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WIND TUFlidEL INVESTIGATION OF 

A 14' VERTICAL AXIS  WINDMILL 

An exploratory invest igat ion has been made i n  the Langley Research Center 

Fu l l  Scale Wind Tunnel t o  determi ne the performance characteris t i c s  

o f  a 14 Foot (4.267 m) diameter Vert ical Axis Winchi l l .  Tests were 

made over two ranges o f  f ree stream wind veloci ty . The parameters measured 

were wind velocity, shaf t  torque, shaf t  ro ta t ion  rate, along wi th  the drag 

and yawing moment o f  the windmi 11 plus supporting structure. A velozi t y  

survey o f  the f l a w  f i e l d  downstream o f  the winchi 11 was also made a t  

one operating condition. 

The resul ts o f  these tests along w i th  some ana ly t i ca l l y  predicted 

data are presented i n  t h i s  report  i n  the form o f  generalized data as a 

function o f  t i p  speed ra t io .  Good agreement was obtained betueen the 

experimental and analyt ical  resul ts . 



INTRODUCTION 

One o f  the areas o f  current  i n t e r e s t  i n  seeking a l te rnate  energy 

sources involves the use o f  windmil ls t o  convert wind energy t o  some 

useful form. The most fami l i a r  conf igurat ion i s  the  hor izonta l  ax is  type 

having sai 1s o r  propel 1 o r  type blades as t h e  d r i  ven mehers, and an 

o r ien ta t i on  device t o  a l i gn  the  axis  p a r a l l e l  t o  the  free stream. 

h o t h e r  type o r  windmi 11 no t  qu i te  as fami l i a r  i s  t h e  v e r t i c a l  

ax is  type. Unl ike a conventional windmill, t h e  axis o f  revo lu t ion  

i s  p e r ~ n d i c u l a r  t o  the mean wind ve loc i ty  vector. This p r i n c i p l e  

was patented by G.J.M. Darrieus, re f .  1. 

The v e r t i c a l  axis windmi 11 represents a p o t e n t i a l l y  simple and low 

cost  wind e n e r y  conversion device. The po ten t ia l  f o r  cost  saving derives 

from several aspects o f  the basic design. F i r s t ,  t he  axis o f  t he  windmi l l  

i s  v e r t i c a l  thus a l lowing d i r e c t  sha f t i ng  t o  generating equipment which may 

be located on the ground. This a1 lows a l i g h t e r  weight support s t ructure.  

Secondly, a l t h o u ~ h  an a i r f o i l  shape i s  reqdi red  f o r  the  blades t o  obta in 

good performance, the blades do not  require t w i s t i n g  and mass production 

o f  the blades appears t o  be economically feasible. Third, the  windmil! i s  

omni-directional w i th  resoect t o  wind d i rec t i on  thus i t  does n o t  require 

a mechanism t o  maintain any p a r t i c u l a r  o r i en ta t i on  w i th  respect t o  the  wind 

d i rect ion.  Fourth, the major blade loads are caused by cent r i fuga l  forces 

which are essent ia l l y  steady i n  nature thus material  fa t igue should not  

be as severe a problem. The c lass ica l  v e r t i c a l  axis concept does have one 

major disadvantage i n  t h a t  i t  i s  n o t  s e l f - s t a r t i n g  and requires some 

device t o  r e s t a r t  i t  when p reva i l i ng  winds drop below the threshold leve l .  



The purpose of t h i s  report i s  t o  present the operating characterist ics 

o f  one ver t ica l  axis wincbnill design. This configuration was chosen 

since sane data had been obtained by South and Rangi , references 2 and 3, 

thereby allowing correlations t o  be made. 

The variables measured were shaf t  toque, ro ta t ion rate, wind 

velocity , to ta l  drag, t o t a l  torqtie, and veloci ty d is t r ibut ions i n  

the wake of the wincbni 11. These data have been reduced and presented 

i n  the form o f  pwer  coeff ic ient ,  drag coef f ic ient  and t o q u e  coefficient. 

Also included are typ ica l  resul ts from reference 3 and sane analyt ical  

resul ts from ref. 4. 



SYMBOCS 

Winh i11  Swept Area, ft.' (m2) 

Parer Coef f i c ien t  (see eq. ( I ) ) ,  h i t l e s s  

Torque Coe f f i c i en t  (see eq. ( 3 ) ) ,  h i t l e s s  

W i n h i  11 Rotation Rate, RPM 

2 Free-Stream Dynami c Pressure l b / f t  .' (nlm ) 

W i n h i  11 T ip  Speed/Free-Stream Veloc i ty  (see eq. (2))  , h i t l e s s  

Windmill Radius, Maximum, ft. (m) 

Toque, i n - l b  (n-m) 

Free-Stream Wind Veloci ty,  f t  ./sec (m/sec) 

2 4 2 4 Mass Density, lb-sec / i n  ( K  - sec /m ) 

Angular Velocity, Windmi 11 Rad/sec 



APPARATUS & METHODS 

TUNNEL 

The tes ts  were conducted i n  the Langley Research Center F u l l  Scale 

Wind Tunnel. Physical and operat ing character is t i c s  o f  t h i s  f a c i  1 i t y  

are given i n  reference 5. 

MODEL 

The t e s t  model was a two bladed Ver t i ca l  Axis Windmill using the  

NACA 0012 a i r f o i l  and having a maximum diameter o f  14 f e e t  (4.267 m). 

Physical dimensions are shown i n  f igure  1. The blade shape dimensions 

are shown on f i gu re  2, and the ordinates o f  t he  NACA 0012 a i  r f o i  1 are 

shown on f i gu re  3. A comnlete descr ipt ion o f  the  t e s t  model inc lud ing  

s t ruc tu ra l  analysis i s  given i n  reference 6. 

The blades used on the t e s t  conf igurat ion var ied somewhat from 

a t r u e  NACA 0012 a i r f o i l  shape. This va r i a t i on  i s  due t o  the blade 

bei ng o r i  g i  na l  l y  constructed as a check on h i  gh s trength-to-wei gh t 

fab r i ca t i on  techniques, thus, i t  was not  b u i l t  t o  close tolerances. 

The average blade chord was 5.58 (0.0142 m) inches ra ther  than 6 inches 

(0.0152 m) and the average thickness was 15% as op~osed t o  12%. I n  

add i t ion  one o f  the blades was twisted such than an average incidence 

angle o f  2 degrees ex is ted  when the blade was i n s t a l l e d  on the shaf t .  

These var iat ions were included i n  the analysis and t h e i r  e f f ec t s  were 

found t o  be s ign i f i can t .  



The windmi 11 was mounted on the H-Beam o f  the tunnel balance system 

by the use o f  cy l ind r i ca l  pylons extending from the H-Beam, through 

the ground board, and connected fore and a f t  t o  two 4" steel  channels 

as shown on f igure 4. This allowed the use o f  the tunnel scale system 

t o  measure t o t a l  draa and torque (yaw moment). 



INSTRUMENTATION AND EQUIPFENT 

The lower p o r t i o n  o f  the windmi 11 s h a f t  shown on f i g u r e  5 

was instrumented and contained accessories as f o l  lows: 

1. A manual, shoe type, automoti ve brake was i n s t a l  l e d  t o  

prevent r o t a t i o n  dur ing  uer iods o f  non- t e s t i n g  and t ranspor ta t ion .  

2. An e l e c t r i c a l l y  operated d isc  brake was provided f o r  

s topping r o t a t i o n  under emergency condi t ions . 
3. A motor generator, d r i ven  by a V-Belt from a 

pu l l ey  on the  lower shaf t .  

4. A torque sensor, loca ted  on t he  lower sha f t  between 

t he  windmi 11 and the  motor generator d r i ve .  The torque sensor a l so  

inc lude  a p i c k - o f f  t o  provide s h a f t  speed. 

5 .  An angular p o s i t i o n  pick-up, loca ted  a t  the bottom o f  

the sha f t .  

Data was recorded on magnetic taue and sirrlultaneously on 

osci  1 lograph paper f o r  imnediate assessment o f  t e s t  r esu l t s  . 
Tunnel condi t ions and balance parameters were recorded on tunnel  

f a c i  1 i t y  equipment. These inc luded  tunnel ve loc i t y ,  dynamic pressure, 

model drag, and model yaw moment. 



TEST CONDITIONS AND PROCEDURES 

The i n i t i a l  t e s t  was run a t  a tunnel wind ve loc i t y  o f  approxinately 

27.3 f t . /sec (8.321 m/sec). This t e s t  was t o  determine the  v a r i a t i o n  o f  

windmi 11 Dower outout versus r o t a t i o n  rate.  The no load cond i t ion  was 

obtained by b r i n a i n ~  the tunnel ve loc i t y  t o  approximately 14.7 ft ./sec 

(4.481 mlsec) and manually s t a r t i n g  the  windmi l l ,  then r a i s i n g  the  f ree  

stream ve loc i t y  t o  27.3 f t . / sec  (8.321 mlsec) and a l low ing  tunnel condit ions 

t o  become stable p r i o r  t o  recording. A1 1 subsequent recordings a t  t e s t  

po ints  were under s tab le  condit ions. Tunnel vel oci  t y  was then decreased 

u n t i l  the windmi 11 s ta l l ed ,  and the motor generator was coupled with a 

V-Belt t o  the w indr r i l l .  The tunnel ve loc i t y  was ra ised  and allowed t o  

s tabi  l i z e  a t  aporoximately 27.3 ft ./sec (8.32: m/sec). The windmi 11 was 

s ta r ted  w i th  the motor-generator and when i t  became s e l f  sus ta in ing  a l l  

e l e c t r i c a l  load was removed. Data was recorded under the no load  condi t ion.  

Voltage was aool ied t c  the f i e l d  o f  the qenerator u n t i l  the load 

caused the windmi l l  r o t a t i o n  ra te  t o  decrease by about 20 RPM. S u f f i c i e n t  

t ime was allowed f o r  t e s t  coridi t ions t o  become s tab le  and data was taken 

fo r  approximately 10 secs. This ~ r o c e d u r e  was reneated w i th  increments 

i n  RPM o f  about 20, u n t i  1 the appl ied load exceeded the  windmi 11 capacity. 

The power was d iss ipated i n  a r e s i s t o r  bank. 

A second t e s t  was run a t  a free-stream ve loc i t y  o f  approximately 

22.7 f t . /sec (6.919 m/sec) and the prev iously  o u t l i n e  sequence o f  events 

a t  27.3 ft ./sec (8.321 rn/sec) free-s twam veloc i  t y  were repeated. 



The area upstream o f  the w indmi l l  was surveyed w i t h  a  3  pi-obe 

rake, a l so  a dup l i ca te  survey was made downstream. These surveys were 

made w i t h  t he  w indmi l l  no t  r o t a t i n g  ana t he  blades locked normal t o  

the free-stream d i r ec t i on ,  a t  a  f ree-stream v e l o c i t y  o f  approximately 

29.3 f t . / sec  (8.931 m/sec). An add i t i ona l  survey was made downstream 

w i t h  t he  windmi71 opera t ing  a t  approximately peak e f f i c i e n c y .  F igure  6 

shows a  g r i d  o f  probe loca t ions  used f o r  t he  surveys, and f i g u r e  7 

shows the  v e l o c i t y  p r o f i l e s  o f  these surveys whew (a) i s  t he  p r o f i l e  

across the tunnel  a t  the w indm i l l  ho r i zon ta l  cen te r l i t i e ,  and ( b )  i s  

t he  survey p r c f i l e  a t  t he  v e r t i c a l  cen te r l i ne .  

It i s  i n t e r e s t i n g  t o  note t h a t  t h e  v e l o c i t y  de fec t  d i r e c t l y  

downstream o f  t he  w indmi l l  s h a f t  i s  observable even when the  w indmi l l  

i s  opera t ing  near  maximum e f f i c i e n c y .  



RESULTS AND DISCUSS I O N  

The pr imary purpose of  t h i s  t e s t  program was t o  ob ta i n  power 

c o e f f i c i e n t ,  C as a  f unc t i on  o f  the  w indmi l l  t i p  speed-wind v e l o c i t y  
P 

r a t i o ,  R. The power c o e f f i c i e n t  i s  def ined as t h e  r a t i o  o f  t h e  

actua l  w indmi l l  power ou tpu t  t o  t h e  t o t a l  power ava i l ab l e  i n  t h e  f ree 

stream f low passing through t he  area swept by  t h e  w indm i l l .  The t i p  

speed r a t i o ,  R, i s  def ined as t he  r a t i o  o f  b lade  v e l o c i t y  a t  t h e  

p o i n t  o f  maximum rad ius t o  t he  f r e e  stream wind ve loc i t y .  I n  terms 

o f  measured quan t i t i e s  these can be w r i t t e n  as fo l l ows :  

and 
r N  

R = max 
30 vm 

¶ 

A sumnary o f  t e s t  condi t ions and measured ou tpu t  i s  g iven i n  Table I. 

Included i n  the t a b l e  a re  tunnel  v e l o c i t y  w i  ndmi 11 RPM, and average 

sha f t  torque over  a  5 second t ime per iod.  To determine t h e  

v a r i a t i o n  i n  v e l o c i t y  w i t h i n  t he  t e s t  sec t i on  a  survey o f  t h e  tunnel  

i n  the reg ion  j u s t  unstream o f  t he  w i  ndmi 11 was made. These r e s u l t s  

i nd i ca ted  an e s s e n t i a l l y  un i form v e l o c i t y  e x i s t e d  i n  t he  reg ion  o f  t he  

windmi l l  w i t h  an average v a r i a t i o n  o f  about 2%. The wind ve!oci t i e s  

given i n  Table I were ob ta i n  from a  s i n g l e  f i x e d  probe measuring dynamic 

pressure as descr ibed i n  reference 1. 



Power Coe f f i c i en t .  - F igure 8 i s  a  graphic  represen ta t ion  o f  

C Vs R. The s o i i  d  l i n e  shows resu l t s  o f  a  nominal NACA 0012 a i  r f o i  1  
P  

used i n  t he  analys is  and the  dashed l i n e  represents t h e  a n a l y t i c a l  

r e s u l t s  co r rec ted  f o r  m i sa l i  nement, roughness, e t c .  The data po in ts  

shown are recorded from two ser ies  o f  t e s t  po in ts .  I n  one ser ies  

t h e  wind tunnel  f ree-s tream vel  oc i  t y  was a p ~ l  u x i  mately 22.7 f t / s e c  

(6.919 m/sec), t he  second a t  a p ~ r o x i m a t e l y  27.3 f t / s e c  (8.321 m/sec). 

It can be seen t h a t  good asreement e x i s t s  b e b e e n  a n a l y t i c a l  and t e s t  

r e s u l t s .  A lso shown on t h i s  curve are t i l e  da ta  f rom reference 3. 

The d i f fe rences  between t he  two sets  o f  measured data i s  s i g n i f i c a n t  

and poss ib ly  due t o  d i f fe rences  i n  blade q u a l i t y .  As p rev ious ly  ind ica ted ,  

the blade on the  t e s t  con f i  g u r a t i  on va r ied  somewhat f rom t h e  idea , i zed 

blade. When a  nominal NACA 0012 a i r f o i l  i s  used i n  the ana lys is  t h e  

performance of t i le  windmi 11 i s  considerably improved as i n d i c a t e d  by 

the  s o l i d  curve o f  f i g u r e  8. 

Drag Coe f f i c i en t .  - A major f a c t o r  i n  determining w indm i l l  perfonnance 

a t  h igh t i p  speed r a t i o s  i s  t he  zero l i f t  drag c o e f f i c i e n t ,  CD . This  
0 

quant i ty determines the  no load  t i n  speed r a t i o  a t  which a g iven  conf igura-  

t i  on w i  11 operate. A value o f  CD = .0083 was used i n  t h e  ana lys is  and i t 
0 

was found t h a t  inc reas ing  t h i s  value t o  about C,, = ,014 would cause t he  
0 

computed no load  t i p  speed r a t i o  t o  aaree favorab ly  w i t h  t h e  measured 

value. The performance cha rac te r i s t i c s  a t  low t i p  speed r a t i o s  are 

dependent on the s t a l l  cha rac te r i s t i c s  o f  t h e  a i r f o i l  sec t ion .  The angle 

o f  a t tack  a t  which s t a l l  occurs d i r e c t l y  d e t e r ~ i n e s  t h e  t i p  speed r a t i o  



a t  which the windmi 11 i s  capable o f  producing power. For t he  tes ted  

conf igurat ion the lower no load t i p  speed r a t i o  was about 2.5 t o  3.0. 

It was very d i f f i c u l t  t o  obta in data points once s t a l l  begins t o  occur 

on a major por t ion  o f  the blade. 

Torque Coef f ic ient .  - Figure 9 shows i h e  torque c o e f f i c i e n t  va r i a t i on  

through a shaf t  ro ta t i on  o f  12 n radians (6  revolut ions)  f o r  each o f  t he  

t e s t  runs. T'ie torque c o e f f i c i e n t  CT i s  given by 

I 
r (&, A )  max 

A ~henomena was observed i n  these data tha t  has no t  been sa t i s -  

f a c t o r i  l y  explained t o  date. Theoret ical ly,  the  va r ia t i on  o f  aerodynamic 

t o q u e  w i th  pos i t i on  i s  c y c l i c  w i th  per iod of one h a l f  o f  a r e v ~ l u t i o n  

f o r  a 2 bladed d s i g n ,  and the amplitude i s  a funct ion o f  the  t i p  speed 

ra t i o .  When f r i c t i o n  losses and i n e r t i a l  e f f ec t s  are considered the 

var iat ions i n  a m ~ l i t u d e  tend t o  be reduced and the  r e s u l t  should be a 

curve which approacnes the average torque value b u t  which s t i  11 maintains 

i t s  c y c l i c  character. 

As can teen seen from the data on f i gu re  9 the  torque curve does 

vary i n  a cy: l ic  manner w i t h  0, hawever, the per iod i s  H IT ra ther  than n. 

The behavior i s  most pronounced i n  those runs during which the  windmi 11 

was operating near maximum ef f i c iency ,  f o r  example runs 18 and 22. 

Nothing has been i den t i  f i c d  i n  the mechanical sys terns t h a t  would cause 

the e f f e c t  t h a t  has been i d e n t i  f i e d  w i  th the exception o f  the torque 

sensor i t s e l f ,  and analysis of the torque sensor has ind ica ted  t h a t  i t  



could not  have caused the ~roblem. (One n o s s i b i l i t y  i s  t h a t  some type 

o f  couplina ex is ted between the tunnel d r i ve  sys tem and the windmi 11 

t h a t  resu l ts  i n  a one per 6 cycle exc i ta t ion) .  

Shown on f i g u r e  19 i s  the  drag c o e f f i c i e n t  versus t i p  speed r a t i o .  

The drag c o e f f i c i e n t  i s  represented by an envelope due t o  low values 

o f  drag compared t o  the normal operat ing range o f  t he  tunnel balance 

system. Measured values o f  drag f e l l  w i t h i n  the  tolerance band. The 

t a r e  drag o f  the windmi l l  a t  R = 0 has been subtracted from the  t o t a l  drag 

measurement. The computed drag i s  a l so  shown as a s o l i d  curve. Good 

agreement was obtained a t  lower values o f  t i p  speed r a t i o  bu t  a t  higt-zr 

values the analysis overpredi c ts  drag. 

Also measured was the t o t a l  system torque (yaw moment). These data 

matched the general t rend of the  power c o e f f i c i e n t  curve sharrn on f i g u r e  

8 when appropriately transformed, hawever, the  magnitude d i d  not  agree. 

This was due t o  the f a c t  t ha t  the measured yaw moments included a t a r e  

value due t o  asymmetries i n  the s u ~ p o r t  s t ructure.  This t a r e  value 

was messured, however, i t s  maoni tude was so small t h a t  i t  was below 

the tolerance band on yaw moment. Since these data could no t  be corrected, 

they are no t  presented i n  t h i s  report .  



CONCLUSIONS 

A 14' diameter Darrieus type windni 11 wi th  catenary shape blades 

using a nominal NACA 0012 a i  r f o i  1 section has been tested i n  the LaRC 

Fu l l  Scale Wind Tunnel. Re;ults from these tests indicate the eff iciency i s  

somewhat less than that  c i ted  i n  reFe'erence 6. This reduction i n  

ef f ic iency can be a t t r ibuted t o  variations i n  the blade p r o f i l e  f r o m  

the NACA 0012 design, and also t o  rnisali gnment o f  the blades wi th  respect 

t o  the shaf t  such that  the blade chcrd was a t  an angle t o  the tangential 

veloci ty components. The peak e f f ic iency o f  the tested confi  gurat i  on 

i s  about 25% lower than t ha t  o f  a high performance horizontal axis 

experimental windmill, however, i t  i s  f e l t  tha t  wi th bet ter  control on 

manufacturing procedures the dif ference could be reduced t o  less than 10%. 
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TABLE I 

RUN NO. 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1 

2 2 

10 5 

106 

10 7 

108 

109 

110 

111 

112 

113 

Vm FT/SEC, (m/sec) 

27.359 (8.339) 
27.359 (8.339) 

27.050 (8.245) 

27.205 (8.292) 

27.817 (8.479) 

27.359 (8.339) 

27.513 (8.386) 

27.359 (8.339) 

27.664 (8.432) 

27.968 (8.525) 

27.817 (8.479) 

24.263 (7.395) 

24.263 (7.395) 

23.019 (7.016) 

22.835 (6.960) 

22.650 (6.904) 

22.835 (6.960) 

23.019 (7.016) 

23.019 (7.016) 

23.019 (7.016) 

23.019 (7.016) 

23.019 (7.016) 

WTmbFn LL 
R.P.M. 

325 .OO 

307.69 

283.02 

262.01 

244.90 

220.59 

212.77 

203.39 

192.31 

200 .OO 

181.20 

172.91 

155 -44 

254.24 

240 .OO 

222.22 

208.33 

192.31 

175 - 9 5  

160.00 

144.23 

135.14 

AVERAGt TOmU t 
IN-LBS, (n, m) 

0 0 

80.961 (9.213) 

181.985 (20.710) 

292.811 (33.333) 

402.408 (45.794) 

481.345 (54.777) 

524 .O 15 (59.633) 

570.479 (64.921) 

619.471 (70.496) 

585.797 (66.664) 

652.704 (74.278) 

421.254 (47.939) 

473.417 (53.875) 

124.974 (14.222) 

191.491 (21.792) 

249.739 (28.420) 

310.244 (35.306) 

370.544 (42.168) 

421.765 (47.997) 

450.670 (51.286) 

445.364 (50.682) 

C R 
I 

0 

0.0662 

. I415 

.2073 

,2481 

.2820 

-29 12 

.3082 

,3061 

.2913 

,3000 

.2774 

,2802 

0.1370 

,1992 

.2377 

.266 1 

.2907 

,3009 

,2899 

.26 84 

8.72 

8.244 

7.6 70 

7.060 

6.430 

5.919 

5.669 

5.450 

5.096 

5.242 

4.791 

5.224 

4.696 

7.734 

7.192 

6.688 

6.124 

5.603 

5.095 

4.593 

4.304 



F I G U R E  1. - 14 '  V E R T I C A L  A X I S  W I N D M I L L  T E S T  ASSEMBLY. 





STA.  9: *ORD. % 0 c/ 
• ORD. % STA. % . 10 

0 0 15 5.345 60 4.563 
1.25 1.894 20 5.738 70 3.664 
2.50 2.615 2 5 5.941 80 2.623 
5.0 3.555 30 6.002 9 0 1.448 
7.5 4.200 40 5.803 95 ,807 

10.0 4.683 5 0 5.294 100 . I26  

L .  E. RADIUS = 1.58% 

* SYMMETRICAL A I R F O I L  

FIG. 3. NACA 0012 A I R F O I L  S E C T I O N  
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FIG.  6. WIND TUNNEL SURVEY PROBE LOCATIONS 





ELEV. = 3  FT. ELEV. = 2 I;T. ELEV. = 1 FT. 
( . 9 1 4 4  M) (. 6096 M) (. 3048 M) 

ELEV. = -1 FT. ELEV. = -2 FT. ELEV. = -3 FT. 
(-• 3048 M )  (-. 6096 t.1) (-. 9 1 4 4  M) 

DOWNSTREAM R = 0 - - - -  DOWNSTREAM R = 6 . 2  - 
- -L -  UPSTREAM R = O  

ELEVATIONS MEASURED FROM HORIZONTAL CENTERLINE OF WINDMILL 

HORIZONTAL PROBES ARE ON CENTERLINE AND 1 FT. ( . 3 0 4 8  M) 
EAST AND WEST OF CENTERLINE 

FIGURE 7 .  - VELOCITY PROFILES, (b)  SURVEY AT VERTICAL 
CENTERLINE OF WINDMILL 
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F I G .  9. TORQGE C3EFFICIENT VERSUS ANGULAR POSITION 
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FIG. 9. CONTINUED 

TORQUE COEFFICIENT VERSUS ANGULAR POSITION 
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.I00 - RUN ZI 

l- 
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W - 0+ 
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G 
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U . 1 0 8 r  RUN 20 
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3 
el = 
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Bt-t t I 1 1 . 1 8 4 

. I RUN 19 

FIG.  9. CONTINUED 

TORQUE COEFFICIENT VERSUS ANGULAR POSITION 



. I 00  T RUN 109 
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FIG. 9. CONTINUED 

TORQUE COEFFICIENT VERSUS ANGULAR PdSITION 
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FIG.  9. CONCLUDED 

TORQUE COEFFICIENT VERSUS ANGULAR POSITION 
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