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THE DYNAMTC BEHAVIOUR OF THE STALL_REGULATED NIBE A WIND

TURBINE.  I ' IEASUREMENTS AND A MODEL I 'OR STALL- INDUCED VIBRATIONS

P .  L u n d s a g e r  ,  ; . 1 .  P e t e r s e n ,  a n d  S .  F r a n d s e n

A b s t r a c t .  T h e  r e p o r t  i s  i n  t w o  p a r t s .  r n  t h e  f i r s t  p a r t  t h e  p r e -
r i n i n a r y  m e a s u r e m e n t  s y s t e n  u s e d  i s  d e s c r i b e d ,  a n d  a  s u r v e y  o f
t h e  m e a s u r e m e n t s  i n a d e  u n t i l  t h e  e n d  o f  i , i a r c h  1 9 8 0  i s  g i v e n .  R e -
s u l t s  a r e  p r e s e n t e d  c o n c e r n e d  w i t h  t h e  m e a s u r e m e n t , s  o f  t o w e r
e i g e n f r e q u e n c i e s ,  e i g e n f r e q u e n ' b i e s  o f  t h e  s t a t i o n a r y  r o t o r  a n d
t h e  c h . l r a c t e r i s t i c s  o f  b o t h  f  l a p w i s e  a n d  e d g e w i s e  b e n d i n g  m o r n e n t s .
T h e  f i n d i n g s  a r e  c o m p a r e d  w i t h  t h e  d e s i g n  a s s u m p t i o n s ,  a n c l  t h e
a g r e e n e n t  i s  f o u n d  t o  b e  g o o d .  r n  t h e  s e c o n d  p a r t  t h e  p o s s i b l e
o c c u r r e n c e  o f  s t a l l - i n d u c e d  b l a d e  v i b r a t i o n s  i s  i n v e s t i g a t e d .
V i b r a t i o n s  w i t h  f i r s t  f l a p p i n g  e i g e n f r e q u e n c y  a r e  r e p o r t e d  a n d  a
o n e  c e g r e e  o f  f r e e d o n  m o d e r  w i t h  v e l o c i t y - d e p e n d e n t  l o a d  i s  p r e -
s e n t e d .  C a l c u l a t e d  r e s u l t s  a r e  s h o w n  w i t h  a g r e e  r e a s o n a b l y  w e l l
w i t h  m e a s u r e d  c h a r a c t e r i s t i c s .  A  p o s s i b l e  m o d i f i c a t i o n  o f  t h e
s t a y  s y s t e n  i s  s u g g e s t e d .

EDB d iSCTiPtOTS:  COI4PUTER CALCULATIONS;  DYNAJ. , I ]C  LOADS;  EIGEN-
FREQUENCY;  FATIGUE;  FREQUENCY RESPONSE TESTING,  I jECHAN]CAL VI -
BRATIONS;  i i .OTOrRSr  STRESSESI  TURBINE BLADEST V/ IND TURBINES.
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THE PRELTMINARY MEASUREMENT SYSTEM

The pre l im inary  measurement  sys tem was es tab l i shed by  connect lngr
a  number  o f  opera t ionar -  parameter  sensors  to  a  s lx  channer -  b rushwr i - te r  and an  xy-p l0 t te r .  A  to ta l  0 f  twe lve  opera t ionar -  para_
m e t e r s  a r e  a v a i l a b l e  ( c f .  T a b l e  1 . I ) ,  t h e  c h a n n e ] s  b e i n g  c o n n e c _ted  to  the  brush wr i te r  s ix  a t  a  t ime th rough a  pa tch  pane l
loca ted  ad jacent  to  the  wr l te r  in  the  bo t tom o f  the  tower  o fthe  tu rb ine-  Tn  add i t i -on  ar r  s t ra in  qauqe ro to r  channer_s  areava i lab le  a t  the  pa tch  pane l  th ree  a t  a  t ime th rough s l ip  r ingson the  ro to r  sha f t -  changes o f  ro to r  channe l  combina t ions  aremade by  chang ing  cab le  connect ions  in  the  ro to r  hub.  A  d iagram

o f  t h e  t o t a r  s y s t e m  i s  s h o w n  i n  F i g .  r . r .  D r o p  r e s i s t a n c e s  o nc u r r e n t  s i g n a l s  a r e  i n d i c a t e d .

hanne l Range

v o l t
Convers ion

A
t

5

6

9

1 0

1 1

L 2

1 3

L 4

1 5

1

1 6

2

NS

WE

Wind Speed aE-EB;

Re l .  W ind  D i rec t l on
Blade p i tch angle
Rotor  shaf t  torsue
RPM Generator

Fo rce  a .  p i t ch
regulat ion

Force  b .  p i t ch
regu la t i on

Nace l l e  pos i t i on

Act ive power

React ive power

Current

Vol tage

Rotor channel 1
Rotor channel 2
Rotor  channel  3
Acc NS tower top
Acc WE tower top

0 - 2  . 5

0 - 2  . 2

0 - 4 . 5

0 - 8 .  s

0 - 4  . 4

0 - 4  . 4

0 - 4  . 4

0 - 2 . 0

0 - s . 0

a - 2 . 0

0 - 5 . 0

0 - 1 .  0

0 - 1 .  0

- 1 8 0 / + 1 8 0  d e g
-20 /+L5  deg

0/180 kNm

0/2250 vpm

0/9L  ba r

0 /9L  ba r
-L80 /L80  deg
- I20 / l -200  kw

0/500 kVar

0/40 Amp

0 /25  kv

O / 2 . 4 5  m / s

0 / 2 . 4 5  m / s

1 4 4 v - 1 8 0  d e g

L 6 v - 2 0  d e g

40v+0 kNm

180v+0  vpm

3 6 . 4 v + 0  b a r

3 6 . 4 v + 0  b a r

1 6 2 v - 1 8 0  d e g

6 6 0 v - I 2 0  k W

100v+0 kVar

20v+0 Amp

5v+o kV

2 . 4 5 v + 0  m / s

2  .45v+0  m/  s

L i s t  o f  s e n s o r s
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1 0

F is .  r -2  shows  the  ro to r  channe ls  ava i -1ab fe .  sec t i ons  numbered
A1  to  A4  a re  sec t i ons  on  mod  A  b fades  i ns t rumen ted  fo r
measur ing bending moments ( ind icated by S)  or  s t ra ins ( ind i_
c a t e d  b y  r ) .

T  s t r a i n
S  s e c t i o n  f o r c e

The xy-p lo t te r  i s  in tended to  g ive  a  p re l im inary  power  curve
and 1s  there fore  usuar ly  permanent ly  coupred to  the  w lnd  speed
a n d  e l e c t r i c  p o w e r  c h a n n e l s  i n  a  m o d e  w h e r e  i t  p r o t s  a  p o r n t
e v e r y  h a l - f  m i n u t e -  r n  o r d e r  t o  s i m u l a t e  t i m e - a v e r a g i n q  i n  a
s imp le  manner  the  channe l -s  a re  connected  to  the  p lo t te r  th rouoh
R C - l i n k s  h a v i n g  a  t i m e  c o n s t a n t  o f  a p p r o x .  r o 0  s .  T h u s ,  e x c e s s _
i v e  s c a t t e r  o f  t h e  p o i n t s  i s  a v o i d e d .  D u e  t o  t h e  v o r t a g e  d i v i d e r
e f f e c t s  o f  t h e  R C - l i n k s  t h e  p l o t t e r  h a d  t o  b e  c a l i b r a t e d  b y  k n o w n
v o l t a g e s .

i

I

I
T

I

I
I
I

S e c t i o n  a t
b l a d e  t i p

F i q u r e  I . 2
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1 1-  t l

T h e  B r u s h  w r i t e r  s e n t i v i t i e s  h a v e  b e e n  c a l i b r a t e d  b y  a p p l y i n g

k n o w n  v o l t a g e s .  O t h e r w i - s e  t h e  o p e r a t i o n a l  p a r a m e t e r  s i g n a l s

h a v e  n o t  b e e n  c a l i b r a t e d  i n  t h i s  c o n t e x t , '  i n s t e a d  t h e  c a l i b r a t i o n

cons tan ts  g iven by  the  opera tors  o f  the  tu rb ine  have been adopted

in  the  de terminat ion  o f  convers j -on  fac to rs  fo r  the  pre l im inary

m e a s u r e m e n t  s y s t e m .  C o n v e r s i o n  f a c t o r s  f o r  t h e  r o t o r  c h a n n e l s

a r e  b a s e d  o n  l a b o r a t o r y  t e s t s  ( r e f .  1 . 1 )  c o n c i u c t e d  a s  p a r t  o f  t h e

m e a s u r e m e n t  p r o g r a m  d e s c r i b e d  i n  r e f .  L . 2 .  T h e  a c c u r a c y  o f  t h e

r e s u l t s  b a s e d  o n  s t r i p  c h a r t  r e a d i n g s  i s  e s t i m a t e d  t o  b e  5 - L 5 ' a .

T h e  B r u s h  w r i t e r  i s  a b l e  t o  r e s o l v e  f r e q u e n c i - e s  c o r r e c t l y  u p

t o  a t  l e a s t  1 0 - 2 0  H z .

T h e  m e a s u r e m e n t  p r o c e d u r e s  a r e  v e r y  s i m p l e :  R e c o n n e c t i n g  c h a n n e l s

t o  t h e  b r u s h  w r i t e r  u s i n g  t h e  p a t c h  p a n e l  i n c l u d i n g  r e s e t t i n g  o f

z e r o  a n d  s e n s i t i v i t i e s  o n  t h e  w r i t e r  i s  a c c o m p l i s h e d  i n  a  f e w

minutes .  Reconnect ing  the  ro to r  channe ls  in  the  hub takes  less  than

3 0  m i n u t e s  i n c l u d i n g  r e a d j u s t m e n t  o f  z e r o  s e t t i n g s  o f  t h e  s t r a i n

g a u g e  p r e a m p l i f i e r s .  C o o r d i n a t j - o n  o f  t h e  m e a s u r e m e n E s  w i t h  t h e

opera t ion  o f  the  tu rb ine  is  per fo rmed by  te lephone contac t  w i th  the

peop le  opera t ing  the  tu rb ine  f rom the  naceI1e .

For  the  opera t i -ona l  parameter  s igna ls  zero  vo l tage cor responds

t o  a  k n o w n  a b s o l u t e  v a l u e ,  s o  t h a t  i n t e r p r e t i n g  t h e  r e s u l t i n g

curves  poses  no  prob lems.  Th is  i s  no t  the  case fo r  the  ro to r

c h a n n e ] s ,  a s  d e s c r i b e d  i n  d e t a i l  i n  r e f s .  1 . 3  a n d  1 . 4 .  r n  t h i s

presenta t ion  the  ro to r  channer  s igna ls  a re  re fe r red  to  a  zero

tha t  i s  ob ta ined as  the  average o f  the  max and min  va l -ues  o f

t h e  s i g n a l  d u r i n g  a  s l o w  r e v o l u t i o n  a t  t h e  s t a r t  o f  t h e  t u r b i n e .
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SURVEY OF MEASUREMENTS

F o l l o w i n g  t h e  i n s t a l l a t i o n  a n d  r u n n i n g - i n  o f  t h e  s y s t e m  f o u r
campaiqns  have been made as  per  p r imo Apr i l  lgBO.  The measure_
ment  sys tem has  been used by  R iso  Nat ionar_  Labora tory  and by
the  Deparment  o f  F ru id  Mechan ics  o f  the  Techn icar  un ivers r ty
D e n m a r k ,  r e f  -  2 - r -  S o m e  r e s u r - t s  f r o m  r e f  .  2 . r  a r e  i n c f u d e d  i n
t h i s  p r e s e n t a t i o n .

r n  T a b l - e  2 - r  t h e  c a m p a i g n s  a r e  ] i s t e d  a n d  t h e i - r  p r i m a r y  a l m s
a r e  i n d l c a t e d '  T h e  r o t o r  c h a n n e l  c o m b i n a t i o n s  a v a i l - a b l e  a r e  a l s o
i n d i c a t e d '  D u r i n g  e a c h  c a m p a i q n  a  v a r i e t y  o f  o p e r a t l o n a l  p a r a m e t e r s
were  recorded par t l l r  as  a ids  in  the  commiss ion ing  o f  the  tu rb ine
and par t l y  as  p rer im inary  checks  on  the  ca lcu la t ions  o f  the
r e s p o n s e  o f  t h e  t u r b i n e .  , a b l e  2 . 2  s h o w s  t h e  r o t o r  c h a n n e l _
c o m b i n a t i o n s .

The  resu l t s  and  conc lus ions  : -n
records made dur ing these four

th i s  p resen ta t i on  a re  based  on
campa j_gns .
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Campaign

N o

Date Rotor

Channe l

c o m b i n a t i o n

Purpose

T a b 1 e  2 . I  L i s t  o f  c a m p a i g n s  J a n . - M a r .  l 9 B 0

Out -o f -p lane bend ing  moments  a t

a l l  3  b l - a d e s

O u t - o f  p l a n e

2  b l a d e s .

Force  in  one

s t a t i o n A2 fo r

bend ing  moments  a t  s ta t ion  AI  fo r

i n - p l a n e  s t a y .

fn -p lane bend ing  moments  a t  s ta t ion  A l  fo r

a l l  3  b l a d e s

I n - p l a n e  b e n d i n g  m o m e n t  f o r  I  b l a d e "  F o r c e s  i n

a d j  a c e n t  i n - p l a n e  s t a y s

3 0 .  l .  B 0

r 3 . 2 . 8 0

z  t - 2 6 - z - 6 u

5 - 6 .  3 .  B 0

F i r s t  i n d i c a t i o n  o f  o u t - o f - p l a n e

b l a d e  l o a d s

C h e c k  o f  b l a d e  p i t c h  r e g u l a t i o n

tower  resonance

I n v e s t i g a t i o n  o f  b l a d e  p i t c h

a n q l e  i n f l u e n c e  o n  b l a d e  l o a d s

a n d  p o w e r  p r o d u c t i o n  ( r e f . 2 .  f )

I n v e s t i g a t i o n  o f  b l a d e  I o a d s .

Rotor

channel

combinat ion

R o t o r  c h a n n e l s  a v a i l a b l e

T a b l e  2 . 2  R o t o r  c h a n n e l s  a v a i l a b l e
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3 .  R E S U L T S

T h e  r e s u l t s  g i v e n  i n  t h i s  s e c t i o n  a r e  r e c o r d e d  b y  t h e  i n s t r u m e n _
t i a t i o n  s h o w n  i n  F i g .  r . i .  r n  s e c t i o n  3 . 2  s o m e  r e s u l t s  a r e  s h o w n ,
t h a t  h a v e  b e e n  o b t a i n e d  b y  m e a n s  o f  a n  F F T  a n a l y z e r  p l u g g e d  i n  o n
t h e  p a t c h  p a n e r .  T h e  a n a l y z e r  i s  a  H e w l e t t  p a c k a r d  3 7 2 r A  t h a t  p e r -
f o r m s  a n  a c t u a 1  a n a l y s i s  , i n  a  c h o s e n  p e r i o d  o f  t i m e ,  e x t r a c t i n q
a l l  f r e q u e n c i e s  s i m u l t a n e o u s l y .

J . l L o c a t i o n  o f  s e n s o r s  o n  t h e  r o t o r .

F igure  3  '  1  shows the  roo t  o f  the  ou ter  b lade and the  t runn ion  on
w h i c h  i t  i s  m o u n t e d .  T h e  t r u n n i o n  i s  s h o w n  i n  F i g .  3 . 2  t o g e t h e r
w i t h  t h e  b r a d e  s h a f t .  T h e  s h a f t  i s  s u p p o r t e d  b y  a  b e a r i n g ,  m o u n t e d
in  a  bear inqr  house a t  the  end o f  a  tube and suppor ted  by  two s t ru ts
i n  t h e  r o t o r  p l a n e  a n d  o n e  s t r u t  o u t - o f - p 1 a n e .  T h e  f i g u r e  s h o w s  t h e
ins t : : r ' rmented  sec t ions  fo r  wh lch  resu l - ts  a re  shown in  the  fo l l0w ino
s e c t i o n s .  T h e  s t r a i n  g a u g e s  1 n  s e c t i o n  A  o f  F i c t .  3 . 2  g i v e  f l a p w i s e
b e n d i n g  m o m e n t s  u s e d  i n  S e c t i o n s  3 . 3  a n d  3 . 4  o f  t h i s  p a p e r .  T h e
s t r a i n  g a u g e s  i n  s e c t i o n  B  g i v e  f l a p w i s e  b e n d i n o  m o m e n t s  u s e d  i n
s e c t i o t r  3 ' 4  a s  w e l l  a s  c h o r d w i - s e  b e n d i n g  m o m e n t s  s h o w n  i n  s e c t i o n
3  '  5  o f  t h i s  p a p e r -  T h e  s t r u t s  a r e  a l - s o  e q u l p p e d  w i t h  s t r a i n  o a u q e s
g i v i n g  t h e  t e n s i l e  f o r c e s  u s e d  i n  _ q e c t i o n  3 . 5 .

The tower  e igenf requency  has  been de termined by  record ing  accer -e_
r a t j ' o n s  o f  t h e  w i n d - i n d u c e d  v i b r a t i o n s  o f  t h e  t o w e r  t o p  a s  w e r f  a s
b y  r e c o r d i n g  t h e  a c c e l e r a t i o n s  d u r i n g  t h e  u p s t a r t  o f  t h e  m i l l _  a n d
i d e n t i f y i n g  t h e  r e s o n a n c e  p o i n t .

Determinat i_on e n f r e
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F i g u r e  3 . 3  s h o w s  t i m e  t r a c k s  o f  b o t h  n o r t h - s o u t h  ( N S )  a n d  w e s t - e a s t
(WE)  acce le ra t ion  components  recorded w i th  the  s topped ro to r .  Thus

the  v ib ra t ions  are  w ind  j -nduced,  and by  measur ing  the  t ime be tween

t o p s  a s  i n d i c a t e d  i n  t h e  f i g u r e ,  f r e q u e n c i e s  o f  L . 2 9  H z  a n d  1 . 3 4  H z

a r e  f o u n d  f o r  t h e  N S  a n d  W E  d i r e c t l o n s ,  r e s p e c t i v e l y .

5 . 2 5  s e c 1 . 3 4  H z  i  i

L.

F i q u r e  3 . 3

F igu re  3 .4  shows  co r respond ing  t ime  t racks  du r ing  a  s ta r t - s top
sequence .  As  i nd i ca ted  i n  t he  f i gu re  a  resonance  occu rs  a t  1215
RPM on the generator  shaf t ,  corresponding to  27 RpM on the rotor
sha f t  o r  0 .45  Hz .  A t  t h i s  speed  the  b tade  passage  f requency  i s
3  . 0 . 4 5  =  1 . 3 5  H z .

Figure 3.5 shows the ca lcu lated varues as g iven by the tower
des igne r  i n  Oc tobe r  1978 .  The  ca l cu la ted  va lue  L .28  Hz  i s  con f i rmed
by the measurements,  consider ing the accuracy 1evel  o f  th is  pre l i -

minary inst rumentat ion.  The s ignal  level  o f  the accelerometers
( ^ ' 10 .1  v )  was  too  sma l1  fo r  t he  FFT  anaryze r ,  and  the re fo re  the
eigenfrequency could not  be determined by the f requency anaryzer
which was avai lab le.

j . |
I
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8.  Ho j lund Rasmussen,  rAdg ivende c iv i l ingen iorer Sag nr
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? ? D e t e r m i n a t i o n  o f  f r e u e n c i e s  o f  t h e  s t a t i o n a r r o t o r

T h e  f r e q u e n c i e s  w e r e  d e t e r m i n e d  b y  a  s e r i e s  o f  t e s t s  i n  w h i c h

o n e  o f  t h e  b l a d e s  w a s  b e n t  b y  p u l l i n g  t h e  t i p  t o w a r d s  t h e  t o w e r

a n d  r e l e a s i n g  i t .  T h e  s i g n a l s  f r o m  t h e  s t r a i n  g a u g e s  o n  t h e  t r u n -

n i o n  ( s e c t i o n  A  i n  F i g u r e  3 . 2 )  w a s  u s e d ,  a n d  t h e  f i r s t  1 0  t o  1 5

S e c s  w e r e  r e c o r d e d  a n d  a n a l y x e d .  A  t y p i c a l  r e c o r d  i s  s h o w n  i n  F i g

3 . 6  A I I  t h r e e  b l a d e s  w e r e  s u c c e s s i v e l y  e x i t e d  b l a d e  a s  w e l l  a s

f r o m  t h e  o t h e r  b l a d e s .

F i g u r e  3 . 7  s h o w s  a  t y p i c a l  o u t p u t  f r o m  t h e  F F t  a n a l y z e r '  f n  t h e

r a n g e  1 . g  2 . 3  H Z ,  t h r e e  p e a k s  a r e  a p p e a r e n t ,  a n d  a  f o u r t h  o n e

m a y  b e  i d e n t i f Y e d  a b o v e  3  H z .

2 H z 3 H Z 4 H z
L H z

^/
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F l g u r e s  3 . 8 a  3 .  B c  s h o w s  p l o t s  o f
s t a t i o n a r y  r o t o r ,  r e f .  3 . 1 ,  T a b l e
e igen f requenc ies  acco rd ing  to  the
the e igenfrequencies determj_ned on
w i th  the  FFT  ana lyze r .

ca lcu l_ated e igenmodes for  the
3.1 indr icates the corresponding
Ia tes t  ca l_cu la t l ons  toge the r  w i th

the  bas i s  o f  a  se r ies  o f  1g  runs

T a b l e  3 . 1  R o t o r e igenf requenc ies

\
\
t

I
I

I

Mode I

F i q u r e  3 .  B a

Mode C a l c u l a t e d

Hz

Measured

Hz

'l

2

3

4

t _ .  9 9

1 .  9 9

2 . 1 2

?  ? ?

1 . 9 5  t  0 . 0 4  R M S
2 . r 2  1  o .  0 4
2 . 2 4  1  o .  0 3
3 . 4 4  t  0 .  0 3
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Mode 2

F i g u r e  3  . 8 b

Mode 3

F i s u r e  3 . 8 c

'r\



2 . I 2  H z
F i g u r e  3 . 9 a

3 . 3 3  H z
F i q u r e  3 . 9 b

Flapwise Chordwise

6 . 3 7  H z

F i g u r e  3 . 9 c

t
F_

Flapwise Chordwise
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The four t l r  ca lcu la ted  e igenf requency  cor responds to  the

e i - g e n m o d e  s h o w n  i n  F i g .  3 . 9 b ,  c a l c u l a t e d ,  f o r  a  s i n g l e  b l a d e .  T h e

c a f c u l a t e d  f r e q u e n c i e s  a r e  w i t h i n  L 0 %  o f  t h e  m e a s u r e d  v a l - u e s .

T h e  u p p e r m o s t  t i m e  t r a c k  o f  F i g .  3 . 6  i s  t h e  s i g n a l  f r o m  t h e

e x c i t e d  b l a d e .  A t  t h e  t i m e  i n d i c a t e d  b y  1  t h e  e x c i t e d  b l a d e  h a s  a

p h a s e  f a g  o f  1 8 0  d e g  t o  t h e  t w o  o t h e r  b l a d e s ,  i n d i c a t i n g  t h a t  m o d e

2  i s  p r e d o m i n a n t .  A f t e r  a p p r o x .  l 0  s e c s  a t  t h e  t i m e  i n d i c a t e d  b y  2

one b l -ade is  a lmost  s ta t ionary  wh i le  the  two o thers  a re  in  phase,

ind ica t ing  tha t  mode I  now is  p redominant .

3 . 4 .  F l a p w j - s e  b e n d i n g  m o m e n t s  d u r i n g  o p e r a t i o n

F i g u r e  3 . 1 0  s h o w s  r e c o r d s  o f  t h e  f l a p w i s e  m o m e n t s  a t  s e c t i o n  A  ,

F i g .  3 . 2 , d u r i n g  a  n o r m a l  s t o p  a t  l - o w  w i n d  s p e e d .  T h e  d o m i n a n t

fea ture  is  the  pronounced peak  occur r j -ng  when the  s top  sequence is

in i t ia ted .  From an average o f  approx .  44  kNm and an  ampl i tude o f

a p p r o x .  2 3  k N m  t h e  l e v e l  r i s e s  t o  a b o u t  9 5  k N m  w i t h  a  p e a k  t o

a b o u t  1 4 0  k N m .  T h i s  i s  d u e  t o  t h e  p i t c h i n g  o f  t h e  b l a d e s  d , u r i n g  a

normal  s top  gradua l ly  th rough max imum C"-va lues  to  the

s t a l l e d  c o n d i t i o n  o v e r  a  p e r i o d  o f  a p p r o x .  5  s e c s .  T h i s  l o a d  c y c l e

i s  e x p e r i e n c e d  o n c e  d u r i n g  e a c h  s t o p .  T h i s  o c c u r s  e a c h  t i m e  t h e

t u r b i n e  a t t e m p t s  t o  s t a r t  i h  l o w  w i n d  a n d  f a i l s - t o  c o n n e c t  t o  t h e

g r i d .

I t  a p p e a r s  f r o m  F i g .  3 . I 1 ,  w h e r e  a  s t o p  f r o m  a p p r o x .  1 3  m , / s  i s

shown tha t  the  peak  o f  F ig .  3 .10  does  no t  occur .  However ,  the

average level of  ru 95 kNm corresponds to the average level

d u r i n g  t h e  s t o p  ( F i g .  3 . 1 0 )  a s  t h e  b l a d e  i s  a l r e a d y  p a r t l y

s ta l led  a t  th is  cond i t ion .  There fore  the  peak  o f  130 kNm may

be caused by  dynamic  ampl i f i ca t ion .  I t  causes  a  s top  f rom ]ow

winds  to  be  more  severe  fo r  f lapwise  bend ing  than a  s top  f rom

h i o h  w i n d s .

F i g u r e  3 . L 2  s h o w s  r e c o r d s  s i m i l a r  t o  t h o s e  i n  F i g .  3 . I 0 ,  b u t

t a k e n  f r o m  t h e  f l a p w i s e  s e n s o r s  a t  s e c t i o n  B , F i g -  3 . 2 .  A g a i n

the  pronounced r i se  in  leve l  dur ing  the  s top  sequence f rom 1ow

speed is  seen,  bu t  the  peak  is  no t  so  pronounced.  From a  leve ]

o f  ' r , 3 0  k N m  a n d  a n  a m p l i t u d e  o f  n , 2 4  k N m  t h e  l e v e l  r i s e s  t o  t u

88 kNm with a maximum of 'v 110 kNm.
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F i g u r e  3 . 1 3  s h o w s  t h e  c a l c u l a t e d  f l a p w i s e  b e n d i n g  m o m e n t  d i s t r i b u -

t ions  due to  a  t r iangu lar  aerodynamic  load (above)  and the  cor res-

pond ing  moments  due to  the  cent r i fuga l  fo rces  ac t ing  th rough the

c o n i n g  a n g l e  o f  t h e  b l a d e  ( b e l o w ) .  B y  a d d i n g  t h e  c e n t r i f u g a l  f o r c e

moments  a t  s ta t ions  A and B to  the  leve ls  o f  95  kNm and BB kNm,

respec t ive ly ,  measured dur ing  s top ,  the  moments  L47 kNm and I4 l

kNm due to  aerodynamic  fo rces  in  s ta t ion  A and B,  respec t ive ly ,  a re

o b t a i n e d .  T h i s  c o r r e s p o n d s  t o  t h e  r a t i o  I . 0 4  b e t w e e n  t h e  v a l u e s  i n -

d i c a t e d  o n  t h e  u p p e r m o s t  F i g .  3 . 1 3 .  T h u s  t h e  c o m p u t a t i o n a l  p r e d i c =

t ions  on  wh ich  the  des ign  has  been based are  conf i rmed by  the

measurements .

F i g u r e  3 . 1 4  s h o w s  t h e  d e s i g n  s p e c t r u m  c a l c u l a t e d  f r o m  w i n d  s p e e d

sta t is t i cs  by  the  Depar tment  o f  F lu id  Mechan ics  fo r  the  f lapwise

bend ing  moments  due to  aerodynamic  loads  re fe r red  to  zero  rad ius .

B y  r e f e r r i n g  t h e  v a l u e s  o f  F i - g u r e s  3 . 1 0  t o  3 . I 2  t o  z e r o  r a d i u s  o n e

obta ins  an  average o f  364 kNm and an  ampl i tude o f  42  kNm.  These

v a l u e s  a r e  w i t h i n  t h e  v a l u e s  s h o w n  i n  F i g .  3 . I 4  f o r  I ' I 0 8 -  3 ' 1 0 8

c y c l e s  c o r r e s p o n d i n g  t o  4 2 %  o f  t h e  o p e r a t i o n a l  l i f e .  T h e  p e a k s  o f

F i g s .  3 . 1 0  a n d  3 . I 2  r e f e r r e d  t o  z e r o  r a d i u s  a r e  t u  4 0 0  k I * ,

w h i c h  a r e  w i t h i n  t h e  v a l u e s  g i v e n  f o r  c y c l e s  u p  t o  6 ' 1 0 t ,  c o r r e s -

pond ing  to  <  I% o f  opera t iona l  l i fe .  Thus  these measurements  so

far  do  no t  con t rad ic t  the  des ign  assumpt ions .

3 .5 .  S t resses  i n  t he  t runn ion  and  the  sha f t

The d imens ions  o f  the  s tee l  t runn ion  a t

o f  t h e  s h a f t  i n  t h e  b e a r i n g ,  s t a t i o n  C ,

The observed peak of the bending moment

approx.  I40 kNm, and the corresponding

s t a t i o n  A  F i g .  3 . 1

a re  g i ven  i n  F iq .

du r ing  s top ,  F ig .

s t resses  a re  shown

3 ,  a n d
?  t q

3 . 1 0 ,  i s

i n

TabIe 3 . 2 .

A ,  R -

e , R -

B m

7 . 2  m

0

0

ẑ

3

I 5

I O

1 4

1 6

9 1

7 2

Station I Moment of Eccen t r i c i t y  I  S t ress
ine r t i a

,  , -o -4  *4

T a b l e  3 . 2 .
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A t  s t a t i - o n  C  t h e  s t r e s s  i s  s u p e r p o s e d  b y  a  t e n s i l e  s t r e s s  d u e  t o
t h e  c e n t r r f u g a l  f o r c e .  T h i s  t e n s i o n  i s  n  g  t r l N / m 2 .  T h e  m a t e r i a l  i s
s t  -  5 2 - 3  f o r  w h l c h  t h e  y i e l d  s t r e s s  i s  3 5 0 - 4 o o  t r r x / m 2 .

3 . 6  D r i v i n q  b e n d i n q  m o m e n t s  d u r i n g  o p e r a t i o n

F i g u r e  3 . 1 6  s h o w s  t h e  d r i v i n g  m o m e n t  a t  s t a t i o n  B ,  F i q .  3 . 2 ,  f o r
o n e  b l a d e  a n d  t h e  f o r c e s  i - n  t h e  t w o  a d j a c e n t  i n - p l a n e  s t r u t s  d u r i n q
a normal  s t 'op  sequence.  The f igure  shows tha t  g rav i ty  fo rces  are
e n t i r e l y  d o m i n a n t  a n d  t h a t  a  n o r m a l  s t o p  i s  u n d r a m a t i c ,  a l t h o u g h
t h e  f i r s t  i n - p l a n e  m o d e  ( m o d e  4  o f  T a b l e  3 . 1 )  o f  . r ,  3 . 4  H z  i s  e x c i t e d
w h e n  t h e  g e n e r a t o r  i s  d j - s c o n n e c t e d  f r o m  t h e  g r i d .  T h e  p e a k s  o n  t h e
t r a c e  f o r  t h e  m a i n  s h a f t  t o r q u e  a r e  d u e  t o  s l a c k  i n  t h e  D o w e r
t r a i n  ( c f .  r e f .  2 . L ) .

F i g u r e  3 . 1 7  s h o w s  i n  m o r e  d e t a i l  t h e  t r a c e s  o f  t h e  d r i v i n g  m o m e n t s
i n  a l l  b l a d e s  a t  s t a t i o n  B ,  t h e  m o m e n t  M 3 l A 2  b e i n g  s h o w n  2 1 ,  t j _ m e s
e n l a r g e d  c o m p a r e d  t o  t h e  t w o  o t h e r s .  T h e  t r a c e s  a r e  b a s i c a l l y  s j - n u s -
o i d a l ,  b u t  c l e a r l y  s u p e r p o s e d  b y  t h e  f o u r t h  m o d e  o f  T a b l e  3 . I  ( t  3 . 4
H z  i n - p ] a n e ) .  f n  a d d i t i o n  t o  t h e s e  o s c i l l a t i o n s  t h e  t r a c e  o f  M 3 I A 2
s h o w s  r e g u l a r  c u s p s  a t  t h e  b o t t o m  o f  e a c h  p e r i o d .  o n e  m o n t h  l a t e r
t h i s  c u s p  h a s  d e v e l o p e d  i n t o  t h e  a b n o r m a r  t r a c e  s h o w n  i n  F i s .  3 . 1 8 ,
wh ich  lnd ica tes  some mechan i -car -  p robrem,  most  p robab ly  in  the

b e a r i n g  o f  t h a t  p a r t i c u l a r  b l _ a d e  ( c f  .  F i g .  3 . 2 )  .

F i g u r e  3 . 1 9  s h o w s  t h e  p r e d i c t e d  i n - p l a n e  m o m e n t  d i s t r i b u t i - o n  d u e  t o
g r a v i t y  f o r c e s  w h e n  t h e  b l a d e  i s  h o r i z o n t a l .  F r o m  F i g .  3 . r 7  t h e

ampl i tude 40  kNm is  read,  wh j -ch  cor responds we l - I  to  the  va lue  shown
i n  F i g .  3 . 1 9  f o r  t h e  g a u g e  o n  t h e  s h a f t .

F r o m  F i g .  3 . 1 6  t h e  t e n s i l e  f o r c e s  1 0  k N  a n d  1 6  k N  a r e  f o u n d  i n  t h e

s t r u t s  p o i n t i n g  f o r w a r d  a n d  b a c k w a r d s ,  r e s p e c t i v e l y ,  d u r i n g  a  s h o r t
p e r i o d  j u s t  b e f o r e  s t o p .  T h i s  c o r r e s p o n d s  t o  a  d r i v i n g  f o r c e  o f  3  k N
a t  r a d i u s  B  m ,  w h i c h  a g a i n  c o r r e s p o n d s  t o  a  r o t o r  s h a f t  t o r q u e  o f
72  kNm.  Th is  agrees  we l - l -  w i th  the  to rque 76  kNm recorded fo r  the

torque in  the  shaf t .  By  compar ison w i th  the  recorded e lec t r i c  power

o f  1 9 0  k W  t h e  e f f i c i e n c y  o f  t h e  p o w e r  t r a i n  a n d  g e n e r a t o r  a t  t h i s
p o w e r  i s  0 .  7 5 .
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I t  s h o u t d  b e  n o t e d  t h a t  i n  b o t h  s t a y s  o f  F i g .  3 . 1 6  t h e r e  a r e  p o s i -

t i v e  t e n s i l e  f o r c e s .  T h i s  m e a n s  t h a t  t h e  b e a r i n g  s e e m s  t o  b e  s t i c k -

ing  in  the  house and there fore  car r ies  a  rad iaL  load wh ich  was

un in ten t iona l .  Th is  cou ld  be  the  reason fo r  the  abnorma]  t race

o f  t h e  d r i v i n g  m o m . e n t  i n  F i g .  3 - 1 8 .

3 . 7 .  S t r e s s e s  d u e  t o  g r a v i t y  f o r c e s

The bend ing  moment  in  the  t runn ion  due to  g rav i ty  i s  37  kNm accor -

d i n g  t o  r i g .  3 . 1 9 .  T h e  s t r e s s  i s  c o r r e s p o n d i n g l y  t  2 4  I t l N , / m 2 .  T h e

superposed s t ress  f rom the  dr iv ' i "ng  moment  i s  o f  the  order  o f  14

MN./m' at maximum power.
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3 . 8 .  D e f l e c t i o n s  o f  t h e  b l a d e

F i g u r e  3 . 2 0  s h o w s  a  c a l - c u l a t i o n  o f  t h e  b l a d e  d e f l e c t i o n  c a r r i e d

out  by  the  Depar tment  o f  Eng ineer ing ,  O le  Gunneskov ,  R iso ,  re f .

3 . 2 .  T h e  l o a d  c a s e  i s  c a l c u l a t e d  f o r  a  d u t y  c o n d i t i o n  f o r  w h l c h

the  power  a t  the  ro to r  sha f t  i s  609 kW,  the  max imum power  ca fcu-

la ted  a t  b lade t ip  ang le  -4o .  The de f lec ted  shapes are  shown fo r

a  pure  rad ia l  b lade in  curve  I  and fo r  a  b l -ade w i th  cone ang le  60

i n  c u r v e  2 .  T h e  c o n i n g  e f f e c t  r e d u c e s  t h e  t i p  d e f l e c t i o n  b y  2 5  %

and the  max imum ax ia l  bend ing  moment  in  the  s tee l  sha f t  i s  cor res-

p o n d i n g l y  r e d u e e d  b y  4 0  o / o  a s  s h o w n  i n  f i q .  3 . 2 I .

Ax ia l  bend ing  momen t

I k N m ]
. - . : .  - . . - _

' : .

l4ax imum c o n d i t i o n s

R a d i a l  b l a d e

I n c 1 .  c o n i n g  e f f e c t
!n

s t a y  s u p p o r t i n g

p o i n t

o
@

t -
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I
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F i q u r e  3  . 2 1
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4 . D I S C U S S I O N

4 .1 .  The  p re l im ina ry  measuremen t  sys tem.

This  ad hoc measurement  system was re lat ive ly  eas i ly  establ ished. ;

the main problem was the in f luence of  the measurement  system on

some of  the channels  shared wi th  the turb iners microcomputer .

Af ter  separat ing the system f rom the computer  by ampt i f iers
there have been no problems in  the record ing of  operat ional
parameters.  The record ing of  the rotor  channels  has been hampered
by  no i se  caused  by  the  l ong  cab les  abso rb ing  rad io  s iEna ls .  Th i s
occas iona l l y  caused  the  s t ra in  gauge  p reamp l i f i e r s  to  osc i l l a te ,
but  modi f icat ions on the preampl i f ier  insta l - l -a t ion have removed
t h e s e  o s c i l l a t i o n s .

The system has served -  and st i l l  serves as a means of  obta in-
ing pre l iminary data in  a versat i le  way.  This  means that  i t  may be

used by in terested persons wi th  a min jmum of  inst ruct ions,  thus
permi t t ing ear ly  assessments of  turb ine behavior  and of  the

va l i d i t y  o f  t he  des ign  ca l cu la t i ons .  The re fo re  a  s im i l a r  sys tem
wi lL  be estabr ished on the mod B turb j -ne.  The penal ty  is  an
accuracy of  not  bet ter  than 5-15?.  The Brush prot ter  is  not
ideal ly  su i t ,ed because i t  is  ab le to  resolve f requencies far
beyond the frequency range of interest. in the wj-nd turbines,
whi le  the ampl i tudes of  the records are l imi ted to  about  5 cm.
However ,  the prot ter  has proved reasonabry re l iab le whi le
standing unattended for several months in an unheated room j_n

the turb ine tower,  and i ts  ab i l i ty  to  record up to  6 channel -s

s imul taneously  has proved va l_uable.

4 . 2 .  T h e  r e s u l t s

The measurement  resul ts  are in  good agreement  wi th  the predic ted

values.  However ,  they a]so show some anomar j -es that  shourd be
inves t i ga ted  fu r the r .

The most  p ronounced charac ter is t i cs  o f

mod A w ind  tu rb ine  as  they  appear  f rom

s t a y e d ,  s t a 1 l - r e q u l a t e d

m e a s u r e m e n t s  a r e :

the

the
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Grav i ty  fo rces  are  c lear ly  the

f o r c e s .  A s  i n d i c a t e d  i n  F i g -  3 .

very  impor tan t  ro le  in  keePing

most  dominan t  i n -p lane

19  the  i n -p lane  s t ru t s  P laY  a

the resul t ing b lade moment  low.

For  the out-of -p lane loads i t  is  character is t ic  for  a  turb ine

which is  regulated as the mod A turb ine that  dur ing a normal

Ftop sequence the b lade passes through h iqh l i f t  coef f ic ients

to  a  s ta l l ed  cond i t i on .  Th i s  means  tha t  t he  b lade  i s  exposed  to

loads of  the same magni tude as those at  h igh wind speeds '
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Append ix  A .

A Note  about  w ind  ru rb ine  Rotor  Lay-ou t  Min imiz ing  the  Mater ia l

Fa t igue Prob lem

b y  H e l g e  P e t e r s e n

An obv ious  fea ture  o f  a  b lade wh ich  produces  des ign  prob lems is

the  d iv is j -on  o f  the  b lade in  o rder  to  p i tch  i t .  The two N ibe  w ind

t u r b i n e s  s h o w n  i n  F i g .  A I . ,  a r e  c o n v e n t i o n a l  i n  t h i s  r e s p e c t '

F i q u r e  A . 1 .

For the mod A the b lade is  d iv ided in  an outer  and an inner  b lade

p a r t , t h e o u t e r b t a d e p a r t i s s t r u c t u a l l y ' ' S h r u n k ' ' t o b e a b l e t o

pass through the bear ing at  the end of  the f ixed inner  b lade par t '

For  mod B the whole b lade is  carr ied by a large bear ing at  the

blade root  and th is  l imi ts  the s t ructura l  d iameter '

Two  o the r  so ru t i ons  a re  shown  in  F ig .  A .2  and  A .3 ,  named  concep t

n2g t t  and  Concep t  "  50  "  ,  r espec t i v i l y  '

,-i:\
-'-l'.

-\

BA
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T h e  w i n d  t u r b i n e  i n  F i g .  A . 2 ,  C o n c e p t  " 2 8 " ,  h a s  s t r u t t e d  b l - a d e s .

H o w e v e r ,  t h e  s t r u t s  a r e  h i n g e d  t o  t h e  b l a d e ,  t h e  h i n g e  b e i n g

p l a c e d  o u t s i d e  o f  t h e  b l a d e  s t r u c t u r e ,  a n d  t h e  r o o t  o f  t h e  b l a d e

i s  h i n g e d  t o  t h e  h u b .  S t i l l  t h e  b l a d e  c a n  p i t c h  9 O o .  I n  t h i s  w a y

the  b lade s t ruc tu re  i s  no t  in te r rup ted  by  a  shaf t  and bear lnq .

T h e  w i n d  t u r b i n e  s h o w n  i n  F i g .  A . 3 ,  C o n c e p t  " 5 0 " ,  h a s  a  c a n t i -

lever  s t ruc tu re  f i xed  to  the  hub and sur rounded by  the  ho l low

b lade.  Th is  a l l -ows the  b lade to  p i tch  around the  car ry ing  member .

As  fo r  Concept  t t29 t t  the  bend ing  moment  decreases  f rom the  pos i -

t j -on  o f  the  ou ter  bear ing  a t  the  end o f  the  car ry ing  member  towards

the  hub.  fn  the  car ry ing  member  o f  r r50r r  the  bend i -ng  moment  i s

zero  a t  the  ou ter  bear ing  and increases  towards  the  hub.  However ,

i t  i s  l e s s  d i f f i c u l t  t o  d e s i g n  a  f i x e d  s t r u c t u r e  s t r o n g  e n o u g h

t o  w i t h s t a n d  t h e  f a t i q u e  l o a d s .

-:E:.+--

I

I

I

I
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PART I I :  FLAPWISE BLADE VIBRATIONS IN THE NIBE A W]ND TURBINE

AT HIGH WIND SPEEDS.  MEASUREMENTS,  A  POSSIBLE EXPLA-

NATION OF THE PHENOMENON AND THE SUGGESTION OF A

MODIFICATION OF THE STAY SYSTEM
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1 .  I n t roduc t i on

A pre l iminary measur ing system has been establ ished in  order  to

obta in checks on the design assumpt ions and to  moni tor  the

behavj -our  of  the s ta l l - regurated Nibe wind Turb ine 1tA"  dur ing
commiss ioning.  A ser ies of  measurements has been repor ted in
Ref  .  L ,  and a separate ser ies of  measurements,  dur j -ng whj -ch the
brade pitch angle was varied at wj-nd. speeds close to maximum
power,  has been repor ted in  Ref .  2 .

Dur ing the 24Lh to 25i -h,  o f  Apr i l  1980 a 24-hour  test  run wi th

the turb ine was star ted.  At  wind speeds in  the range r2-L6 m/s,

us ing the prer iminary measur ing system, per iods of  s t rong f lap-

wise b lade osc i l la t j -ons were observed at  a  f requency correspond.-

ing to  the 2 Hz of  the f i rs t  to  the th i rd  fundamenta l  f lapwise

e igen f requency  (Re fs .  3  and  4 )  .

str ip charts from tl :e test run are shown in this note with a
possib le  explanat ion of  the mechanism that  dr ives the phenomenon.

I f  th is  explanat ion should prove to  be correct r  w€ would

conciude t .hat  s t .a l l - regulated wind turb ines ought  to  have
re lat ive ly  r ig id  b lades.  A modi f icat . ion of  the Nibe ,A,  s tay

system is shown as a possible remedy should the phenomenon prove

t o  b e  s e r i o u s .

2 .  Measuremen ts  made  24 -25  Apr j_ l  I 980

str ip  char ts  were taken of  the channel -s  l is ted below,  us ing the
measur ing system as descr ibed in  Ref .  l .  The sensors coupled to
the Brush wr i ter  were

1.  Wi-ndspeed at  58 m height

2.  Act ive power (kW)

3 .  O u t  o f  u s e

4.  Trunnion moment  orange b lade

5 .  r r  I t  y e l l o w  r r

6 .  
r r  r t  

f e d  
r l

F ig .  2 .L  shows  the  pos i t i on  o f  sec t i on  2 ,  where  the  s t ra in
gauges are praced.  From here the s ignal  is  t ransferrec l  v ia
preampl i f iers  wi th  ampl i f icat ion 1000x and s l ip  r ings down to
a Brush p lot ter  a t  the bot tom of  the turb ine tower (c f .  F ig .  2 .2)
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On th is  occasion the Brush p lot ter  was supplemented wi th  a

Hewlet . t -Packard f requency analyzer  (Model  372IA)  and an XY-

plot ter  for  the pr in tout  o f  f requency spectra.

F ig.  2 .3 shows a record of  a  typ ica l  t race of  a  t runnion moment

aS  was  reco rded  ea r l i e r  a t  re la t i ve l y  h igh  w ind  speeds .  The

signal  is  main ly  s inusoidal  (grav i ty  forces and wind shear)

superposed by a two her tz  osc i l la t ion ( the fundamenta l  f lapwise

f  requency)  .  The dynamic anrp l i tude is  approx.  20e"  of  the s tat ic

ave rage  o f  t he  s igna l .

F ig .  2 .4  i nd i ca tes  an  ups ta r t  reco rded  on  24  AprLL  1980 .  Fo r

each revolut ion the t race has one very pronounced peak that  is

p resen t  a l so  a t  ve ry  s low  ro ta t i on ;  t he re fo re ,  t h i s  can  sca rce l y

be ca l led a dynamJ-c ef fect  j -n  the b lade.  No explanat ion of  th is

phenomenon has been found,  but  a  poss ib le  one is  that  the

channel  is  sensi t ive to  r :ad j -o waves;  they wi l l  cause an of fset

o f  t he  s igna l  l eve l ,  a l t hough  an  o f f se t  as  l a rge  as  th i s  has

not  been recorded ear l ier"  The phenomenon seems to d i f fer

f  rom that  deal" t  wi th  la ter .

F ig.  2 .5 reproduces the f requency spectrum corresponding to  the

t race  o f  F ig .  2 .4  (above )  compared  w i th  tha t  co r respond ing  to  a

normai-  t runnion moment  s ignal  (be low).  The spectra are shown

wi th a l inear  f requency ax is .  The specLra should be taken wi th

some reservat ion because the f requency analyzer  could not  be

precJ-sely  adjusted to  the s ignal ;  the f requency of  the rotor

is entirely dominant in the spectrum shown above, however, while

a normal trunnion moment spectrum shows a furLher peak at the

f  lapwise e igenfrequency

Fig.  2 .6 is  a  record of  a  sequence of  the 24-hour  run '  a t  a  t ime

when the wind speed is  approx.  L2 m/s.  There are shor t  per iods

where osc i l la t ions at  2  Hz are dominant ,  and the corresponding

spectrum is  much l ike that  shown in  F ig.  2 .5 below.

Fig.  2 .7 i l lus t rates a sequence of  the 24-hour  run where the

wind speed is close Lo L5 m/s corresponding to a power producti-on

of  more than 500 kW, i .e .  Lhe b lad.es are c lose to  a fu l ly  s ta l led

condiLion. During a. period of several minutes Lhe dominant term

in  the  s igna l  i s  a  2 -Hz  f l apw ise  osc j - l l a t i on ,  hav ing  a  l a rge
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amp l i t ude .  A lLhough  F igs .  2 .6  and  2 .7  a re  taken  a t  d i f f e ren t

paper  speeds the character  o f  the s ignals  in  the two f igures

a re  c lea r l y  d i f f e ren t  f rom each  o the r .

The spectrum corresponding to  F ig.  2 .7 is  shown below in

Fig.  2 .8 i  a  normal  spectrum is  shown in  the above par t  o f  the

f igure.  In  the spectrum below the rotat ional  f requency of  the

rotor  is  just  v is ib le ;  the f lapwj-se fundamenta l  f requencies,

however, are dominant.

^ n
v.ll4r/ J I

^

F i q . 2 . 8 .

Tab le  2 .L  shows  a  su rvey  o f  t he  s igna ls  o f  F ig .  2 .3  to  2 .7 .  The

phenomenon shown in  F ig.  2 .7 is  c lear ly  associated wi th  dynamic

amplitudes that are signif icant, ly larger than the amplj-tudes

d.uring normaL operation. However,

S i g n a I
f i g .

kw l40ment
m i d d r a m p l .

f
ampl /s ta t

2 . 5

2 . 4

2 . 6

2 . 7

L70

4 9 0

5 7 0

I11 t  19  k i t lm

6 7 ! 5 0  k N m

92!33 kNm

9L!40 kNm

0 .  1 7

0 . 7 4

0 . 3 6

0  . 4 4

Table 2.1.  Survey of  t runnion moments.
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the s tat ic  averages are correspondingly  lowerr  so that  the

maximum moments are the same as during normal operation.

This  phenomenon is  observed at  windspeeds s imi lar  to  those

present  dur ing the measurement  ser ies repor ted in  Ref  '  2 ,  where

the phenomenon was not  observed.  However ,  a t  that  locat ion the

wind speeds were s1 ight ly  lower  than on 25 Apr i l ,  and the degree

of  turbulence was markedlY lower.

In  the  fo l low ing  sec t ions  s ta l l - j -nduced v ib ra t ions  are  inves t i -

g a t e d  a s  a  p o s s i b l e  e x p l a n a t i o n  o f  t h e  o s c i l l a t i o n s .

1 e ree of  f reedom model  for  s ta l l - induced osc i l la t ionq

One possib le  explanat ion of  the osc i l la t ions is  that  they are

caused .  by  so -ca l l ed  s ta l l  f l u t t e r ,  i . e .  s ta l l - i nduced  v ib ra t i ons .

In  order  to  invest igate th is  poss ib i l i t 'y ,  a  s imple one degree of

f reedom model  has been establ ished.r  so that  the pr inc ipa l

features of  the phenomenon may be invest igated and compared wi th

the measured response of  the turb ine.

In this chapt,er the equations are derived that descri-be stal l-

induced osc i l la t ions of  a  b lade t ip  of  a  s ta l l - regulated wind

turb ine.  The most  impor tant  s impl i fy ing assumpt ions are:

The a i r  f low is  laminar ,  homogeneous,  and has the consLant

vefoc i ty  v '  para l le l  to  the rotor  ax is .

The t ip movement is supposed to have one degree of free-

dom, perpendicu lar  to  the rotor  p lane.  The reason for

th is  is  that  the mechanism is  supposed to rest  on the

lowest  f lapwise e j -genmode for  a  s ing le b lade '

s i

a .

c . The wind load on the blade is

w ise  l inear  dependencY on the

this way the load term of the

I  i n e a r i z e d .

supposed to have a Piece-

angle of  j -nc idence.  In

equat ion of  mot ion is

d.  The angle of  inc idence is  computed d i rect ly  f rom the wind

speed vrr. The reason for this is that at the power level

where the phenomenon is assumed to be signif icant, the

aerodynamic eff iciency is small and the axial j-nduction

factor  therefore is  correspondingly  smal l -
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e . The deve lopment  i s  based on  the  de f lec t ion  o f  the  b lade

t ip .  The reason fo r  th is  i s  tha t .  the  l -oad as  we l l  as  the

d i s p l a c e m e n t  i s  l a r g e s t  a t  t h e  t i p ;  t h e r e f o r e  t h e  t i p

de f lec t ions  de termine whether  o r  no t  the  phenomenon occurs .

We cons ide r  a  con f i gu ra t i on  as  shown  in  F ig .  3 .1 .

F iq .  3  . I .  Con f  i gu ra t . i on  o f  b lade  t i p .

The f igure shows the b lad.e t ip  that  moves in  the posi t ive

x-d i rect ion wi th  the t rans lat ional  ve loc i ty  v*  due to  the

rotat ion of  the rotor .  The t ip  is  in f ruenced by the wind speed

Vn,  act ing j -n  t .he posi t ive y-d i rect ion.  The t ip  has the p i tch

angle oo rerat ive to  the rotor  p lane,  and the re la t ive wind
veloc i ty  vector  i '  has the angle of  a t tack o to  the t ip  chord.
r t  is  assumed that  brade def l -ect j -ons cause the t ip  to  move in
the y-d i rect ion onry,  and by inc lud ing the ve loc i ty  v  of  th is
movement ( i .e. assumingi that y is not smarl compared. to vrr) the
fo l l ow ing  re la t i on  i s  ob ta ined :

( r )

The f i rs t  term corresponds to  the angre of  a t tack a dur ing
stat ionary condi t ions,  whi le  the second term is  the change in  g

due  to  osc i l l a t , i ons .  Thus ,

/ V n
0 = l ' "

\tn
- J _

V m
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n
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v - om

The

The

load act j -ng on the b lade t ip  j -s  a  f  unct ion of  o .

t ip movement is described by the equatj-on

i +  Z e u i + t i z y =  P ( c r )

i .e .  the descr ip t ion is  based on the fundamenta l  f requency 0J7

the s t ructura l  damping rat io  6,and the load p(c l ) ,  and that  due

Eq .  (2 )  depends  on  y .  Thus  the  l i nea r  equa t i on  (3 )  has  a  l oad

term that couples to the solution because of the dependency on

y.  This  coupl ing is  l inear ized by in t roducing the p iecewise

l j -near  load shown in  F ig .  3 .2.  This  curve form is  a

reaLis t ic

with the

n i  ( o )

F iq .  3 .2 .  P iecew ise  l i nea r  l oad .

one for a t ip profi le, as can be seen by comparing it

curves in  F ig.  3 .3.  The load assumpt ion then becomes

= - i 0 * b i oiloloi+r,

where

. i  =  (P i * t  -  P i )  /  @t * ,  o i ) ,  and

( 3 )

O  l - - - - -

( 4 )
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b .  =  p .  a , ' c ! ,  .
I  

- I  I  I

By in t roducing the load Eq.  (4)  in to Eq.  (3)  we f ind

where  the  l im i ts  c r i  cor respond

Y i  =  ( c l - o i )  ' v m .

C ! . ( O [ ( C ! . , r ,

to  the ve loc i t . ies

Thus ,Eq .  (5 )  i s  va l i d  i n  t he  ve loc i t y  range

Y i -  1  Y  '  Y i + I '

Assuming in i t ia l  va lues V!  ana V!  a t  t f re  t ime to,  in  th is

in te rva l  Eq .  (5 )  has  the  so lu t i on

a .
+  ( 2 e u  *  * ) y * r ' ym

= ar6+b, ( s )

( 6 )

( 7 )

( 8 )

y =

where

v^

ul ,
l-

R" i

y =  *  C i "  B i t  " o "  ( u r r t . - Q ) ,

=  ( a . c r  +  b . ) / u z' l r

ry
g + ui /u^

, i t o  a r c t a n  f , 6 o L /  t v ! - v = )  - B i )  / u i )

(v ! -v=  1  sg  L to  Tcos  (  o i to -o i )

A _
' l -

].

I f  a,  is negat ive and Lras a suff ic ient ly large numerical  value

for gi  to be negat j-ve, the solut ion in this interval  is not

damped but  inc reas ing .

This means that Lf the blade enters a di-splacement pattern

where the angle of attack cr, pendle across the maximum of the

Ioad curve F ig.  3 .2,  s tat ionary osc i l la t ions may occur  in  which

each period consists of a part with negative damping Bi, where

energy is  in to the movement , .  and a par t  wi th  pos i t ive

damping, where energy is taken from the movement.



6 1

With a load as that  shown in  F ig.  3 .2 the ampl i tudes of  the

movement  cannot  increase arb i t rar i ly ,  because the damping on the

par t  o f  the curve wi th  pos i t ive s lope wi l l  take energy f rom the

movement .  Therefore,  the term sta l l  f lu t ter  is  not  ind icat ive of

I
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Seclpn onqle of ottock, oe, deq

Fig. 3.3. Aerodynamic coeff icients for the blad.e profi le NACA

4415,  that  is ,  the t ip  prof i le  for  the Nibe turb ines at  rad ius
18 m, 2 m from the blade t ip. The curve A shows the l i f t  co-

ef f ic ient  Cl  versus the angle of  a t tack o for  th is  prof i le ,

when i t  has some speci f i -ed roughness c lose to  the leadj -ng edge.
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the  mechan ism wh ich  cons is ts  o f  s ta t ionary  osc i l la t ions  o f
l im i ted  ampl i tude.

The equat ions shown above are coded in a FORTRAN IV program that
solves the equat, j -on of motion by simulat ion. The blad.e t ip is
given an ini t ia l-  dispracement and,/or veloci ty,  and. then the
movement is descr j-bed stepwise over a number of revolut ions

suf f i c i -en t ry  la rge  to  de termine i f  the  osc i r la t ion  d ies  down
or  deve lops  in to  a  s ta t , ionary  osc i l la t ion .

In the program the load j-s

seen  f rom Eq .  (3 )  t ha t  t he
Ip l .acement  v  rs
5

i , ip ^  =  i r ) - y ^ .
- J

app l ied  in  the  fo l low ing  way:  I t  i s

l -oad cor respond ing  to  a  s ta t i c  d is -

( a )

r f  the wind ]oad d is t r ibut ion for  the actual  b lade at  a  g iven
wind speed v.  is  ca lcu lated,  th is  wind road d. is t r ibut ion may be
appr ied on a f in i te  e lement  model  o f  the brade whereby the t ip
d. ispracement  v j  may be found.  By means of  Eq.  (g)  the load to
be used in  b i re  d imensionless Eq.  (3)  may be determined.  I f  th is
is  repeat .ed for  a  number of  wind speeds the load curve F ig.  3 .2
may be descr ibed at  the degree of  sophis t icat ion that  is  jud.ged
to  be  necessa ry .

Cal -cu lated resul ts  for  a  dut eond.it ion

rn this chapter some results are shown that are computed using
the model  for  a  p i tch angle oo = -4 deg corresponding to  the
set t ing at  h igh wind speeds.  The wind load.  is  prescr ibed.  as
described in Chapter 3 with a wind load distr ibution taken from
Ref. 5, and with t ip deflections computed by the beam model
desc r ibed  i n  Re f .  3 .  The  resu r t i ng  w ind  road  i s  shown  in  F ig .  4 . r .

rn  F ig .  4  -2 some resul ts  are shown f rom a ser i -es of  ca lcu lat ions
made for varying wind speed vrr. The inf luence of the ratio c of
structural damping is shown. Due to the simplif ications inherent
in  the model ,  absorute varues of  the resul ts  should be taken
with some reservation. However, i t  seems reasonable to draw the
genera l  conclus ions g iven below.
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With a smooth load curve ( i .e .  a  curve wi thout  pronounced

corne rs ) ,  s ta t i ona ry  s ta l l - i nduced  osc i l l a t i ons  may  occu r

spontaneously  at  a  wel l -def ined wind speed v3"  This  wind speedn
most  probably  corresponds to  that  a t  which the s ta l l  reaches

the b lade t ip ,  which j -s  13-15 mr ls  for  the Nibe ' rA ' r  turb ine.

When stat ionary osc i l la t ions occur  the dynamj-c  ampl i tude is  o f

a  l a rge  magn i tude ,  and  i t  r i ses  w i th  i nc reas ing  w ind

speed.  Osci l la t j -ons may occur  at  wind speeds nelow vf l ,  which

is  the case for  the load curve ind icated wi th  dot ted l ines in

F ig .  4 . I .  However ,  t h i s  demands  i n i t i a l  d j - s tu rbanc ies  o f  a

magni tude that  is  considerable,  especia l ly  for  the smooth curve.

Most  probably ,  therefore,  under  rea l is t ic  condi t ions these

osci l la t ions may occur  per iod ica l ly  j -n  a range of  wind.  speeds of

a l imi ted extent  around.  v f , ,  preferably  in  turbulent  wind.  The

oscj - I la t ions may be in i t ia ted by a gust ,  and they may be stopped

aga in  by  ano the r  gus t .  The  pa t te rns  shown  in  F ig .  2 .6  and  2 .7 ,

a l though mutual ly  d i f ferent ,  are expected to  be typ ica l  for  th is

phenomenon.

Changes j-n the structural darnping within realist ic l irn-i ts have

only  a smal l  in f luence on the resul ts ,  whi le  the shape of  the

load curve has a large inf l-uence. The wind speed rf,  =""*" to be

determined by the maximum of the curve, but the magnitude of the

oscil lat ions seems to depend on the sharpness of the maximum. If

the curve has a jump as ind icated.  in  F ig.  4 . I ,  the phenomenon

may occur  in  a s ign i f icant ly  larger  wind speed range as ind icated

in F ig.  4 .2.  I f  the curve has a p lat .eau at  the maxi :num such

large start, ing amplitudes are required that the phenomenon wil l

scarcely  take p lace.

( . r x r o )  

{  )
B t - - - . - -

F i q .  4 . 1 .  W i n d  l o a d  a p p l i e d  i n  t h e  m o d . e l .
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'  E j .q .  4 .2.  Resul ts  for  p i tc l r^  an91e.  oo = -4 deg.

A gross est, imate of the t ip deflections that correspond to the
measured moment amplitudes may be made as forlows: The average
moment at high wind speeds is approx. 100 kNm, which, according
to F ig .  3 .2 of  Par t  r  corresponds to  a t ip  d.ef  tect ion of  the
order of magnitude 0.6 m. The moment amplitude of the magnitude
40 kNm therefore corresponds to displacement amplitudes of the
order  0.25 m,  whi le  F ig.  4 .2 predic ts  d. ispracement  ampt i tudes
o f  0 . 4 0  m .
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The conc lus ions  based on  Lhrese ca lcu la t ions  are

stal l- induced vibrations may occur i f  the axial wind- load. has

a maximum at a certain wind sPeed;

there

i n a

range

is a maximum, the vibrationg most probably wil l  occur

range of wind speeds around the maximum; t 'he size of the

seem to increase wi th  the sharpness of  the maximum;

s ince  the  mechan ism is  based on  the  in f luence o f  the  d isp lace-

m e n t  v e l o c i t y  o n  t h e  a n g l e  o f  a t t a c k ,  s t a l 1 - i n d u c e d  v i b r a t j - o n s

s e e m  t o  b e  m o s t  p r o b a b l e  f o r  s t a l l - r e g u l a t e d  w i n d  t u r b i n e s

h a v i n q  f l e x i b l e  b l a d e s .

5 .  Eva lua t i on  o f  measured  resu l t s

Fig.  5 .1 shows the magni tudes of  t .he measured t runnion moments

f i g .  2 . 3  a n d  F i g .  2 . 7  a n d  T a b l e  2 . L .  T h e  m a g n i t u d e s  a r e  s h o w n

re la t i ve  to  those  p red i c ted  compu ta t i ona l l y  i n  t he  so -ca l l ed

Ioad spectrum, deal t  wi th  in  Ref .  4  and or ig ina l ly  publ ished

in  a  no te  AFM VK-22 -780108  "Be las tn i -nge r  p&  ro to rb lao '  ro to r  A ' r

( "Loads  on  ro to r  b lade ,  ro to r  A " ) .  He re  the  spec t rum i s  conve r ted

to t runnion moments.

I t  appears  tha t  t he  t runn ion  momen ts  o f  F ig .  2 .3 ,  t he  no rma l

duty  condi t ion aL a power output  o f  approx.  500 kW'  agree weI I

wi th  the load spectrum.

The t runnion moments of  F ig.  2 .7 have character is t ics  that ,  are

d. i f ferent  f rom those found j -n  the load spectrum. This  is  reason-

able because t.hey are not as such incl-uded in the load spectrum,

and they should therefore be considered as loads to be added to

t .he spectrum 1n the evaluat ion of  Lhe l i f  e t ime of  the b lades.

Lf  i t  is  assumed that  the t runnion moments of  F ig.  2 .7 occur  in

approx. 2? of the t ime of -operation 
the nrunlcer of such moment

cyc les  w i I I  be  app rox .  106  pe r  yea r  o r  3 .107  d .u r i ng  30  yea rs .

Th is  i s  s ign i f i can t  i f  t he  co r respond ing  s t resses  a re  h igh ;

in  th is  case the s t resses should be evaluated.

steel trunnion has the outer and inner diameters 282 mm and

mm, respect ive lyr  so that  the cross-sect ional  moment  of
The

2L0
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i n e r t i a  i s  2 . r 5 . 1 0 - 4  m 4 .  F r o m  T a b r e  2 . L  t h e  r a r g e s t  a n d  t h e
smallest trunnj-on moments, 131 klr lm and 51 klr lm, respectively, are
taken,  leading to  the correspond. ing s t resses 86 N, /^m2 and

)
33 N, / run- .  This  s t ress range cannot  be considered smal l  for  such
a large number of  cyc les.

r f  these resul ts  are judged to reduce the expected l i fe t ime
dras t i ca f l y ,  and  i f  i t  t he re fo re  i s  cons ide red  des i rab le  to
suppress the osc i l la t ions,  i t  may be done by means of  a  modi -
f i ca t i on  o f  t he  s tay  sys tem as  shown  in  F ig  .  5 .2 .  A  po in t  on
the b lades near  the t ip  at  rad ius 18 m is  connected to  the hub
by stays point ing forward.  r f  th is  is  done,  i t  w i r l  seem naturar
at the same time to j-nterconnect the blades by means of stays
as shown in  the f igure.  By doing th is ,  the osc i l la t ing roads
due to grav i ty  forces may be s ign i f icant ly  red.uced.

6 .  C o n c l u s i o n

Dur ing measurements on the Nibe 'A1 '  wind turb ine 24 and 25 Apr i l
1980,  us ing the prer iminary measurement  system, f lapwise
osci l la t ions were observed at  a  f requency of  2  Hz and wi th
s ign i f icant ly  large ampl i tud.es of  the order  r5O kNm in the s teel
t runnion.  The osc j - I la t ions occurred per iod ica l ly  a t  winc l  speed.s
13-16 m/s at  power output  500 kw and.  above.  wind d i rect i -on was
NNE; the a i r  was rather  turbulent .  Durat ions f rom a few seconds
to more than one minute were observed.

one possibre explanation is that the ph-enomenon is caused by
sta l l - induced stat ionary osc i l la t ions,  and resul ts  f rom computa-
t ions us ing a s imple one degree-of - f reedom model  o f  a  b lade t ip
are g iven-  The resul ts  show that  such osc i l la t ions are poss ib le ,
and that i f  this should be the case then the forlowing ought to
be expect,ed for the Nibe 'A,, wind. turbine:

The osc i l la t ions should be expected to  occur  per iod. ica l ly ,
especial ly in turbulent wind at a power output above
5 0 0  k w .

a .

The observed amplitudes of t5O kl{rn do not
immed.iate danger for t,he rotors. However,
for  the fa t igue l i fe  should be considered.

represent any

the implicatj-ons

b .
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extension of  the operat ional  wind speed range above

m/s should be accompanied by measurements.

I f  these osc i l la t ions prove to  be a problem, they may be sup-

pressed by means of  a  modi f icat ion of  the s tay system, whereby

the blade t ips are connected to each other and to the hub by

means  o f  add i t i ona l  s tays .

c .  A n

1 5
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Abstract  I

I
T h e  r e p o r t  i s  i n  t w o  p a r t s .  I n  t h e  f i r s t  p a r t  I
t h e  p r e l i r n i n a r y  m e a s u r e i n e n t  s y s t e n  u s e d  i s  d e s -  |I
c r i b e d ,  a n d  a  s u r v e y  o f  t h e  m e a s u r e m e n t s  m a d e  

I
u n t i l  t h e  e n d  o f  t ' 4 a r c h  1 9 8 0  i s  g i v e n '  R e s u l t s  

I
a r e  p r e s e n t e d  c o n c e r n e d  r v i t h  t h e  m e a s u r e m e n t s  " t l

t o r v e r  e i g e n f r e q u e n c i e s ,  e i g e n f r e q u e n c i e s  o f  t h e  
I

s t a t i o n a r y  r o t o r  a n d  t h e  c h a r a c t e r i s t i c s  o f  b o t h l

f  l apv ; i se  bend ing  l i r omen ts .  The  f  i nd ings  a re  com-  |I
p a r e d  w i t h  t h e  d e s i g n  a s s u t n p t i o n s '  a n d  t h e  a g r e e l

m e n t s  i s  f o u n d  t o  b e  g o o d .  I n  t h e  s e c o n d  p a r t  
I

t h e  p o s s i b l e  o c c u r r e n c e  o f  s t a l l - i n d u c e d  b l a d e  I

v i b r a t i o n s  i s  i n v e s t i g a t e d .  V i b r a t i o n s  w i t h

f i r s t  f l a p p i n g  e i g e n f r e q u e n c y  a r e  r e p o r t e d  a n d  a

o n e  d e g r e e  o f  f r e e d o : n  m o d e l  w i t h  v e l o c i t y - d e -

p e n d e n t  l o a d  i s  p r e s e n t e d .  C a l c u l a t e d  r e s u l t s

a re  shown  v . r i t h  ag ree  reasonab l - y  we l l  w i th

m e a s u r e d  c h a r a c t e r i s t i c s .  A  p o s s i b l e  r n o d i f i c a t i o

o f  t h e  s t a y  s Y s t e m  i s  s u g g e s t e d .
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