many recent  s tud ies  [ 7 1. The model g ives  a good npproxi  - 
mat ion f o r  t h e  lowest  mode o f  b lade v i b r a t i o n  i n  f lapping.  This approxi -  

mat ion o f  t he  mot ion i s  shown i n  F igure  4.2 which d i sp lays  the  lowest  

mode shape f o r  t he  WF-I and t h e  hinged b lade motion. 



Coordinate Systems 

X Y Z systemr Rotor hub caordinate system, i t  rotates  a t  the 

machine rpm, 

x y z system: Blade root coordinate system, i t  i s ' i n c l i n e d  a t  

the coning angle )(. 
/ / I  

x y z aystemt F'ixed t o  the blade, and incl ined t o  the x y z 

system by the flapping zngle 

t Blade azimuth meesured f r o m  tbe top o f  rotation, 
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The governing equation f o r  the  f r e e  mot ion o f  t h i s  system i s  found 

using the  free-body diagram of blade fo rces  shown i n  F igure  4.3. When 

moments are  resolved about the  hinge spr ing,  t he  equation takes the  

form ; 

. . 2 2 2 2 IB t eR rcg n M [ ~ c o s  x + s i n  A ]  + I n  [B(cos 1 - s i n  I] + (4.1) 

cosx s inx ]  + K B = 0 
B 

where: I = mass moment of i n e r t i a  o f  a blade 

M = mass of a blade 

R = rad ius  o f  the  t u r b i n e  

e = h inge e f f e c t  

r = center  o f  g r a v i t y  measured from the  blade r o o t  
c g 
k = hinge spr ing  s t i f f n e s s  e 

n = r o t a t i o n a l  speed 

x = coning angle 

B = f l o p  angle 

H iger  order  terms i n  B have been neglected s ince t h i s  angle i s  genera l l y  

small [ 71. The equation o f  mot ion i s  more convenient when the  o f f s e t  

h inge constant;  

i s  introduced. Then eq. 4.1 becomes; 

. . 2 2 2 B 2 B + ~ [ r  (ECOSI + cos x - s i n  A )  + + r ( d i n 1  + cosh s inx )  (4.3) 



The s o l u t i o n  o f  eq. 4.3 represents the  motion o f  a f r e e l y  v i b r a t i n g  wind 

t u r b i n e  b lade w i t h  a na tu ra l  frequency (un) g iven by: 

2 2 2 6 
w = n ( ~ c o s  A + cos i - s i n  i )  + - n I 

The na tu ra l  frequency e x h i b i t s  the  r o t a t i n g  and non- ro ta t i  ng components 

discussed i n  sec t i on  2.3, 

L L 
W =uL 

n r o t a t i n g  + non- ro ta t ing  

a t  r e s t ,  t he  t u r b i n e  blade has a na tu ra l  frequency o f  

2 - 
W - - 

non-ro ta t ing  I 

Blade r o t a t i o n a l  speed causes the  blades t o  s t i f f e n ,  which increases the  

na tu ra l  frequency by the  amount 

W 
2 2 2 2 

r o t a t i n g  = n (Ecosh2 + cos A - s i n  A )  

A steady c e n t r i f u g a l  f o r c e  i s  a l s o  produced when a coned blade ro ta tes .  This 

c e n t r i f u g a l  f o r c e  creates a moment g iven by, 

2 
MC = n ( € s i n  A + c o s i   sin^) 

t h a t  p u l l s  the  blade towards the  plane o f  r o t a t i o n .  The a c t i o n  of t h i s  

moment serves t o  r e l i e v e  the  aerodynamic moments t h a t  d e f l e c t  t he  blade 

away from the  plane o f  r o t a t i o n .  

4.3 Aerodynamic Loads 

A wind t u r b i n e  i s  d r i ven  by the  dynamic r e a c t i o n  o f  t h e  blades t o  the 

a i r .  A blade ac ts  as a l i f t i n g  sur face because i t  posses an a i r f o i l  



Mgure 4.3 
Blade Flapping Diagmm 

@ - napping angle  
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cross-section. The rnagni tude o f  the 1 i f t  fo rce  depends on the blade 

o r i en ta t i on  and the square of the a i r  v e l o c i t y  ac t ing  p a r a l l e l  (U ) and 
P 

perpendicular (UT) t o  the plane o f  r o ta t i on .  Figure 4.4 shows the 

geometry o f  the forces and v e l o c i t i e s  act ing on a blade cross-section 

used t o  express the equation f o r  l i f t  (L)  per u n i t  length; 

Since the tower shadow changes, the perpendicular v e l o c i t y  encountered 

by the blade, i t  changes the l i f t  and creates blade motions. Calcula- 

t i o n  o f  the v e l o c i t y  va r ia t ions  i s  essent ia l  t o  the force evaluat ion.  

The s i m p l i f i e d  wake model developed i n  sect ion 3 . 4  def ines the 

v e l o c i t y  d e f i c i t e  created by the tower. Equation 3 . 3  i s  used d i r e c t l y  

i f  the wake width (6)  i s  replaced by an equivalent  azimuth arc length  

( ~ J I ) .  An equivalent  arc length  i s  determined by s e t t i n g  the shaded 

area behind the tower equal t o  the area o f  a sector  swept by blade 

(Figure 4.5) y i e l d i n g  the expression: 

Therefore, equation 3 . 3  i s  r e -w i r t t en  as; 

This d e f i n i t i o n  f o r  the wake assumes t h a t  the v e l o c i t y  change depends 

on ly  on the blade azimuth angle, so the wake ac ts  instantaneously over 

the e n t i r e  blade when the shadow i s  encountered. 



- .  

Figure 4.4 Blade Element Diagram 

( L i f t  on Blade 
Element) 

I f 

$ = ve loc i ty  perpendicular t o  the  r o t o r  plane 

Ut * ve loc i ty  t angen t i a l  t o  t h e  blade element 

(This ve loc i ty  i s  pr imari ly  due t o  r o t a t i o n  Qr) 

VR = J u t 2 , +  up2 - r e s u l t a n t  t o t a l  ve loc i ty  at  blade element 

U 
4 = blade  element angle  = tan-' -2 

ut 
8 = blade element p i t ch  angle 

a = blade element angle of a t t a c k  

= l i f t  f o r c e  per  u n i t  span 
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A s i m p l i f i e d  equation f o r  the  l i f t  f o r c e  v a r i a t i o n  due t o  v e l o c i t y  

changes i s  developed i n  Appendix G and presented below by equation 4.11. 

- - -. l / t i p -speed  r a t i o  where: p, ,R, 

i 
'i = - *  QR ' induced v e l o c i t y  r a t i o  

T, = r / R ;  s t a t i o n  span 

4 
"IaCR ; Lack's i n e r t i a  term = -4- 

6 '  = * = A. flipping speed d+ ny  

eo = blade t w i s t  

e = blade p i t c h  
P 

The v a r i a b l e  v e l o c i t y  components i n  the  l i f t  equation a re  the tower shadow 

and b l  ade mot i  ons . 
An i n t e g r a t i o n  o f  the  f l a t w i s e  c o n t r i b u t i o n  of l i f t  from the  blade 

r o o t  t o  the  blade t i p  determines the blade r o o t  bending moments ( M  ) . 
B A 

MBA = jR L  cosfl COSB r d r  - 
0 

[ ' LR~,~, 
0 

The r e s u l t  o f  the i n t e g r a t i o n  y i e l d s ;  

which i s  combined w i t h  the  f r e e  v i b r a t i o n  equation (eq. 4.3) t o  ob ta in  

the governing equation f o r  the  forced mot ion o f  a  wind t u r b i n e  blade. 



The motion implied by equat ion  (4.15)  and the s o l u t i o n  f o r  t h e  express ion  

w i l l  be d iscussed  i n  t h e  next s e c t i o n .  

4.4 Solu t ion  of the Governing Equation 

The governing equat ion  of motion f o r  the i s o l a t e d  b lade  r e p r e s e n t s  

a p e r i o d i c a l l y  fo rced  s i n g l e  degree of  freedom system. Equations of 

t h i s  type  have been s t u d i e d  ex tens ive ly  i n  many v i b r a t i o n s  t e x t s  and 

t h i s  s e c t i o n  w i l l  draw from methods developed f o r  v i b r a t i o n  a n a l y s i s  t o  

examine t h e  tower shadow response [ 8  1. The c l a s s i c a l  form f o r  the 

d i f f e r e n t i a l  equat ion  of  motion of a s i n g l e  degree of  freedom system is  

given by; 

where: = damping r a t i o  

LO = na tu ra l  f requency n 
M(t) = app l i ed  moment 

and i t  i s  useful  t o  a r r ange  equat ion  (4.15) i n t o  this form. 

In the t ime domain, the i s o l a t e d  blade equat ion  i s  expressed by; 



It i s  i n t e r e s t i o g  t o  note t h a t  the  system damping has an aerodynamic 

o r i g i n ,  as ind ica ted  by the  c o e f f i c i e n t  o f  the  f lapping v e l o c i t y  ( k ) .  

The magnitude o f  the  damping i s  r e l a t e d  t o  the  Lock Number (y) and 

subsequent motion o f  the  blade a f t e r  i t  i s  per turbed depends o f  the  amount 

o f  aerodynamic damping. I f  the damping i s  greater  than o r  equal t o  a 

c r i t i c a l  amount, the  blade w i l l  n o t  o s c i l l a t e  a f t e r  i t  has been disturbed.  

The damping r a t i o  ( C )  serves as an i n d i c a t o r  f o r  subsequent blade motion 

s ince i t  i s  the  r a t i o  o f  the  ac tua l  damping d iv ided by the  c r i t i c a l  

damping. For t h i s  system, the damping r a t i o  i s  g iven by; 

When t h i s  r a t i o  i s  l ess  than one, the  blade o s c i l l a t e s .  I n  general, the  

wind tu rb ine  blades w i l l  have a dampiug r a t i o  l ess  than one i n d i c a t i n g  

t h a t  the  blade e x h i b i t s  a damped o s c i l l a t i o n  a f t e r  the tower shadow has 

been encountered. The frequency o f  the damped o s c i l l a t i o n  i s  expressed 

as; 

and the ampli tude o f  o s c i l a t i o n  decays exponent ia l ly ,  because t h e  blade 

behaves l i k e  a damped s i n g l e  degree o f  freedom system. 

A steady moment (MST) and the pe r iod ic  moment (Mp) comprise t h e  

t o t a l  moments a c t i n g  on the  blade roo t .  

The steady moment, g iven by, 



has no a f f e c t  on the blade motion. I t  o n l y  serves t o  i n i t i a l l y  d e f l e c t  

the  blade by the amount, 

and the proper choice o f  coning angle r e s u l t s  i n  zero i n i t i a l  d e f l e c t i o n  

for  the  blade. Blade motions are the r e s u l t  o f  the  pe r iod ic  moment caused 

by the  tower shadow, 

where the tower shadow has been represented by a Four ier  Series. Now 

t h a t  the  c o e f f i c i e n t s  o f  equation ( -16) have been defined, a s o l u t i o n  

can be obtained. 

The steady s t a t e  s o l u t i o n  f o r  the  blade f l app ing  d e f l e c t i o n  i s  

expressed by a ser ies,  where each term i n  the  se r ies  i s  the  c o n t r i b u t i o n  

t o  the de f lec t ion  made by each harmonic o f  the  Four ier  tower shadow 

representat ion.  Therefore, the t o t a l  response o f  the  blade i s  g iven by; 

2wo M wo a, -- nsJI 
I 

n~ s i n  cos (n$-Bn) i B = B  +y - 
0 2 +  C 

I 

4 n W n  n=1 2 2 ! 
(wn -no R + ( 2  ,nnn)2 i 

where the phase angle (On) between con t r i bu t ions  i s ;  

2 W n  " 
0, = a rc tan  [ 2] 

Wn -nR 



A p r a c t i c a l  eva lua t i on  o f  t he  response us ing  equat ion (4.24) requ i res  

the  t r u n c a t i o n  o f  t h e  i n f i n i t e  se r i es .  The number o f  terms necessary 

t o  assure the  des i red  accuracy o f  t h e  s o l u t i o n  depends on t h e  w id th  o f  

t h e  rec tangu la r  pu lse  (6q).  I f  (6$) were c lose  t o  IT, t h e  s e r i e s  would 

converge r a p i d l y ,  b u t  t h i s  i s  n o t  t he  s i t u a t i o n  behind a  p ipe  tower. 

The wake produced by a  p ipe  tower i s  narrow, so t h a t  t h e  s o l u t i o n  does 

n o t  converge r a p i d l y  t o  a  steady d e f l e c t i o n .  Since t h e  c losed form s o l u t i o n  

o f  t h e  equat ion o f  mot ion converges a t  a  slow r a t e ,  numerical techniques 

a r e  necessary. Computer code RIGID, l i s t e d  i n  Appendix C, i s  used t o  

so l ve  t h e  equat ion o f  mot ion us ing  Eu le rs '  t ime stepping i n t e g r a t i o n .  

4.5 Ana lys is  o f  Wind Furnace I 

The equations presented by t h e  prev ious sec t i on  w i l l  be used f o r  

t he  ana lys i s  o f  t h e  WF-I. Since the  WF-I does n o t  have t h e  s p e c i f i c  

geometry assumed by t h e  o f f - s e t  hinge model, an equ iva len t  b lade must 

be developed. The equ iva len t  system r e t a i n s  t h e  f o l l o w i n g  t u r b i n e  

c h a r a c t e r i s t i c s :  

Blade rad ius  R = 4.95 m (16.25 f t . )  

Hub r a d i u s  RH = 0.495 rn (19.25 i n . )  

Blade mass M = 15.44 kg (34 l b s . )  

Natura l  Frequency on = 25 rod/sec 

Coning ang le  h = 10° 

The s lender r i g i d  blades requ i red  by t h e  model have mass moment o f  

i n e r t i a  equal to ;  

1  I = 7 m (R-R,,)~ = 102.15 kgm 2  



This moment of  i n e r t i a  i s  then used with t h e  b lades '  na tura l  frequency 

t o  ob ta in  a hinge sp r ing  cons tant ;  

n-m 
k~ 

= w '1 = 63843 radius n 

Aerodynamic loads a r e  determined from mean values f o r  t h e  blade chord 

and t w i s t  d i s t r i b u t i o n ,  because t h e  blades have been modeled wi th  a 

cons tan t  chord and l i n e a r  twist. The equiva lent  chord has the value;  
@a 

C 

c = Cn = -263 m n 

and t h e  equ iva len t  twist is  c a l c u l a t e d  i n  a s i m i l a r  manner a s ;  
a, 

2 ' e n  
e = = .262 r ad ius  o n 

As an example of the blade response,  a s o l u t i o n  i s  determined for 

the s teady s t a t e  opera t ion  of  t h e  WF-I i s  a 9 m/s (20 mph) wind. Equa- 

t i o n  4.16, the governing equat ion of motion has c o e f f i c i e n t s  equal t o  

the q u a n t i t i e s ;  

w = 28.814 rad/sec  n 

c = 0.345 

MST = 2569 n-m 

P 
= 4919.515 n-rn 

and a s o l u t i o n  f o r  t h e  equat ion of motion i s  performed by computer code 

RIGID. The blade t i p  d e f l e c t i o n  due t o  a ,254 m (10")  shadow width i n  

a 9 m/s (20 mph) wind i s  shown i n  Figure 4.6. The blade r o o t  bending 

moment a l s o  shows t h e  response ( ~ i g u r e  4 . 7 ) .  Moments w i l l  be used 

throughout the chap te r  because the blade stress i s  dependent on the 







magnitude of the bending moments. During rotation, the twoer shadow 

def i c i t  occur between ( 6 $  + 180°) and ( 6 $  - 180°), b u t  the resulting 

response i s  not significant until the blade begins i t s  ascent from the 

bottom of rotation. The turbine blade follows an osci l la t ing path as  i t  

rotates  about the wind shaft .  This oscial lat ing pattern i s  similar for  

a l l  windspeeds because the damping ra t io  remains less  than unity. 

Oscillations of the blade root bending moments are  the ~iiost important 

feature of the response. These osci l la t ions are  best described by 

the i r  maximum ( M m a x )  and minimum values (Mmin). Figure 4.8 shows the 

maximum, nl-inimum and steady moments encountered over the ent i re  operating 

range of w-ind speeds for  WF-I. The magnitude of the steady root moment 

drops quickly when the operational mode i s  changed to constant rotational 

speed. A more subtle change occurs in the magnitude of the osci l la t ions.  

If the steady moment i s  removed from the response, a clear  picture of the 

tower shadow pertabation resul t s  (Figure 4 .9 ) .  The flatwise moment 

variation increases a t  a f a s t e r  r a t e  under constant rotational speed 

(region I I I ) operation, then would have occured i f  constant t i  p-speed- 

r a t io  had been maintained. 

Increases in the tower diameter also change the root bending moment 

due to  changes i n  the tower shadow. Figure 4.10 shows the af fec t  of 

tower diameter on the moment variation i n  a 9 m/s (20 mph) wind. The 

response due to the amount of blockage i s  small for  a narrow tower and 

increases to a maximum as the tower diameter i s  enlarged. Increasing 

moment variation occurs because the response is  a function of how long 

the blade remains shaded and the strength of the blockage. In the l imi t ,  

the tower will shade the ent i re  rotor and the periodic component of the 

bending moment will converge to steady value. Convergence occurs about 
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t he  steady moment due t o  wind speed minus the  tower shadow d e f i c i t e .  

I n  a d d i t i o n  t o  blade r o o t  bending moment va r ia t i ons ,  t he  wake 

con t r i bu tes  t o  the  yaw mot ion experienced by the  tu rb ine .  During h igh  

winds, WF-I has been observed t o  o s c i l l a t e  about a  p o s i t i o n  s l i g h t l y  

yawed away from the  wind d i r e c t i o n  [9 1. A mot ion o f  t h i s  na ture  i s  

i n d i c a t e d  by the  p red ic ted  shadow data when the  b lade moments f o r  t he  

e n t i r e  r o t o r  a re  resolved about the  yaw ax i s .  An example o f  the  r e s u l t i n g  

yaw moments occur ing i n  a  20 m/s (44 mph) wind a re  shown i n  F igure  4.11. 

The yaw moment has a  frequency o f  t h ree  times the  r o t a t i o n a l  speed w i t h  

an ampli tude v a r i a t i o n  about a  p o s i t i v e  mean yaw moment. Experimental 

data has been c o l l e c t e d  a t  low windspeeds t h a t  v e r i f y  the  frequency o f  

the  tower shadow per tu rba t ion  on the  yaw c h a r a c t e r i s t i c s  o f  t h e  t u r b i n e  [ 9  1. 

I n  summary, the  o f f - s e t  hinge representa t ion  o f  a  wind t u r n i n e  o f f e r s  

a  simple technique t o  i n d i c a t e  elementary a f f e c t s  o f  tower shadow on the  

r o t o r  dynamics. The next  s tep  i n  the  ana lys i s  i s  the  i n c l u s i o n  o f  a  

non-uniform f l e x i b l e  blade i n t o  the  model so t h a t  the  bending moment 

d i s t r i b u t i o n  along the  b lade can be determined. Th is  more invo lved 

ana lys i s  w i l l  be presented i n  the  nex t  chapter,  
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C H A P T E R  5 

COMBINED LEAD-LAG AND FLAPPING RESPONSE OF A 
WIND TURBINE ROTOR BLADE 

5.1 Rat ional  

The simple r i g i d  blade model o f  the  previous chapter i s  n o t  adequate 

f o r  an ana lys i s  o f  the  f o r c e  d i s t r i b u t i o n  along the  blade. The r i g i d  

model i s  usefu l  f o r  determining many dynamic e f f e c t s  caused by the  tower 

shadow, b u t  the  r i g i d  model lacks  the  a b i l i t y  t o  handle b lade f l e x i b i l i t y  

and a complex geometry. A wind t u r b i n e  blade i s  a non-uniform non-homo- 

genious beam and the  e n t i r e  motion o f  the  blade i s  needed fo r  a d e t a i l e d  

ana lys i s  o f  load ing and moments. 

I he equat ion o f  mot ion f o r  a d i f f e r e n t i a l  element o f  t he  r o t o r  

blade i s  found us ing the  same coordinate system developed f o r  t he  r i g i d  

b lade model. To simp1 i f y  the  d e r i v a t i o n  o f  t he  equat ion o'f motion, 

t o r s i o n a l  e f fec ts  are  neglected. Th is  l eaves on ly  coupled f l a t w i s e  and 

edgewise motion. The fo rces  and moments a c t i n g  on a b lade element a re  

shown i n  F igure  5.1. These forces and moments a re  the  l o c a l  shear 

force ( V ) ,  the  bending moment ( M ) ,  the  aerodynamic load (F), and t h e  

cen t r i f uga l  tens ion (G). Force equ i l  i brium on t h e  element requ i res  tha t ;  

I n t e g r a t i n g  expression 5.1 w i t h  respect  t o  z y i e l d s  f o r  the  c e n t r i f u g a l  

tens ion G; 
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The moment e q u i l i b r i u m  fo r  the  element requ i res  t h a t  

D i f f e r e n t i a t i n g  the  moment equations w i t h  respect  t o  z gives; 

A s u b s t i t u t i o n  from equations 5.2 and 5.3 i n t o  5.7 and 5.8 y i e l d s ;  

Bending moments i n  equations 5.9 and 5.10 a re  g i ven  by the  Eu le r -Bernou l l i  

theory o f  bending [lo]. For small displacements, t h e  moment i s  r e l a t e d  

t o  the  displacement by; 



When the  bending moments are  s u b s t i t u t e d  i n t o  t h e  equations o f  mot ion 

(5.9, 5.10), t he  f o l l o w i n g  r e s u l t s ;  

9 

I t  i s  ev iden t  by examination o f  these equations t h a t  the  blade mot ion 

i s  coupled i n  the  lead- lag  and f lapp ing planes. There i s  no c losed form 

s o l u t i o n  f o r  t h e  expression, so an approximate method i s  required.  A 

modal ana lys i s  i s  chosen as t h e  p re fe r red  s o l u t i o n  technique s ince the  

equations a re  uncoupled i n  the  modal frame o f  reference.  The d e r i v a t i o n  

o f  t h e  uncoupled form i s  c a r r i e d  o u t  i n  t h e  nex t  sec t i on  and t h e  s o l u t i o n  

i s  obta ined us ing computer code DYNAMICS which may be found i n  Appendix D. 

5.2 Modal Equations o f  Motion 

Modal ana lys i s  i s  based on t h e  assumption t h a t  t he  response o f  a 

system i s  determined by t h e  l i n e a r  combinat ion o f  t h e  orthogonal mode 

shape. The mode shape represents the  d e f l e c t i o n  c o n f i g u r a t i o n  o f  t he  

system when i t  v i b r a t e s  a t  a na tu ra l  frequency. I n  o the r  words, t h e  

mode shapes and na tu ra l  f requencies a r e  so lu t i ons  t o  t h e  f r e e  v i b r a t i o n  

equation. A f u r t h e r  exp lanat ion  o f  modes and t h e i r  orthogonal p roper t i es  

can be found i n  most v i b r a t i o n s  t e x t s  [Ill. The combinat ion o f  modes 

comprizing the  response o f  the  blade i s  represented by; 



where rn(x,y) i s  a mode shape and g n ( t )  i s  a modal amp1 i t ude .  Th is  

equation i s  convenient ly  expressed i n  vec tor  subsc r ip t  n o t a t i o n  by; 

where t h e  summation i s  imp l i ed  by repeated subscr ip ts .  This n o t a t i o n  w i l l  

be used throughout the  chapter .  

The governing equat ion o f  motion (eq. 5.13) has the  f o l l o w i n g  form 

i n  subsc r ip t  no ta t ion ;  

where: = Iyy I x y i  Bii - - I G 0 1 
Ai i 

I x y  I X X  1.G 0 '  

If the  r i g h t  hand s ide  o f  equat ion (5.15) i s  zero, t h e  equat ion represent ing 

the  f r e e  v i b r a t i o n  o f  t he  blade r e s u l t s ;  

When a system o s c i l l a t e s  i n  a normal mode (g. . )  w i t h  a na tu ra l  frequency 
1J 

(uj), every p a r t  o f  the system o s c i l l a t e s  i n  phase o r  ant iphase w i t h  every 

o ther  p a r t  o f  the system. Thus, t h e  t y p i c a l  displacement i s  expressed 



= 0 . .  s i n  w . t  'i I J  J (5.17) 

There are an i n f i n i t e  number o f  these so lu t ions f o r  the f r e e l y  v i b ra t i ng  

blade. Since the equations o f  motion (5.15 and 5.16) and t h e i r  so lu t ions 

(5.14 and 5.17) are known, the mqdal equation can be determined. 

The modal equation o f  ~ i io t ion  represents the d i f fe rence  between the 

forced motion and the f r e e  motion. A subs t i t u t i on  o f  eq. 5.14 i n t o  the 

governing equation generates; 

(Aii O..")" g .  + (B.. @ . . ' ) I  g  + Cii 0.. 'g' = Fi 
J J  J 1 1  I J  j J J  j 

A subs t i t u t i on  o f  eq. 5.17 i n t o  the f r e e  v i b ra t i on  equation y ie lds ;  

When eq. 5.18 and 5.19 are pre-mul t ip l ied by the transpose o f  the mode 

shape (O..) and subtracted from each other, a  modal equation f o r  the 
J  1 

d i f f e r e n t i a l  element resu l t s ;  

~ 1 1  the coupled terms have been el iminated from the modal equation because 

of the or thogonal i ty  property of the mode shapes. The orthogonal 

condi t ion s t ipu la tes  that ;  

and 

0.. Dij = 0 fo r  j # j 
J  1 



When eq. 5.20 i s  integrated from the blade root to  the t i p ,  the 

modal equation for  the ent ire  blade resul ts  as;  

The f i r s t  integral i s  named the modal mass; 

and represents a diagonal mass matrix because of the orthononality 

conditions. The second integral i s  the generalized force; 

For an unconed turbine blade, the generalized force i s  composed of the 

aerodynamic forces on the blade, b u t  i f  coning i s  present, i t  must include 

the additional centrifugal force. Therefore, the additional centrifugal 

component; 

2 Fi = MnZ tan x 

i s  added to  the aerodynamic loads t o  obtain the generalized force as a 

coned turbine bl ade. 

Therefore, the uncoupled modal equation; 



and assumed response 

represent  the  t o t a l  motion o f  the  wind t u r b i n e  blade. An advantage o f  t h e  

modal equation i s  t h a t  a s u f f i c i e n t l y  accurate s o l u t i o n  i s  obtained when 

on ly  the  f i r s t  few modes o f  v i b r a t i o n  are  inc luded i n  the  ana lys is .  

Usua l ly  the  modal equation o f  motion (5.27) can be solved i n  t h e  

modal coordinate system. However, fo r  the  wind t u r b i n e  r o t o r  blades, 

the  aerodynamic loads depend on blade v e l o c i t i e s ;  therefore,  t h e  modal 

equations cannot be in teg ra ted  d i r e c t l y .  Thus, the  s o l u t i o n  invo lves  the  

t ransformat ion between the  modal coordinates and the  physical  coordinates 

t o  c a l c u l a t e  the  aerodynamic loading and the  general ized forces.  Computer 

code DYNAMICS l i s t e d  i n  Appendix C i s  used t o  so lve  the  modal equations 

f o r  a wind t u r b i n e  generator. 

5.3 Aerodynamic Loads 

I n  Chapter 4, a s i m p l i f i e d  expression fo r  t h e  aerodynamic loading on 

the  r o t o r  was presented. This expression excluded many higher order 

terms so t h a t  an a n a l y t i c a l  i n t e g r a t i o n  would be possib le.  Since numerical 

techniques are  used f o r  the  modal analys is,  t he  neglected var iab les  can be 

inc luded i n  the  fo rce  system. Blade element theory i s  re ta ined  f o r  t h e  

determinat ion o f  the  aerodynamic forces, bu t  the  blade element diagram 

shown i n  Figure 4.4 i s  modi f ied t o  inc lude drag (F igure  5.2). 

Both l i f t  and drag depend on the  r e l a t i v e  wind ( V R )  and the  angle 

o f  a t tack  (a).  The magnitude o f  these forces are g iven by t h e  equations; 



Up L perpendicular velocity 

Ut = tangential velocity 

vr = ut2 + up2 = resultant velocity 

9 = blade element angle 

8 = blade p i t ch  angle 

a = angle o f  attack 

L = l ift  

D = drag 



and 

The l i ft and drag c o e f f i c i e n t s ,  Ce and CD, a re  exper imenta l l y  determined 

q u a n t i t i e s  t h a t  depend on the  a i r f o i l  shape. These q u a n t i t i e s  a r e  

genera l l y  expressed g r a p h i c a l l y  as shown i n  F igu re  5.3, which shows t h e  

c h a r a c t e r i s t i c s  o f  t he  NACA 4415 a i r f o i l  used i n  t h e  cons t ruc t i on  o f  t h e  

WF-I blades [121. 

The r e l a t i v e  v e l o c i t y  a c t i n g  on t h e  a i r f o i l  i s  composed o f  components 

perpendicular  (U ) and para1 l e l  (UT) t o  t h e  plane o f  r o t a t i o n .  These 
P 

p a r a l l e l  and perpendicular  v e l o c i t i e s  a c t i n g  on an element o f  t h e  b lade 

a re  g iven by; 

u = Vo ( 1  - (a+w($)) - i 
P 

(5.31 ) 

where: Yo = wind speed 

a = a x i a l  i n t e r f e r e n c e  f a c t o r  

b = r a d i a l  i n t e r f e r e n c e  f a c t o r  

w($) = tower shadow f a c t o r  

u = x  b lade v e l o c i t y  

i = y blade v e l o c i t y  

For t h i s ,  modal tower shadow i s  represented by the  rec tangu la r  pu lse  o f  

sec t i on  3.4, b u t  i t  i s  bo th  a f u n c t i o n  o f  azimuth angle and b lade radius.  

Therefore, t h e  v e l o c i t y  d e f i c i t  i s  app l i ed  g r a d u a l l y  s t a r t i n g  a t  t h e  blade 

r o o t  as t h e  b lade encounteres t h e  wake. F igure  5.4 d i sp lays  t h i s  tower 

shadow approximation. 





FIGURE ' 5& 

-. S H A D O W  MODEL 



Rotor induced velocities are indicated by the axial and radial 

interference factors.  No attempt i s  made to calculate these quantit ies 

fo r  the dynamic system. They are assumed to be equivalent to  the inter-  

ference factors obtained from a steady s t a t e  momentum analysis of the 

wind turbine, Momentum theory determines the axial and radial inter- 

ference factors by i terat ing through the fo l l  owing equations unti 1 they 

converge upon the proper values [13]. 

"0 I-a - I-a tan 0 = - 
fir FI7-m' 

a - 
B c (C ,  cos 0 + CD sin 0) - -  

1 +a 8 n  r sin2@ 

B c (C, s in 0 - CD cos 0) 
b - - -  

I -b 8 n  r s in (il cos 0 

In these equations ( b )  i s  the number of blades, ( C )  i s  the chord length, 

and (0) i s  the relat ive pitch angle. 

Once the velocity components are determined, they yield the angle of 

the attack ( a ) ,  since; 

and 

The angle of attack i s  then used w i t h  a i r fo i l  data (Figure 5.2) and 

eqs. 5.29 and 5.30 to determine the l i f t  and drag on the blade element. 

The l i f t  and drag forces are resolved into components parallel and per- 

pendicular to the plane of rotation as; 



Fx = -D cos 0 + L s i n  g (5.381 

F~ 
= D s i n  0 + L cos 0 (5.39) 

t o  serve as the aerodynamic input  t o  the generalized forces defined by 

eq. 5.25. 

5.4 Analysis o f  Wind Furnace I 

An extensive analysis o f  the WF-I blades using computer code DYNAMICS 

has been performed and the resu l t s  are presented i n  t h i s  section. The 

data necessary f o r  the analysis has been l i s t e d  i n  the previous sections, 

b u t  an example of the input  i s  condensed below fo r  review and ease of 

reading. . . -.. 

D A T A  

WIND SPEEb ( M / S ) * * * * * * * * * * * *  9.000 
TIP SPEED R ~ T ~ ~ * * * * * * * * * * * * *  7.500 
PITCH ANGLE (nEG)+.++++++..+ -66000 
CONING AJetGLE ~ ~ E G ~ * * * * * * * * * *  106000 
SHAD O W  WIr'TH ( M ) * + + + * + * * * * + *  06254 
5 H A V O W  STRENGTH V/V,,,,,,,,, 0,500 
BLADE RADIUS ( M ) + + + + + + + + + + * *  4r953 
STAT'IOCt SPCIPt 

Oe100 06200 06300 06400 06500 
CHORD nISTRUBUTION (M) 

06411 06445 06384 06311 0.259 
TWIST r~ISTRIPUTION (DEG) 

456000 256600 156700 10+400 7.400 
AXIAL INTERFERENCE FACTOR 

06090 06140 06180 06200 0.210 
RCIDICIL IbtTERFEREl4CE FCICTOR 

06140 0+050 06027 0.016 O*Oll 
nnss DISTRIBUTION (KG) 

10.050 66123 4.766 46016 3e463 
NnTURAL FREOUENCY (RAnICINS/SECOND) 

28 430 646450 . 
X MODAL COORDINATES 

O*OOO 06000 '06010 -01020 -0.040 
0.000 0+010 0.050 0.110 0.180 
O*OOO -O+OIO -06020 -06040 -06060 

Y  OVAL COORPINATES 
06000 06010 06030 0.090 0.170 
o*ooo 06000 0*000 O*OOO o*ooo 
O*OOO 06030 06090 0,180 01270 



S I  u n i t s  a re  employed by the program and i t  should be noted t h a t  a l l  angles 

inputed i n t o  the computer code a r e  i n  radians. The use o f  degrees i n  the  

output  i s  f o r  simple i d e n t i f i c a t i o n .  

P a r t  of the output  from the program DYNAMICS inc ludes the steady- 

s t a t e  forces t h a t  would e x i s t  f o r  a  uni form f l o w  f i e l d .  Rated cond i t i ons  

were choosen f o r  the t y p i c a l  example of the  forces and moments. F igure  5.5 

shows a  comparison between the f l a t w i s e  and edgewise moment d i s t r i b u t i o n .  

I n  the  previous chapter, edgewise motion was neglected a l toge the r  and the 

magnitudes of the moments i n d i c a t e  t h a t  the  assumption was reasonable. 

The maximum bending moments on the blade occur between the .5 and .7 b lade 

s ta t ions .  The s t ress  occur r ing  on t h i s  sec t ion  o f  the  b lade should be 

a  maximu~ii because the cross-sect ional  area decreases towards the t i p .  

F igure  5.6 shows the a f fec t  t h a t  pre-coning the  b lade 10 degrees has on 

the bending moment d i  s t r i b u t i  on. Cen t r i f uga l  re1 i e f  reduces the  t o t a l  

moment by more than h a l f ,  which i s  a  s i g n i f i c a n t  reduct ion  o f  the  steady 

appl i e d  1  oads. 

Rated cond i t i ons  were a1 so chosen t o  show the t y p i c a l  response of 

the  blade when tower shadow per tu rba t ion  i s  d i s r u p t i n g  the f low.  F igure  5.7 

shows the b lade r o o t  bending moments and F igure  5.8 shows t h e  t i p  de f lec t ion .  

The blade response has many s i m i l a r i t i e s  t o  the  r i g i d  b lade ana lys i s  i n  

t h a t  the shadow response occurs a f t e r  t h e  blade passes behind the tower 

and t h e  recovery from the shadow ind ica tes  a  damped o s c i l l a t i o n .  Bending 

moments are  n o t  severe because the tower shadow i s  app l ied  and removed 

gradual ly .  The gradual load ing o f  the  b lade i s  be l ieved t o  be a  r e a l i s t i c  

model o f  t h e  physical  s i tua t ion .  A1 so the damped na tu ra l  frequency of 

the  t rue  geometry i s  l e s s  than e x i s t s  f o r  an assumed constant  chord blade. 



1 I W U  r l L  4.4 

MOMENT OlSTRI BUTION 



F IGURE 5.6 

CENTRIFUGAL EELIE F 



FIGURE 5.7 

BLADE T I P  MOTION 



FIGURE 5.8 

MODAL PREDICTION 



The damping i s  indicated by the number of osci l la t ions a blade makes during 

a complete rev01 ution. 

Over the ent i re  operating range, tower shadow causes a cyclic response. 

The magnitude of the osci l la t ions a re  shown i n  Figure 5.9, which shows 

the maximum (Mmax), min imum (Mmin) and steaty (MSt) moments for  the WF-I 

blade. The steady bending moments increase i n  region I1 operation and 

decrease i n  region 111, while the cycl i c  tower shadow moment variation 

increases steadily w i t h  wind speed. The magnitude of the moment variation 

a1 so increases when the wake width becomes larger  a s  shown i n  Figure 5.10. 

A doubling of the shadow w i d t h  i s  accompanied by a doubling of the cycl ic  

moment variation. Therefore, the comnon sense approach of small tower 

causing fewer problems applies to  the tower shadow predictions. 

To examine the af fec t  tha t  important parameters have on the dynamic 

model, a sens i t iv i ty  plot i s  developed. Figure 5.11 shows the sensi t ivi ty 

of the model to  changes i n  coning angle, wind speed, shdow width, and shadow 

strength. The ordinate i s  defined as;  

Parameter val ue - - -  P 
Standard Parameter value Po 

and the abssica is  defined i n  terms of the variation in cyclic bending 

moments, where the variation i s  defined a s  the maximum blade root bending 

moment m i n u s  the minimum blade root bending moment; 

Variation of Moment - -  - 
Standard Variation of Moment Mvo 

Standard conditions are  defined for  the WF-I as;  

Wind speed = 9 m/s (20 mph) 



FIGURE 5.9 



FIGURE 5.10 

SHADOW WIDTH M 



F JGURE 5.11 

SENSITIVITY OF PARAlLlETER.5 



Coning angle = 10" 

Shadow wid th  = .254 m (10") 

Shadow s t rength  = .5 

The r e s u l t s  o f  the s e n s i t i v i t y  t e s t  i n d i c a t e  t h a t  coning angle does n o t  

e f f e c t  the  c y c l i c  load ing pa t te rn  and t h a t  windspeed i s  a  dominant va r iab le  

f o r  h igh  windspeeds. Both windspeed and shadow w i d t h  have a  decreased 

a f f e c t  when they have small values. The physical  s ign i f i cance  o f  the de- 

creasing a f f e c t  i s  t h a t  the  moment v a r i a t i o n  i s  approaching a  steady value 

o ther  than zero. For the  shadow w id th  the  1  i m i t i n g  case i s  an impuls ive 

load, and f o r  the  wind speed, i t  i s  the moment v a r i a t i o n  t h a t  occurs 

a t  c u t - i n  v e l o c i t y .  I n  conclusion o f  t h i s  chapter, i t  should be noted 

t h a t  the  wake s t r u c t u r e  has been defined by a  simple model and t h i s  model 

may be changed a t  any t ime i f  more d e t a i l  i s  known about the  wake o r  blade 

response . 



C H A P T E R  6 

CONCLU'IONS AND RECOMMENDATIONS 

6.1 Conclusions 

The purpose of t h i s  study was the evaluate the a f f e c t  o f  tower shadow 

on the wind tu rb ine  r o t o r .  Two models were developed f o r  t h e  assessment 

of r o t o r  blade response. One model invo lved a simple r i g i d  b lade w h i l e  

t h e  o ther  modeled a complex f l e x i b l e  blade. Both models i nd i ca ted  t h a t  

the  tower wake imparts a f o r c e  t h a t  causes the b lade t o  have a damped o s c i l l a t o r y  

motion w i t h  l a r g e  d e f l e c t i o n  ampli tudes occur ing  on the  upswing o f  t he  b lade 

( Y > 180"). The major discrepancy between t h e  two model p r e d i c t i o n s  i nvo lves  

t h e  magnitude of the  r e s u l t i n g  forces. Larger  c y c l i c  forces a r e  always 

pred ic ted by the  simple r i g i d  model because the shadow i s  assumed t o  encompass 

the  e n t i r e  b lade instantaneously,  w h i l e  the  complex model assumes a gradual 

appl i c a t i o n  o f  t h e  shadow. 

O f  the two approaches, the  r i g i d  system solved by corrlputer code R I G I D  

proved t o  be eas ie r  and l e s s  t ime consuming than i t s  f l e x i b l e  counterpar t  

solved by computer code DYNAMICS. Since the  simple model p r e d i c t s  a more 

d r a s t i c  response, i t  serves t o  make conservat ive est imates o f  t he  b lade 

loading.  The more corr~plex mods1 serves the  purpose of d e f i n i n g  a d e t a i l e d  

load ing d i s t r i b u t i o n  a long the  blade. For design appl i c a t i o n s ,  t h e  simple 

system w i l l  i n d i c a t e  problem areas and the  complex system w i l l  de f i ne  the 

loads a t  those problem areas. 

The computer codes have been documented i n  the  appendices t o  f a c i l i t a t e  

t h e i r  use. These codes many be extended t o  i nc lude  force v a r i a t i o n  due 

t o  wind shear and g r a v i t y  by program mod i f i ca t i ons  t h a t  change the  app l i ed  

loads o r  wind f i e l d ,  n o t  the  s o l u t i o n  technique. Since the s o l u t i o n  technique 

7 5 



has been successful  . 

6.2 Kecomnendations 

A1 though the  model s  p r e d i c t  s o l u t i o n s  f o r  t he  wake b lade i n t e r a c t i o n ,  

experimental  i n fo rma t ion  i s  needed t o  con f i rm  o r  r e f u t e  the  p red i c t i ons .  

Experimental a n a l y s i s  should i n c l u d e  b o t h  frequency and ampl i tude ana lys i s  

of t he  b lade motion. 

A frequency a n a l y s i s  i s  needed t o  v e r i f y  t he  b lade n a t u r a l  f requencies 

and resonant cond i t i ons .  O f  the  poss ib le  resonant cond i t ions ,  t h e  3~ f o r c i n g  

harmonic occur ing  i n  a 7.6 m/s (17 mph) wind speed should be p a r t i c u l a r l y  

s t rong because the  b lades n a t u r a l  f requency co inc ides  w i t h  t h i s  f o r c i n g  

frequency. A power spec t ra l  dens i t y  a n a l y s i s  should y i e l d  most o f  t h e  frequency 

in fo rmat ion ,  s ince  the  a p p l i c a t i o n  o f  t h i s  a n a l y s i s  i s  t o  e s t a b l i s h  the  

frequency composi t ion o f  data [I 61. 

Experimental data w i l l  a l s o  y i e l d  i n fo rma t ion  about t h e  b lade mot ion 

and wake s t ruc tu re .  The b lade motson may n o t  be apparent f rom the  data 

because the  data w i l l  con ta in  a l a r g e  amount o f  extraneous in fo rmat ion .  

Much o f  t he  extraneous data w i l l  have frequency components l e s s  than o r  

equal t o  2% Th is  1 ow frequeccy i n fo rma t ion  can be e l im ina ted  by h i g h  pass 

f i l t e r i n g  techniques. Once the  extraneous a f f e c t s  have been removed, t rends  

o f  b lade motion may be i d e n t i f i e d .  

For t h e  de terminat ion  o f  t he  wake s t ruc tu re ,  i t  w i l l  be necessary t o  

vary the  tower diameter. Th is  v a r i a t i o n  can be performed by encompassing 

t h e  tower w i t h  shrouds. The shrouds n o t  on ly  change the  wake w i d t h  b u t  

they w i l l  a l t e r  t h e  wake s t reng th  which i s  r e l a t e d  t o  t h e  r a t i o  o f  X/D,  

where X i s  the  d is tance from the  p lane o f  r o t a t i o n  t o  t h e  tower a x i s  and 

D i s  the  tower diameter. A method o f  condensing t h e  l a r g e  q u a n t i t y  o f  



information i s  w i t h  the use of non-dimensional parameters. Cyclic moment 

variations may be non-dimensionalized by 

2(M&-Mmin) - M - -  
M -M max min Ma ve 

and the windspeed can be expressed i n  terms of a Reynolds nurnber; 

The non-dimensional terms allow a plot  of the non-dimensional moment versus 

Reynolds number f o r  various X / D  ra t ios .  This type of experimental analysis 

should f a c i l i t a t e  the ident i f icat ion of the wake and the ver i f icat ion of 

the proposed analytical  predictions. 
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A P P E N D I X  A 

A.l Theorem of Southwell 

The Theorem of Southwell mentioned in section 2 . 3  i s  discussed 

here because of i t s  usefullness i n  accounting for the centrifugal 

stiffening of a rotating blade. The Th.eorem states t h a t  in an elast ic 

system, the spring forces can be divided into two parts, such t h a t  the 

total potential energy i s  the sum of two partial potential energies. 

Thus, the natural frequency ( w n )  of the blade can be approximated by; 

where ol i s  the natural frequency a t  standstill  and w2 i s  the natural 

frequency of a blade having no bending resistance. Centrifugal tension i s  

the only stiffening component of up. Rayleigh's method i s  used to 

establish the rotating frequency when the blade mode shape i s  assumed 

to remain unchanged by blade rotation [14]. 

Therefore, if  the non-rotating mode shape ( p i )  i s  given, then the 

maximum potential energy due to centrifugal loading i s ;  

where G i s  the centrifugal tension. 

R 
2 G $  mfi zdz 

z 



The maximum k i n e t i c  energy f o r  a system o s c i l l a t i n g  a t  a n a t u r a l  f requency 

i s  expressed by; 

Now, t he  r o t a t i n g  frequency o f  t he  b lade i s  g i v e n  by equat ing t h e  

energies and s o l v i n g  f o r  w2; 

When G i s  rep laced by i t s  i n t e g r a l  d e f i n i t i o n ,  equat ion  5 i s  re-arranged 

t o  y i e l d  t h e  s o l u t i o n ;  

ry:o j: df'i 2  mzdz ( )  dz 

W 2 = -  0 
i 

m pi2 dz 

Th is  equat ion i s  i n  t he  form 

where a i s  t he  Southwell c o e f f i c i e n t  g i ven  by i 

Go (1 d'i 2 mz dz ( )  dz dz 

a = i 
m oi2 dz 



A.2 Program South 

The s o l u t i o n  o f  t h i s  equation i s  performed by f u n c t i o n  SOUTH. This 

f u n c t i o n  uses a  data package t h a t  cons is t s  o f  a  group o f  s tored var iab les .  

The s tored q u a n t i t i e s  are shown i n  the  program l i s t i n g  as underscored 

names, which have the  f o l l o w i n g  meaning; 

R A D I U S, r o t o r  rad ius  - - - - - - 
S P A C E, spacing between blade sect ions - - - - -  

S T A T  I 0 N, l i s t i n g  of a l l  s t a t i o n  spans expressed as r / R  - - - - - - -  

M A 5 5, mass per u n i t  l eng th  a t  any s t a t i o n  span - - 

M 0 D E  X, x  coordinates o f  the  mode shape - - - - -  

M 0 D E Y, y coordinates o f  t he  mode shape - - - - -  

To run  t h e  program, type SOUTH and the  computer w i l l  r e t u r n  the  

so lu t i on .  



A . 3  FLOW CHART FOR PROGRAM SOUTH --- 

SOUTH 

! 

\ COMPUTE -& = DM 
,--- - - .  

I - 

DETERMIqE THE UPPER 
l INTEGER V F  EQ. 6 ( I N  1 ) :  
1 - - 

I - -  
I 

i .... -..-......... .,. 

1 DETERMINE THE LOWER : 

i INTEGER OF EQ. 7 ( I N  2 )  1 
. . . . . . . .  r-.- . . . . . . . . .  

j 
r_-____.-~ . . . . . - . . - - .  

I N  1 i I N  2 
I I 

P R I N T  THE I 

1 SOUTHWELL COEFFICIANTS I I-._ .... __ . - . . .  . . . . . . .  
L: 1 

END ) 
/ 



A.4 PROGRAM LISTING 



A.5 TERMINAL SESSION 

SOUTH 

3+00299629 2,912068217 5,126333881 

A. 6 DATA RECORDS 

RCIDIUS ------ 
4 953 

SFCICE ----- 
0 4953 



A P P E N D I X  B 

B . 1  Aerodynamic Forces 

This approach for  calculating the l i f t  on a blade element follows 

the method presented by Stoddard, Structural  Dynamics, S t ab i l i t y  and 

Control of High Aspect Ratio Wind --- Turbines, p. 59-66. To derive the 

aerodynamic forces,  we i so l a t e  a blade element d r  a t  radius r ,  and draw 

a vector diagram of the ve loc i t ies  perpendicular and tangential t o  the  

ro tor  plane. This i s  shown in Figure B.1. 

The drag i s  neglected since i t  i s  small compared to  1 i f t  and the 

l i f t  can be represented as ;  

where: p = a i r  density 

- - -  dC, 
'Lo d o  

= slope of the 1 i f t  curve 

C = chord 

a = angle of a t tack 

Significant aerodynamic perturbdtions will depend on changes i n  angle of 

a t tack a ,  so V R  will be allowed t o  remain constant. A fu r ther  assumption 

i s  made, saying t h a t  V R  has roughly the same magnitude a t  U t .  Therefore, 

2 VR "Ut * 1 (n r )  2 and l i f t  i s  now; 



Up - perpendicular velocity 

Ut = tangential ve loci ty  

Vr = ut2 + up2 = resultant ve loci ty  

9 = blade element angle 

8 = blade p i t c h  angle 

a =  angle o f  attack 

L = l i f t  



and; 

U 
a = arc tan ((3 - 0 )  = (3 - 0 = 2 - u, 

This gives; 

We now assume l i n e a r  t w i s t  along t h e  blade, so t o t a l  p i t c h  i s ;  

w i th :  = blade t w i s t  

e = p i t c h  measured a t  t h e  t i p  
P  

Therefore, the l i f t  per u n i t  l eng th  for  a  l i n e a r l y  t w i s t e d  wind t u r b i n e  

blade a t  constant  n i s ;  

The v e l o c i t i e s  can be w r i t t e n :  

[Vo (1-w($)) - vi]  cos B - r i  

where: 
"0 

= constant  f r e e  stream wind 

Vi = a x i a l  induced v e l o c i t y  

w ( $ )  = tower shadow d e f i c i t  

B = f l a p p i n g  angle 

r = c o n t r i b u t i o n  o f  the  f l a p p i n g  v e l o c i t y  



For small flapping angles, cos B - 1 .  Now the lift expression is 

written; 

or non-dimensionally; 

where non-dimensional quantities are: 

v 
= A =  1 

'o n R  tip-speed-ratio 

v - 
- - - -  ' - non-dimensional i nduced vel oci ty 

'i QR 

r n = - =  span station R 

c R4 
Y =  I Lock Number 

In physical terms, the Lock Number (y) can be descibed as the ratio 

of the aerodynamic moment due to a sudden increase of blade pitch to the 

centrifugal moment due to a sudden increase of a flapping angle 1151. 

Therefore, if the blade had infinite inertia, its motion would not be 

effected by changes in aerodynamic forces and the Lock Number would be 

zero. 



A P P E N D I X  C 

C . l  Program RIGID 

This program i s  used for  the analysis of the rigid isolated blade 

model. T h e  operation of the program i s  simple since only one data f i l e  

i s  needed fo r  the input variables. T h e  input data f i l e  i s  a 5 by 3 matrix 

arranged in the following order: 

2 Blade mass ( k g ) ,  Mass Moment of iner t ia  ( k g  m ),  Center of gravity ( m )  

Radius ( m )  , Hinge offse t  ( m ) ,  

Pitch (rod) ,  Twist ( rod) ,  

Chord ( m ) ,  Windspeed (m/s) , 

Snadow Strength, Shadow w i d t h  ( m ) ,  

Natural frequency (rod/s) 

Coning Angle (rod) 

T i  p-speed-ratio 

Axial interference 

The program commences by f i r s t  computing and printing the important 

structural constants. After the constants have been establ i shed, the 

different ial  equation i s  solved using Euler's forward stepping i n  time 

integration scheme. Integration proceeds u n t i l  the transient solution 

i s  eliminated from the response. The transient motion fades a f t e r  four 

complete cycles, or rotor revolutions. Once integration i s  complete, the 

solution i s  printed out. 

The program then asks i f  you want an i n p u t  record. If  the operator 

responds with YES, the data record i s  printed. If the operator responds 

w i t h  NO, the program ends. Following i s  the flow chart for  Program RIGID. 



C.2 Program R I G I D  Flow Chart  

Mat r ix ,  TOT -'--I .- 

* 1 

Enter  Data F i l e  

- - --.- - 
i 

-- - ! 

! - 
L 

I n i t i a l  i ze Constants 
i n  t he  Governing 

Equation 

I 

i 1 1 Yes 
i 
i i ---d 

I [ N = N + i ]  --- 
P r i n t  Constants 1 1 

1 

Set L i m i t s :  
Tower Shadow, w l  , w 2  
P r i n t o u t ,  PT 
Tota l  Revolut ions ,N1 / Yes 

I 

[ P r i n t  Data 
--ill_- - - . -3 

I 
.b 

I 
I 

-- 

Increment Azmuth 
Angle 

T - T + D T  

' . 



C.3 Program L i s t i n g  

V R I G I D C O J V  
v R I G I ~  PLA~E;D;T;TOTjKP;E;OM;tJFS;LOiM&;MC;MST;ErST$MP;DR;SS;DS;W1;W2;nT; 

- . - - . -- - - 

N 1 ; N ; T l ; F T l ; F T  
.-- 

D + B L & D E  

K P + ~ C l ; 2 ] X n C 2 ; 3 1 * 2  

E + ~ C l i l I ~ ~ C 2 ; 2 ~ X ~ C l i 3 1 + ~ C 1 i 2 1  
O M C D C ~ ; ~ ] X ~ ~ C ~ ; ~ ] + ~ C ~ ; ~ I  
~ F S ~ ( ( E X ~ O ~ C ~ ; ~ ] ) + ( ( ( ~ O ~ C ~ ; ~ ] ) R ~ ) - ( ~ O ~ ~ ~ ; ~ ] ) * ~ ) + ~ ~ + ~ ~ ~ ~ ~ ~ X ~ ~ * ~ ) X ~ ~ * ~  
L0t(1*2x02x~C4;11xDC2;11*4~+~C1;21 
~ f i t ( ( ( ~ - D ~ ~ i 3 ~ ) ~ ~ ~ 4 ~ 3 l ~ 3 ~ - ~ ~ ~ I : 3 i 1 ~ + 4 ) + ( ~ ~ ~ ~ 2 ~ + ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ + ~  
MCt((E~~oDC3;33)+(20~t3;31~X10~~C3;33~X~t1;21X~~*2 
M S T t M f i - M C  

B S T + M S T + D C l ; 2 ] X N F S  

~ P C ( O , ~ X L . O X ~ C ~ ~ ~ ~ X O M * ~ ) + ~ C ~ ~ ~ I X ~  
D R + L O X O M + ~ ~ X N F S * ~ , ~  

F + ( ~ x Q R x N F S * O , ~ ) + O M  

Q+NFS+OM*2 

R + M S T + D C ~ ; ~ ] X O M * ~  

S + M P + n C 1 ; 2 ] x O M * 2  

' W I N D  S P E E D  (M/S),,,**,,+,,,*++*'II~O 3 tnC4 i23  
' F T I C H  ~NGL.E+,,,,,,+,,,,+,+++++*'I~O 3 + ~ C 3 i l I X 1 8 0 + ~ 1  

' T I P 5 P E E P  ~ ~ T ~ O * * * * * * * * * , * * * * * * * ' ? 1 O  3 t I 3 C 4 i 3 3  
' R O T A T I O N A L .  S P E E D  (RPM),, , , , , , , , '? iO 3 tOMX6O+( i )2  

' N A T U R f i L  F R E Q U E l - l C Y , , , , , , , , , , , , , , a I I O  3 t N F S * 0 , 5  

' D f i M P I N G  ~ f i ~ ~ ~ * , * * * + * * * * ~ * * * * * * * ~ ? 1 0  3 t D R  
' K ' f i M F E n  Mf iTURf iL .  FREQUENCY, , , , , , , ' y lo  ~ ~ K ' F + ( ( ~ - D R R ~ ) * O , ~ ) X ~ ~ F S * O , ~  

' P E R I O D  O F  DOMFED O S C I L A T I O N , , , , ' ? l o  3 + 0 2 + D F  
' L O C K  ~ U ~ ~ E R , * * * * * * + * * * * * * * * * * * * ' ? 1 O  34-0 
'SHADOW MOMENT (N-M),,,,, , , ,+,,, '?iO 3 t M P  

' S T E A D Y  S T O T E  ROOT MOMENT ( N - M ) , ' ? l O  3 + M S T  

'STEASBV S T O T E  D E F L E C T I O N  ( I3EG) + , ' 10 3 t S S T X l 8 0 + 0 1  
I I 

s S + ~ C 5 ; 1 3  
~ s t ' ~ x n c 5 ; 2 l + ~ C 2 ;  1 3  
w1+01-ns+z 
W 2 t O l + D S + 2  

N l + 5  
D T t O l X i + i 8 0  

P T 1 + o 1 x 1 0 + 1 8 0  

T l t o 2  

T+.FT+Pl+O 

P + E f i T  

DB+DDP+M+O 



L2 :TOT i -1  5 f T 9 B 9 D P 9 D D P p M  

L1: D E ~ + D B + D S I P X S ~ T  

B ~ ~ - P + ( ( D P ~ + D E ) + ~ ) x D T  

D ~ P ~ + R - ( ( F x D E ~ ) + ( ~ x ~ ~ ) + S X S ~ X ( ~ ~ ) )  

5 + P l  

D P + D B 1  

SlDP+DDP1 

T+T+DT  

F T + F T + D T  

+ ( P T < F T l ) / L l  

P T i - 0  

M c B x S I C ~ ; ~ J X M F S  
TOT+TOT7T9P9DPIDDB9M 

+ ( T < T l ) / L l  
Ti-0 

).t+N+1 

+ ( t - f < N l ) / L 2  
I AZMOUTH D E F L E C T I O N  ROOT MOMENT ROOT MOMENT'  

I Al- fGLE V A R 1 A T I O t - f  V A R I A T I O t - 4  T O T A L  ' 
I ( Dlz6 ( DlEci ) ( t-f-M ) ( 14-M ) ' 
Ti-37 4f-0 
~ C ; 1 3 c ~ O ~ C i l 3 x 1 8 O + o l  

T C ; ~ ] + ( T O T C ; ~ J - P ~ T ) X ~ ~ O + O ~  

TC;33 i - (TOTC;53- -MST)  

T C ; 4 3 + T O T C i 5 3  

12 3 + T  
' D O  YOU WANT A N  I N P U T  RECORD1  

E>:IT+A/ ' Y E S  =3f 0 
+ ( E X I T = O ) / E N D  
I 1 

' B L A D E  MASS ( K G ) ~ + ~ ~ + ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ 1 0  3 + * C l i 1 3  
' M A S S  MOMENT O F  I N E R T I A  ( K G  M & 2 ) , , , ' p l O  3 t D C l ; 2 J  

' C E N T E R  O F  GRAV1T.f  ( M ) * * * * * * * * * * * * * ' ? l O  3 t D C l i 3 3  
( M ) ~ + ~ + ~ ~ + ~ + + + + + + + + + + + + * * * + l ? l o  3tDC2i11 

' H I N G E  O F F S E T  ( M ) * * * * * * * * * * * * * * * * * * ' ? l O  3 t D C 2 i 2 3  

'Nf iTURf iL  F R E ~ U E N C - f * * * * * * * * * * * * * * * * * ' ? 1 0  3 t P C 2 i 3 3  
' P I T C H  ( R A Q I A N S ) * * * * * * * * * * * * * * * * * * * I I l O  3 t Q C 3 i 1 3  
' T W I S T  ( R ~ ~ I ~ N S ) + + + + + + ~ + ~ ~ * ~ * ~ + ~ ~ + + ' I ~ O  3tQC3i23 
' C O N I N G  ( ~ ~ D I ~ N S ) * * * * * , * * * * * * * * * * * + ' I l O  3+nc3;33 
'CHORD ( M ) ~ + ~ + + + + + ~ + ~ + ~ + * + * * * + + ~ * + + l ~ 1 0  3 + * C 4 i 1 3  
' W I N D  S P E E D  ( M / S ) + + + + + + + + * + + + + + + + * + l ~ 1 0  3 + D C 4 ; 2 3  

' T I P S P E E Q  R ~ T I O + * * * * * * * * * * * * * * * * * * * ' ? 1 0  3 t n c 4 i 3 3  
'SHADOW S T R E N G T H  ( V S / V ) * * * * * * * * * * * * ' ? l O  3 t b C 5 i 1 3  
'SHf inOW W I D T H  ( M ) * * * * * * * * * * * * * * * * * * l ? 1 0  3 t D C 5 i 2 1  

' A X I A L  I N T E R F E R E N C E * * * * * * * * * * * * * * * * ' ? l O  3+*C5i33 
El.ID:, 

v 



C.4 Terminal Session 

R I G I D  BLCSDE 

W I N D  SPEED ( ~ / ~ ) * * * * * * * * * * * * * + *  9 . 000 
PTfCH ~ N G L E * * * . + * * * * * . . * + . * * * . *  '6 . 000 
TIPSPEED R A T I O + + + e * . * e * * + . . * ~  7 . 500 
RoTaTIoNfiL SPEED ( R P M ) + + + . .  * *  e .  130.218 
NCSTURCSL FRE~uENCY,,,,.,,,,,,... 28.814 
Df iMPING . . . . . . . . . . . . . . . . . . . . . . .  0 • 345 
DCSMPED NCSTURCSI FREl3UEWCY,,,,,,, 27 048 
PERIOD O F  DaMPED OSCILOTION,, , ,  0 1232 
L O C K  N U M ~ E * + . * . . * * + + * . . + * . + * + . +  11.655 
SHADOW MOMENT ( N - M ) * * * * * * * * * + * *  4919.515 
STEaDY STATE ROOT MOMENT (N-M),  2569.422 
STEADY STCSTE DEFLECTIO~.I (PEG),, 1 +736 

AZMOUTH 

ANGLE 

(DEG) 

0 . 000 
10+000 
20 +ooo 
30 + 000 
40 . 000 
50 . 000 
60*000 
70 + 000 
80 . 000 
90 + 000 

100.000 
110.000 
120.000 
130 . 000 
140+000 
150 . 000 
160 . 000 
170 . 000 
180 . 000 
190 . 000 
200 . 000 
210.000 
220 . 000 
230 000 
240 + 000 
250 + 000 
260 000 
270*000 

DEFLECTION 

VCSRIOTI0t.I 

( DEG 

0 . 008 
'0 . 033 
'0.061 
-0 + 076 
'0 . 078 
'0 1070 
'0,056 
'0,038 
'0.019 
-0 . 002 

0.011 
0 . 020 
0 . 025 
0 025 
0 . 023 
0.018 
0.012 
0 . 006 

'0 . 067 
-0,313 
-0 + sa i  
-0.721 
-0 1743 
-0 1671 
-0 1533 
-0 4362 
'0. 186 
-0 . 026 

ROOT MOMENT 

VCSRIATXON 

(N-M 

11.882 
'49,199 
'90,815 

'112.269 
-1 15,446 
-104.014 

'82 + 588 
'55 + 964 
'28 . 500 

-3 692 
16.063 
29 . 504 
36.413 
37 404 
33.671 
26,710 
18.074 
9.176 

-99 . 590 
'463,144 
'860 360 

-1067 .243 
-1099.729 
'992 . 558 
'789 595 
-536,517 
'274.913 
'38,182 

ROOT MOMEt-IT 

TOTAL 

(M-M) 

2581,304 
2520 + 223 
2478 + 607 
2457.152 
2453 . 976 
2465 . 408 
2486 . 834 
2513.458 
2540 . 921 
2565 . 730 
2589 . 485 
2598 926 
2605 . 835 
2606 . 826 
2603.093 
2996 . 132 
2587 . 496 
2578 598 
2469.831 
2106 + 278 
1709 e062 
1902.179 
1469.693 
1576.864 
1779.827 
2032 . 909 
2294 + 509 
2531 +240 



DO YOU WaNT A N  I N P U T  RECORD 

YES 

BLaQE MASS ( K G ) + * * * * + + + + * * * * * * -  15,440 
MASS MOMENT O F  I P t E R T X a  ( K G  MRZ),,, 102*150 
CENTER OF GRAVITY (M),,,,,,,,,,,,, 2 227 
R A D I U S  ( M ) * + * * * * * * * * + + r + * + * + * t * * * *  4*950 
H I N G E  O F F S E T  . . . . . . . . . . . . . . . . . . . . .  

-- - 
0 495 

N f i m I -  m E Q U E N C y * + + * * * * * + * + + * * * * *  -- 2 5 e 0 0 0  
P I T C H  ( R A n I A N S ) * * * * * + * + * * + * * + * * * * *  -0*105 
T W I S T  ( H A n I a N S ) * , * * + + * + , * + * + # + * + * *  0*262 
C O N I N G  ( R f i n x f i N S ) + * * + + * + + * + * * * * * + * +  O e 1 7 5  
CHORD ( M ) * * + * + * + + + * + + * + + * * + * + + + * + *  0,263 
W I N *  sPEE=' ( M / S ) * * * * * * * * * * * * * * . . . .  9 000 
T I P S P E E D  R * T * O * * + + * * + * , * * + * * + + + * + *  7 500 
SH4DOW STRENGTH (VS/V),,,,,,,,,,,, 0*500 
SHAr80W W I r 8 7 H  ( M ) * + + + * , * * * * * * 4 * , + , ,  0 + 254 
A X I A L  INTERFERENCE, , , , , , , * * , * , + * * ,  o+ooo 



A P P E N D I X  D 

D. 1  Program DYNAMICS 

This i s  the main program used t o  solve the  coupled d i f f e r e n t i a l  equations 

of motion f o r  a  f l e x i b l e  wind tu rb ine  blade. Operation o f  the  program 

commences by t yp ing  DYNAMICS. The program responds by asking i f  i n i t i a l  

cond i t ions  are  t o  be spec i f ied .  I f  NO, the  i n i t i a l  cond i t ions  are  assigned 

i n t e r n a l l y .  I f  YES, the  operator  i s  asked t o  i n p u t  t h e  necessary parameters 

i n  modal coordinates. A f t e r  i n i t i a l  cond i t ions  have been assigned, t h e  

operator  i s  asked t o  i n p u t  the  number o f  r o t o r  revo lu t i ons  before p r i n t o u t  

begins, and the t o t a l  number o f  r o t o r  revo lu t i ons  desired. For t h e  steady 

s t a t e  forced response, operat ional  experience ind ica tes  t h a t  the  t r a n s i e n t  

motion i s  diminished a f t e r  fou r  r o t o r  rev01 u t ions .  

The m a j o r i t y  o f  t h e  i n p u t  data cons is ts  o f  s tored var iables.  These 

stored var iab les  a r e  g iven underscored names. The i n p u t  data i s  assigned 

as fo l lows:  

W I N D; wind speed, m/s 
- - A -  

T I P S P E E D; t ip -speed- ra t io  

P I T C H; b lade p i t c h  angle, radians - - - - -  
C 0 N E; coning angle, radians - - - -  
W I D T H; tower shadow width, m - - ---  
S T R E N G T  H; tower shadow strength,  v/V - -- ---- 
R A D I U S ;  blade radius, m - - - ---  

S P A C E; spacing between s ta t i ons ,  m - - ---  
S T A T  I 0 N; s t a t i o n  spans expressed as r / R  - - - - - - -  



C H 0 R D; chord distribution, m - - - - -  
T W I S T; blade twist distribution, radians -----  

A X I A L ;  axial interference factor a t  each station span 
- - 0  - 
R A D I A L; raaial interference factor a t  each station span ------  

M A S S; blade mass distribution, kg ----  

F R E Q; non-rotating natural frequencies, radians/sec. ----  

t1 0 D E X ;  X coordinates of the mode shape ---  - 
M 0 D E Y; Y coordinates of the mode shape ---  - 

The sotred variables must be specified i n  SI units before program 

operation commences. 

Following i s  the flow chart for  Program DYNAMICS. 



D.2 Program DYNAMICS Flow Chart 

Set I n t e r n a l  I 
Dimensions I 

-- - I 

_---, 

Subroutine ICOND 
P r i n t s  Steady 

Response and 
Establ ishes I n i t i a l  

Condit ions 

-- 
I . .---- 1 - '-- 

Enter I n i t i a l  
Condit ions 1 ---- __r--- 

)-subroutine ICOND 
f P r i n t s  Steady 1 
I 

I 
Response i 

1 
- - - L -7 

Enter  L im i t s :  
P r i n t  Revolutions, RP 
Total  Revolutions, RT i 

-7 

Calcu la te  System ! 
Constants: I 

Modal Mass, MM I 
P r i n t  I n t e r v a l ,  PT 
Time Step, DT 
Steady Ve loc i t i es ,  i I 

UPI, UTI I 

Cal cu l  a t e  Tower 
Shadow L i m i t s  

DP ,DM 



- . - ,A 

Calculate Centrifugal 
Loads 

Main Integration 

--- 

Compute Modal 
Velocity, ZD 

Deflection, Z 

Compute Wind 
Velocity, UP, UT 

Comp~~te Def 1 ect i  on, 
U ¶  v 

Su brou t i  ne AERO 
Evaluates Aerodynamic 

Forces r- --- 
r 1 --- 

Con~pute General i zed 1 
Forces, Q X ,  QY - 

I 
- 

Compute Modal 
Accel erations , ZDD 

Time Step r --I 



D.3 Program L i s t i n g  

V D ~ N ~ M I ~ S ~ ~ I V  
VDY14AMICS 

MX+M_OEE;( 

M Y t M o E E L  

D + l + p M x  
N+" l+pMX 

At).(, J;I 

* D O  YOU WANT T O  S P E C I F Y  I N I T I A L  C O N D I T I O N S '  

R E P L Y f A / ' T E S o = 3 p ~  

+ ( R E F L Y # ( ) ) / I N I T I A L  

D E F + I N C O N D  

Z + ( 2 r H ) + S l E F  

ZD+%DD+ ( 2 1.C ) p0  
N S + P T t T + O  

j S T Q B T  

1 N I T I A L : ' E N T E R  X M I T Z A L  C O N D I T I O N S  O F  T H E  M O D a L  S 7 S T E M o  

' b 1 S P L a C E M E N - r '  

z4-0 
1 V E L O C I T Y  ' 
Z b c O  
' A C C E L E R A T I O N '  

Z D D t a  
' A Z I M U T H  A N G L E '  

T + U  
1 NUMBER O F  COMPLETE11 R E V O L U T I O W S  

~ s e 0 x o 2  
D E F + I N C O N D  

FT+O 
5TART:oNUMBEF:  O F  B E V O L U T I O M S  B E F O R E  P R I N T  O U T '  

R P + o  
( T O T A L  R E V O L U T I O N S '  

R T i - 0  
I I 



a m 
Z . & T - - - -  - - - - - -  r r 

- J . T J . ~ Z Z J .  O ~ ~ J N O P ~ < C C C ~ ~ ~ . J O ~ ~ ~ ~ ~ C C  
0 - 4  - ~ ~ w i : . : a ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ n ~ i r r t r - : : . : + r r i ~ r r o r ) x a m m i ~  
- 0 7  - - m - - 0 - - m r . ~ ~ . r n ~ . z r ~ n i a a r r c - - r . t . r ~ . t . v r r r r r r w  
- 4 0  u w  Z U "  B~~ ~ n i ~ i ~ + i r ) r + n n + + + r ~ t ~ ~ c c + r ~ ~ * * ~ ~ - u i i r r  
! F uu r luunqur X A  i n n *  i m r r . ~ r r r  n n i v - u  I D O  m r  r 1 3  I 

H m m c v + r i  n -r 4 u b u * ~ n  ~ t . ~ r r r  t - J +  l m r  ~ ~ I S I D P  
a m 0 0  zoo ut( n 4 z r m o r + ~ u u i i m ~ ~ ~ b + + a r . r  I U I - I ~ I H I ~ X  

A + + GI+  + t ~ +  + i IY - ~ I A  r m.1- o r  r A R  B L I U A ~ X  u  x I + ~ I O I H I S  
o 4 urn B B H C C H  \ x x m  .I. o X ~ A  D D O +  + I I r 11 IUI D O  ~IIICIH 
a -I X X X ~ ~ U I X X O O ~ O ~ ~  r ? O  9~ r x 14 mw i 1 1 1 l n 1 r  

w X 4 O i X i r r Z Z O X w 3  Y - . : . : x x c x x x x ~ ~   ID^ v . l . x l a  
'F \ ? ~ X X + t R O O I n Q O  \i A .I- .I. x x i x x v v + i 1-1 4 r t . ~  IUI x 
3 r ~ w m ~ a n  r v  r -  r x x  - ? x  i : . : h h ~  in - X I + -  

r m ~ n n  w - m 0 \ v X X x x  1.4 1.1 11 + 13 ID P 
O 0  GI 0 x z - i p j r c  0 - :: \ 

--  D D 5 u  5 
A v w u m u *  u b  i X 1 r 1 1 - -  n n x  IZ x m la In ID 

lo 0 ID I 4  I 

D w ~q a CI B B  P r . ~  u I A r in IO I:.: 
x - a a n n  u 8  W e  4 i IC IZ in - o r r r . ~  r u u a  , , u* -4. 

ID X lrCl x ID 
n I I 1  + + + t-J 1H I' .-, x o ir 
Z 8 X r r h  A P.J FJ U U UI In  X -  
Gc:-xx Z 4 Y Y + Y  x x 18 

x x 'rlx 
Fl 14 X .. - IX IX \ I x x x r ID .-, 

3 ID ID X PI 1 OIln X i A i 14 F 
4 lul IUI w T 1.4 1.4 w IT  Y w 0 IA In + + Iul Iln - x nn XID Y W  X r iO 12 

x x 0 PJ W IIn 10 + x w LT ID 
u u t*J -8 IT lm I€ 1.J 151 
t.4 I.( Y u u ID -1. ~n Y IH 
11 F x In r.J IZ x ID 
5 tl P lm i5 G( ir 
n n Q) .I. x Q w 
rJ F o N IUI 10 
wb ..a -I. I4 10 
u u 0 I?) l Z  + + +' lrn lm 

IP 
x x ICI 
X X 1-4 
4 >: I1 
Y V  X 

f h 

B 
0 X 

4 
I 
2: 
m 
Y 

I 
h 

c' 
9 

1- 
i 
I 
z 
UI 
Y 



D.4 Terminal Session 

D 'r' 1.1 A M I c s 
DO 'r'OU WAIdT T O  S P E C I F r '  1 1 - ( I T I A L  C O 1 - 4 1 ~ I T I O ~ 4 5  

).I0 

5TEAD. r '  K I E F L E C T I O f i t  ( C M )  

u O + O O O  'O+OOl '0+006 -0,014 -0,023 '0,037 '0,054 -0,076 -0,099 -0,124 
" 01000 '0+011 -0,033 -0,120 -0,244 '0,461 "0,753 -1,145 -1,619 '2.049 
S T E A E I ~ I ~  B E N D  I I . I G  MOUE)- ITS ( I.#-M ) 

'1' -416 -412 -397 -370 '331 '281 '220 '150 -74 0 
": 1294 1310 1352 1406 1458 1461 1348 1071 617 0 
STEAKl'r '  CE t . ITF : IFUGAL MOMEl.fT DUE T O  C O I I I  bIG ( #.I-M ) 

X -2007 -1985 -1905 -1754 -1522 -1222 "892 -cc 4d9 - 245 0 
STEAK1'1' AEF:OK~'T'~. IAMIC MOUEhfTS  ( PI-M) 

- 3301 3295 3257 3160 2980 2683 2240 1630 862 0 
):tUMBEF: O F  REVOLU'TIO1-45 B E F O R E  PF: I t . lT  O U T  

a: 
4 

' T O T A L  R E V O L U T I O 1 . t S '  

a: 
5+2 

A Z I M U T H  A N G L E  20 
D E F L E C T I O I - I 5  ( C M  ) 

u 0,000 -0+001 "0,007 -0,015 -0,025 '0+040 -0,059 '0,082 -0,106 -0,134 
V 0,000 -0+011 -0,033 '0,120 -0,244 '0+461 -0,753 -1,145 -1,618 "2.048 
F O R C E  K l I S T R I B U T I O N  ( N / M )  

:.: '24 '313 -45 "47 '48 -49 -49 -47 -43 '34 
Y 140 126 100 75 44 '39 "130 -218 -277 -314 
I3El.!KtIi.!G M O M E N T S  ( bt-M) 
'1' -448 -444 '429 -400 "360 "306 -240 -163 -80 0 
x 1297 1314 I355 1409 1460 1463 1349 1072 616 0 

n Z I M U T H  A N G L E  40 
I l E F L E C T I O N S  ( C M )  

U O + O O O  -O*OOi -0,006 -04012 -06021 -0,033 -0,048 -0,067 -0,087 -0+110 
V O + O O O  '0+011 -0,033 '04121 "0,246 -0,464 '0,757 -14150 -1,624 "2,055 
F O R C E  K ~ I S T H I B U T I O N  ( 1-I/M) 

:-: -24 -38 -43 '42 '4 1 -40 '39 '37 '34 '28 
-r 140 126 1 00 75 43 '39 -130 '218 -276 -314 
B E W K I I N G  M O M E N T S  ( N - M )  

-r -369 -365 '350 '324 -288 -244 -190 '130 '64 0 
x 1299 1315 1357 1410 1461 1463 1348 1070 616 0 



n Z I M U T H  &t.fGLE 60 
D E F L E C T I O C t S  ( C M )  

U  O * O O O  -0*001 -0*006 -0,013 -0,023 '0,036 -0,053 -0,073 -0,096 '01121 
V 0,000 -O*OSi -0,033 -01121 -0,245 -0,463 -0,756 -1+151 -1,627 -2,059 
F O R C E  D I S T R I B U T I O N  ( N / M )  

;< -24 -38 -44 '44 -44 '44 -43 -42 -38 -31' 
T 1'40 126 101 76 45 '38 -130 -219 '278 -316 
PEt-tDI1.4G MOMEIdTS ( 1-4-M ) 

'I' -404 -400 -385 -358 -320 '271 - 212 -144 '7 1 0 
x 1301 1317 1359 1413 1464 1468 1354 1076 619 0 

O Z I M U T H  Q N G L E  80 
D E F L E C T I O N S  ( C M )  

U  O+OOO -0*001 -0,007 -0t015 -0,026 '0,041 -0,060 -0,084 -0,110 'Oti38 
" O*OOO -0*011 -0,033 -01121 '0,244 "0,463 -0,755 -1,149 '1,625 -2,057 
F O R C E  E ~ I S T R I B U T I O N  ( N / M )  

:.: -24 -38 -46 -48 -49 -5 1 -50 -49 -45 -35 
'I' 140 1 26 101 76 44 '39 3 1  -219 - 278 -316 
BE1-tElI1.4G MOMEt4TS ( ).1-M ) 

'I' -461 -458 -442 -413 -372 -317 -249 -169 -83 0 
x 1303 1320 1361 1415 1467 1470 1356 1077 620 0 

n Z I M U T H  G N G L E  100 
D E F L E C T I O N S  ( C M )  

U  0*000 'O*OOi -0,006 -0,014 -0,023 '0,037 '0,054 -0,075 -0,098 '0.124 
V 0*000 -O*Oll -0,033 -0,120 -0,244 -0,461 -0,752 -1,144 -1,618 '2,048 
F O R C E  I C I I S T R I B U T I O ~ . ~  ( N / M )  

:.: -24 '38 -44 -45 '45 '45 -44 -43 -39 32 
- 

'I' 140 126 100 75 44 -38 -129 '217 -276 -315 
BEE41111.4G MOMEb4TS (1.4-M ) 

'1' -413 -410 -394 -367 -329 '279 -219 -149 '74 0 
x 1293 1309 1351 1405 1456 1459 1346 1070 616 0 

a Z I M U T H  n N G L E  120 
D E F L E C T I O N S  ( C M )  

U  O+OOO -0,001 -01006 -0,013 -0,021 -0,034 -0t050 -0,069 -0,090 -0+114 
V O+OOO -O*Oii -0,033 -0,120 '0,243 -0,459 -0,750 -1,141 -1,613 -2,041 
F O R C E  I ~ I S T R I E U T I O N  ( N / M )  

:.: '24 -38 -43 -43 -42 -42 -40 -39 -35 -29 
Y 140 126 101 76 45 '37 -128 -216 '275 "314 
PEt.4EII1.0 MOME84TS (1.1-M) 

-r -381 -378 -363 -336 -300 '254 -198 -135 -57 0 
x 1284 1300 1342 1396 1448 1453 1341 1067 615 0 



n Z 1 M U T H  A N G L E  140 
D E F L E C T I O N S  ( C M )  

u 0,000 -0,001 -0,007 -0*014 '0.024 -0,038 '0+056 -0,078 -0,102 '0,129 
V O + O O O  -O*Oll '0,033 "0.120 -0,243 -0,460 -0,751 '1,143 '1,616 '2,046 
F O R C E  D I S T R I B U T I O N  ( N / M )  
,, ... '24 -38 -45 '46 -46 -47 -47 '45 '4 1 -33 
7 140 126 101 76 45 '38 -129 -217 '277 -315 
bEt4E~It . lG MOMEPtTS (tq-M ) 

're -431 -427 '412 '384 -344 -293 -229 -156 '77 0 
x 1292 1308 1350 1404 1456 1460 1348 1071 617 0 

n Z I M U T H  A N G L E  160 
D E F L E C T I O b t S  ( C M )  

u 01000 'O+OOi '0+007 '0+015 '0,025 '0,039 -0,057 -0.080 -01104 '0,131 
V 0,000 '0,011 '0,033 -01120 '0,244 -0,462 '0,754 '1,146 'i*621 '2,051 
F O R C E  D I S T R I B U T I O N  ( N / M )  

:.: -24 -38 '45 -47 -47 '413 "48 '46 -42 '33 
Y 140 126 100 75 44 '39 -130 '218 -277 '315 
PEt-4K~18.tG MOMEtdTS ( 1.t-M ) 

.f '439 "435 '420 '392 '352 -299 '234 "160 -78 0 
1298 1314 1356 1410 1461 1464 1351 1073 617 0 

4 Z X M U T H  n N G L E  180 
D E F L E C T I O N S  ( C M )  

u 0*000 -0,001 'O*OOh -0*013 -0,022 -0,035 '0*051 '0*071 -0,093 '0,117 
" O*OOO '0*011 -0,033 -0,120 '0,243 '01460 -0,752 -1,146 -1,621 -2,052 
F O R C E  E I I S T R I B U T I O N  (1-t/M) 

:.: 9 2 '12 -24 '34 - 42 -45 '45 '4 1 '26 
-r 180 209 197 151 95 '19 -132 -236 '302 -310 
BEPlBI?dG ,MOMEt+T5 ( t.t-M ) 

.f -358 -359 '357 '345 '320 -279 "220 '-149 '70 0 
" 1175 1195' 1273 1380 1486 1528 1426 1133 638 0 

a Z I M U T H  Qt-IGLE 200 
K I E F L E C T I O N S  ( C M )  

U O*OOO -0+001 -0,005 -O+Oll -0,018 -0,029 -0,042 -0,059 -0,077 -0,097 
V 01000 "0+009 '0,028 '0,107 -0,219 -0,422 -0,698 -1,074 -1,532 -1,941 
F O R C E  K I I S T R I B U T I O W  ( H I M )  

:Z '24 '37 '4 1 '39 '36 -34 '33 -32 '30 - 27 
Y 140 i 29 108 - 9r  - 67 -14 -i09 -204 '271 '315 
PEt.(DI 1-IG MOMEt4TS ( PI-M) 

'I' -326 -323 -308 '284 '252 "213 -168 -116 -59 0 
x 1163 1179 1223 1284 1352 1381 1298 1048 611 0 



a Z I M U T H  a N G L E  220 
D E F L E C T I O N S  ( C M )  

U  O*OOO -01001 -0,007 -0,016 
V 01000 -O+OlO -0,031 -0,112 
F O R C E  l 3 I S T R I B U T I O N  ( N / M )  

>: -24 '39 -47 -5 1 
-r 140 125 98 73 
PEt-I I f i I t - IG MOMEPITS (tat-M) 

.r '490 '486 '470 -441 
1206 1223 1264 1316 

a Z I M U T H  a N G L E  240 
D E F L E C T I O N S  ( C M )  

U 01000 "0*001 -0,007 -0,015 
V O*OOO -O+Oll -0,032 -01118 
F O R C E  D I S T R I P U T I O 1 . I  ( t . I /M) 

:.: '24 -38 -45 -47 
-1- 140 127 103 80 
BEt. IPIt . IG MOMEPITS ( ).I-M ) 

'1' -444 -441 -425 '397 
;i 1273 1289 1331 1387 

a Z I M U T H  CIt.lGLE 260 
n E F L E C T I O t . f S  ( C M )  

U 01000 -0,001 -0,005 -0,011 
V OtOOO -0,012 -0,035 -0,125 
F O R C E  I l I S T R I S U T I O N  ( N / M )  

:.: -24 '37 -41 "39 
.f 140 125 97 70 
BEt.lJ3Il.IG MOME1.ITS ( PI-M ) 

'I' -315 -311 -296 -272 
1326 1342 1383 1434 

a Z I M U T H  a W G L E  280 
K ~ E F L E C T I O ) . l S  ( C M )  

U O+OOO -0,001 -0,006 '0,014 
V O+OOO -0,011 -0,034 '0,124 
F O R C E  P I S T R I B U T I O N  ( N / M )  

:.: '24 '38 '44 -45 
'1' 140 126 101 75 
P E N D I N G  M O M E N T S  ( N - M )  

Y '413 -409 -394 '367 
x 1341 1358 1399 1453 



A Z I M U T H  A N G L E  300 
K l E F L E C T I O t 4 S  ( C M )  

U 0,000 '0,001 -0,008 -0+017 -01028 '0,045 -0,066 -0,092 '01120 -0,132 " 0,000 -0,011 -0,034 -0,123 -0,248 '0,470 -0,767 -1,166 -1,648 -2,085 
F O R C E  D I S T R I B U T I O N  ( N / M )  

:-: '24 '39 '47 '51 '53 -cc 44 '56 ' 5 5  '50 '39 - 'r' 140 126 100 75 43 -41 -133 '222 282 -320 
PE).lTIIl.fG MOMEl.lTS (l-l-M) 

'1' -505 -501 -485 -455 4 1  -351 -277 -189 -93 0 
: 1328 1345 1386 1440 1490 1492 1374 1091 627 0 

n Z I M U T H  Q1.lGL.E 320 
D E F L E C T I O N S  ( C M )  

u 0*000 -0*001 -0,006 -0,013 -0,022 -0,036 '0,052 -0,073 '0,095 -0*120 
V O*OOO "0*011 -0,033 -0,120 -0,243 -0,460 "0*751 '1,142 '1,615 -2,044 
F O R C E  I 3 I S T R I P U T I O 1 4  ( N / M )  

>: -24 '38 '44 "44 -43 -44 '43 '4 1 -38 '3 1 
Y 140 I26 100 75 44 -38 -129 '216 '275 '314 
FE14KII14G M O M E N T S  ( N - M )  

Y -401 -397 - 3 8 2 - 3 5 5  '318 '270 '211 -144 '72 0 
x 1288 1305 1346 1400 1451 1455 1342 1067 615 0 

A Z I M U T H  63NGLE 340 
D E F L E C T I O N S  ( C M )  

U O*OOO -O*OOl -01005 -0,012 -0,020 '0,032 -0,047 '0,065 '0,084 '0*i06 
V 0,000 -O+Oll -0,032 '0,117 '-0.239 '0,453 -0,740 '1,128 '-1,597 '2*021 
F O R C E  I l I S T R I B U T I O N  ( N / M )  - 
:.: -24 -38 42 '41 -40 -39 -37 "36 -33 '27 

- 
'I' 140 127 102 78 48 '34 - 125 -214 -274 '313 
EEt . l I I I t . lG MOMEt4TS ( N - M )  

3. -357 -353 -339 -313 '278 - 235 -184 '125 "62 0 
:.: 1262 1278 1320 1375 1429 1437 1330 1060 612 0 

n . Z I M U T H  & N G L E  360 
n E F L E C T 1 O N S  ( C M )  

U 01000 '0,001 -0.007 "0*015 '0,025 --0,040 -0,059 "0,082 -0,107 '0,135 
V 01000 -0*011 -0,032 -0+118 -0,240 -0,455 -0+744 -1+133 -1,603 -2,029 
F O R C E  i 3 I S T R I B U T I O N  ( N / M )  

:.: - 
24 "38 -46 -48 -48 '50 -49 -48 -43 -34 

.T. 140 126 101 76 46 -36 '128 - 215 -275 "314 
PEIlDII .4G MOMEI4TS ( N - M )  

'f - 452 '449 -433 -405 -363 '309 - 242 -165 -81 0 
:< 1279 1295 1337 1391 1443 1448 1338 1064 613 0 



A Z I M U T H  A N G L E  380 
D E F L E C T I O t . 4 5  ( C M )  

u 0,000 -.0+001 -0,007 '0+015 '0,025 '0,040 -0,059 -0,082 -0,106 '0,134 
V OtOOO -0+011 -0,033 '0+120 -0,244 -0,461 '0,753 -1,145 -1,619 -2,048 
F O R C E  K ~ I S T R I B U T I O N  ( t+ /M)  

:*: -24 '38 '-45 -47 '48 -49 -49 -47 -43 '34 
7 140 126 100 75 44 -39 -130 - 218 '277 -314 
BEt.4DIt-4G MOMEfi4TS ( t.4-M) 

-f -448 '444 -429 -400 "360 -306 -240 -163 -80 0 
x 1297 1314 1355 1409 1460 1463 1349 1072 616 0 

Q Z I M U T H  A N G L E  400 
D E F L E C T I O N S  ( C M )  

LJ 0,000 -0,001 '0,006 -0,012 -0,021 -0,033 -0,048 -0,067 '0,087 "0+110 
V O+OOO -0,011 -0,033 -0,121 -0,246 -0,464 -0,757 '1,150 -1,624 -2,055 
F O R C E  D I S T R I B U T I O N  ( N / M  ) 

:i -24 -38 '43 '42 '4 1 -40 -39 -37 '34 -28 
.f 140 126 100 75 43 '39 -130 -218 '276 -314 
B E ~ . ~ I I I ) . ~ G  MOMEMTS 0.4-M) 

.re -369 -365 -350 -324 '288 '244 -190 -130 "64 0 
1299 1315 1357 1410 1461 1463 1348 1070 616 0 

Q Z I M U T H  LiWGLE 420 
C l E F L E C T I O t - t S  ( C M )  

U 0,000 -0+001 '0,006 "0,013 -0,023 -0,036 -0,053 -0,073 '0,095 '0+121 
V O+OOO -0,011 -0.033 -0,121 -0,245 "0,463 -0,756 -1+151 '1,627 '2.059 
F O R C E  I ~ I S T R I B U T I O N  ( N / M )  

:-: '24 '38 -44 '44 '44 -44 "43 -42 -38 '3 1 
Y 140 126 101 76 45 -38 -130 -219 '278 -316 
BE).tKII).4G M O M E N T S  (N-M ) 

' f -404 -400 '385 -358 '320 -271 -212 '144 -7 1 0 
x 1301 1317 1359 1413 1464 1468 1354 1076 619 0 



A P P E N D I X  E 

E.l Funct ion  ICOND 

Th is  program i s  a se l f - con ta ined  package t h a t  computes t u r b i n e  fo rces  

and d e f l e c t i o n s  f o r  an undisturbed f l o w  f i e l d .  I he program uses the  same 

data used by program DYNAMICS f o r  a l l  computations. The computed para- 

meters a r e  p r i n t e d  and &signed t o  a m a t r i x  t h a t  can be used as i n i t i a l  

c o n d i t i o n s  f o r  DYNAMICS. The program uses f u n c t i o n s  SOUTH, AERO, and 

BENDING f o r  i n t e r n a l  computation. 

Fo l lowing i s  t h e  f l o w  c h a r t  f o r  t h e  Program Funct ion  ICOND. 



E.2 Funct ion ICOND Flow Chart  

- - -- 

Subrout ine SOUTH 
Adjus ts  Natura l  

Frequencies 

Compute: 
Modal Spring, MS 
Perpendicular  V e l o c i t y ,  

UP 
Tangent ia l  V e l o c i t y ,  UT 

Calcu la tes  
Aerodynamic Forces 

Compute C e n t r i f u g a l  
Forces 

> 

I 
Compute General ized 

Forces 

P r i n t  De f lec t i ons  P 
Subroutine BENDING 
Calcu la tes  Bending 

Moment D i s t r i b u t i o n  

P r i n t ;  
Bending Monients 
Cen t r i f uga l  Moments 
Aerodynamic Moments 

Assign Var iab les  
To M a t r i x  Def 



E.3 Program L i s t i n g  

V I N C O ~ D f ~ I V  
~ Q E F + I N C O M D ; M X ; M Y ; K ; O M ; F ~ ; Q ; T ; M S ~ U P ; U T ; U ; V ; U ~ ; V ~ ; F A ; F C ; ~ > : ; ~ ~ T ' ; % ~ : ; % Y ~  

M X + M O D E s  
W 7  +ggqEr 
O M + L ~ ~ ~ P ~ ~ ~ X ~ ~ ~ ~ + R A D I Q ~  
F ~ + ( ( ~ ~ ~ ~ % ~ ) + ( ~ W ~ ~ ) X S O U T H )  
Q+l+pMX 

T+(pMX)plr((D-2)P2)~1 
M S + ( + / ( ( M X * ~ ) + M Y * ~ ) X ( ( ~ M : ~ : ) ~ M A S S ) X T X ~ ~ ~ E , E + ~ ) X F ~  

uP+-lxwzfipx(i-exrnb) 
U T + ~ ~ ~ I ~ ~ ~ X ~ ~ ~ ~ ~ ~ ~ ~ O M X ( ~ + F : L I ~ I F I L )  

N+O 
F a + U P  G E R O  U T  
F ~ + ~ ~ ~ ~ x ( ~ M ~ ~ ) x ~ ~ ~ ~ ~ ~ , N x ~ ~ ~ ~ ~ ~ x ~ o ~ , o Y E  
f3:<++/(TxMXx (pMi:)pFnf 1 ; ] ) X ~ , P f i ~ ~ i 2  
a Y + + / ( T x M Y x ( p M : ~ ) p F ~ ~ 2 ; 3 + F C ) X S 4 : ~ C C + 2  
Z>:+O:<+MS 
Z-f +GY+MS 
'STEAD7 bEFLECTIO1-4 (CM) * 
'u8,7 3+(zx+,xnx)x10 
' v l  ,7 3+(zy+,x~r)x10 
' S T E A D 7  PENDING M O M E N T S  (N-W)' 
'Y l T 7  O+PM-~CPE~-~~JING FAfl; ] 
' X @ , 7  Q~PMX+'~XPENDING FfiC2;I+FC 
'STEADY C E N T R I F U G A L  M O M E N T  bUE T O  C O N I N G  (N-M)' 
'X' , 7 O+REhtDING FCX-1 
'STEQDY GERODYNFIMIC M O M E N T S  (N-M)' 
' X I 9 7  O+'lXBENQING F&[z;J 
ZX+QpZX 
ZY+Qp%'f 
DEF+(2,Q)PZX,ZY 
M+(2rQ)pPMXTEMV 
DEF+QEF,W 

v 



A P P E N D I X  F 

F . 1  Function AERO 

Aerodynamic fo rces  a r e  computed by t h i s  program. The program requires  

input of t he  v e l o c i t i e s  perpendicular ( U  and tangent ia l  (UT) t o  the  plane 
P 

of r o t a t i on .  The l i f t  and drag ca lcu la t ions  a r e  based on two dimensional 

a i r f o i l  theory. Present ly ,  t h e  program contains 1  i f t  c o e f f i c i e n t  (C,) and 

drag coe f f i c i en t  (CD) curve f i t s  f o r  a  4415 a i r f o i l .  These curve f i t s  a r e  

polynomials of the  form: 

Al tera t ion of the  polynomial f o r  a  d i f f e r e n t  a i r f o i l  sect ion i s  accomplished 

by changing the  coe f f i c i en t s .  The coe f f i c i en t s  a r e  l i s t e d  i n t e rna l l y  as  

C L C  and CDC.  

The program output i s  a  matrix ( F )  t h a t  conta ins :  

Perpendicular fo rce  

Tangential fo rce  

Angle of a t t a ck  

L i f t  coe f f i c i en t  

Drag c o e f f i c i e n t  

Relat ive pi tch  

Relat ive ve loc i ty  

f o r  each s t a t i o n  along the  blade. 

Following i s  the  flow cha r t  f o r  the  Program Function A E R O .  



F .2  Func t i on  AERO Flow C h a r t  

Pe rpend i cu la r  V e l o c i t y ,  

I Tangen t i a l  V e l o c i t y ,  UTI 
I 
Compute : 
P H I ,  R e l a t i v e  P i t c h  
VRS, R e l a t i v e  V e l o c i t y  

Squared 
AL, Angle o f  A t t a c k  

I Compute : 
CL, L i f t  C o e f f i c i e n t  ' CD, Drag C o e f f i c i e n t  t 

I Compute : 
L, i i f t  
D, Drag 

Ass ign  V a r i a b l e s  
t o  a  Data 



F.3 Program L i s t i n g  

VaEROCO3V 
vF+UP A E R O  UT;PHI;VRS;AL;CLC;CK~C;CI5;CL;RHO;L;~ 

PHIt('Je(UPsUT))x-1 
VRS+((UP*~)+~TR~) 
~L~((~PHI)T~)PP~~-IWLSL+EII,CE 
CLCt'3*6826 564301 0+41124 
CnCt0+19095 3.4623E-5 Oe33515 '815943E-5 0*010511 
c~t(nL,cLc)x(~a~L-O~34907)~(1~LF0+34907) 
~ ~ ~ ~ 2 ~ ( ~ ~ ~ ~ ) ) + ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f ~ ~ ~ ~ ~ ~ 1 ~ 5 7 1 ) ~ ( ~ ~ ~ ~ ~ 6 ~ ~ ~ ~  
R H O C ~  ,2 
L+O,~xRHOx~HORDxVRSxCL 
~ t O ~ S x R H O x ~ @ ~ ~ E x V R S x C D  
F+(7T(P'JP))J'O 
FC2;J+((Lx20PH1)+~XlbYHI)XXl 
F[1;3t(Dx2ePHI)-LxloPHr 
FC3i 
FC4; J+CL 
F[s;JtCD . 
FCb; l+PHX 
FC7i3+VRS*O*S 

v 



A P P E N D I X  G 

G. 1 Function BENDING 

BENDING computes the bending moments for  any load distribution when 

the forces are  equally spaced aloug the blade and are given i n  terms of 

force per unit  length. The spacing between stations i s  stored as the 

variable -----  S P A C E. Care must be taken as to the sign of the computed 

bending moments. 

Following i s  the flow chart for the Program Function BENDING. 



6.2 Function BENDING Flow Chart 

~ I - ~ ~ - ~ o  Per U n i t  Length rc  ; -1 
I--- - - '-  - 

-- A - ----- 

Average Load 
Over the Span 

Assign Memory 
Space t o  M 
1----- 

I - - - -- - - - - - -- - - - - - r I n i t i a l i z e  I 
- - - - - -- . - - r---- - - -- - - - - - - - - 

1 
Compute Bendi ng 
Moments a t  Each 

Station 1 i 

.--_ 1.. 

Assign 0 a t  the 
Free End 

- I 1 - ..- 

I 



6.3 Program L i s t i n g  



A P P E N D I X  H 

H.1 Function DATA 

DATA i s  used t o  p r i n t  an i n p u t  record  f o r  program DYNAMICS. The 

i n p u t  record i s  l i s t e d  when t h e  opera tor  types DATA. 

Fol lowing i s  t h e  program l i s t i n g  f o r  DATA. 



H.2 Program L i s t i n g  

VrJATACtlIV 
vDATA 

'WIND S P E E D  ( M / S ) * * * + * + + * * * * + ' V ~  3 t W I N P  
'TIP S P E E D  R ~ T I O * * * * , * * * ~ * + + + ' t 7  3 t I Z P S P 5 5 D  
'PITCH fiNGLE ( D E G ) + e e * * * * + e * + ' ~ 7  3+PI16HX180+Ql 
'CONING A N G L E  (DEG),,,,*+,,++'p7 3+CQNEXlSO+Ol 

'SHADOW W I D T H  ( M ) * * * * , * * * * * * * ' ? 7  3+WLPIW 
'SHADOW S T R E N G T H  V/V1,,,+,,,,'p7 3 + S T R E N G I Y  

'PLQDE R a D I U S  ( M ) + + * , . * + + * * * * ' P ~  3+ReEIYS 
'STATION SPAN' 

7 ~+sI~ I I _ ~ _ N  
'CHORD D I S T R U B U T I O N  (M)' 

7 3+SHEF;:2 
'TWIST DISTRIBUTION (BEG)' 

7 3 + I E ~ B L x 1 8 0 + o l  
'AXIOL I N T E R F E R E N C E  FACTOR' 

7 3 t n z x e ~  
'RQDIOL I N T E R F E R E N C E  FACTOR' 

7 3+~uy_lrn~ 
'Ma55 D I S T R I B U T I O N  (KG)' 
7 3+,~9s~ 
'NATURQL F R E Q U E N C Y  (RODIANS/SECOND)' 

17 3+fk!Z!2 
' X  MODQL COORDINATES' 

7 3+F!9g!Ez 
' Y  MODAL COORDINATES' 

7 3+MOPE7 
v 



H.3 Terminal Session 

D A T A  

W I N D  SPEEK1 ( M / S ) , , * * * * , , * * * *  ?roo0 
T I P  SPEEr' R f i T I O + + + + + , , + , + + , ,  7,500 
P I T C H  ANGLE (DEG) , ,  , * + , , , + + +  -6,000 
CONI t+G ANGLE ( K8EG , , , , , , , , , , 10 000 
SHAnOW W I D T H  ( M ) , , , , , , , , , , , ,  0,254 
SHADOW STRENGTH V/V,,,,,,,,, 0,500 

RADIUS (M),,,,,,,,~,,, 4,953 
S T A T I O N  SPAN 

01100 0,200 Ot300 0,400 0,500 
CHORD DISTRUBUTION ( M )  

0,411 0,445 0,384 0,311 0,259 
T W I S T  D ISTRIBUTION ( DEG) 

45,000 25,600 15,700 10,400 7,400 
AKIaL INTERFERENCE FACTOR 

0,090 0.140 0,180 0,200 0,210 
RaDIAL INTERFERENCE FACTOR 

0,140 0,050 0,027 0,016 0,011 
MASS r : I S T R I B U T I O N  ( K G )  

10,050 6,123 4,766 4,016 3,463 
NATURAL FREaUEI.4CY ( RCIDIANS/SECOt-IKl) 

28 430 64 + 450 
;.: MODAL COORDINaTES 

0,000 0,000 - O + O l O  -0,020 -0,040 
O + O O O  0+010 0,050 0,110 0,180 
O*OOO '0,010 -0,020 -0,040 '0,060 

Y MODAL  COOF:I1It.4CSTES 

O * O O O  01010 0,030 0,090 0,170 
otooo 0,000 0,000 0,000 0*000 
01000 0,030 0,090 0,180 0,270 



A P P E N D I X  I 

1.1 Tower Shrouds 

The investigation into tower shadow cannot be considered complete 

until experimental verification of the blade interaction w i t h  the wake 

confirms predicted behavior. To f ac i l i t a t e  the exper~mental procedures, 

tower shrouds have been constructed to increase the diameter of the wF-I 

pole tower. Two d~ameter increases, 20" and 30", were chosen to give a 

representative example of tower shadow. Figure A. 1 shows the orientation 

of an installed 3U" diameter shroud. 

Tne major factors i n  the design of the shrouds was the tower geometry 

(Figure A.2 and A.3) and the accessabil i t y  of the nacel I; access to the 

nacel l must be maintained because of experimental procedures. These 

constraints lead to the choice of a s p l i t  shroud, which has a n  upper and 

a lower portion. 

1.2 20" Diameter Shroud 

The smaller diameter shroud will no t  encompass the tower and the rungs. 

Therefore, clearance holes have been cut that allow for  the protrusion of 

the rungs. The shroud i s  supported by U-bolts attaching the top plate 

of each section to a semi-circular rung, Figure A.4. The front section 

of the shroud i s  removeable to permit easy access to the rungs. Modified 

hinges support the removeable front section. Details of the hinges are 

shown in Figure A.5. 

1.3 30" Diameter Shroud 

The 30" diameter shroud i s  large enough to encompass both the tower 

and rungs. Therefore, the shroud must be hinged on one side and latched 

on the other side to  permit access to the nacell . The latches are rope 

120 



controlled since there i s  no way to reach the upper latches from the tower. 

Details about the construction and assembly of this shro~~d are shown in 

Figures A . 6  and A.7. 







Tower Dimensions 

Dimensions i n  inches 



20" Diameter Shroud 



Hinge Detail 

I 

P a r t i n g  l i n e  

Material 1/2 Drop hinge 





30'' Diameter Shroud 

. Outs id2  Inside 

Clea 

Latch d e t a i l  
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