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INTRODUCTION 

I n  March, 1974, a small wind generator was purchased under the 

Mark Swann Account f o r  the Energy A l t e r n a t i v e s  Program o f  the 

U n i v e r s i t y  o f  Massachusetts Engineering Department. The wind generator 

(Reference 1) was acquired as a demonstration, teaching, and research 

t o o l ,  and serves as a t e s t  stand i n  the  U n i v e r s i t y  o f  Massachusetts 

Open J e t  Wind Tunnel F a c i l i t y  (Reference 2 ) .  During the t ime per iod  

15 March t o  15 J u l y ,  1974, the wind generator system was f u l l y  tes ted 

and c a l i b r a t e d  i n  the  wind tunnel  f a c i l i t y ,  and has been used s ince 

then as a valuable teaching and research a i d  i n  the Energy A l t e r n a t i v e s  

Program. 

An a d d i t i o n a l  t e s t  hub was manufactured i n  A p r i l ,  1974, and 

several model blades were r u n  dur ing  a p r a c t i c a l  windpower course 

o f fe red  through the School of Continuing Education on the Amherst 

campus. These model blades were constructed by the c lass  members 

p r i m a r i l y  as a teaching technique, and were never intended t o  be 

r i g o r o ~ ~ s  wind tunnel models. However, the  r e s u l t s  o f  t h a t  program d i d  

amp1 i f y  observat ions concerning small sca le  wind generators (see Par t  8: 

Conclusions and Observat ions).  During the  Fa1 1 and Spr ing semesters, 

1974-1975, two graduate engineering courses were of fered i n  the C i v i l ,  

and Mechanical and Aerospace Engineering Departments, on Windpower 

Systems Engineering, as p a r t  of the  Energy A l t e r n a t i v e s  Program. The 

wind tunnel  t e s t  experience w i t h  the model r o t o r s  served as valuable 

background and demonstrat ion fo r  the  courses. Since then, f u r t h e r  blade 

performance research has been accomplished i n  t h e  wind tunnel  f a c i l i t y  

under Nat ional  Science Foundation sponsorship (NSF Grant AER-00603). 
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WINn GENERATOR:  G E N E R A L  DESCRIPTION 

A .  Backqround 

The Wincharger Model No. 1222H Wind Elec t r ic  Battery Charger 

i s  a small, 12 vo l t  battery charging system produced by Dyna Technology, 

Inc . ,  Sioux City, Iowa (Reference 1 ) .  I t  was, in 1974, the only 

11.5.-produced, commercially-available wind generator and sold for  

approximately $450.00 on a 10' stub tower. This par t icu la r  system 

was designed and marketed in essen t ia l ly  identical  form some 40 years 

ago, f i r s t  by Wincharger, Inc. ,  and then Zenith, u p  t o  1968, when the 

design and tooling were acquired by Dyna Technology. The only 

differences i n  the current machine, a r e  the  larger  generator casting 

(which i s  now wider a t  7 "  diameter), and the blade, which i s  now 

redwood, instead of Sitka spruce. The wind generator was designed 

for  charqing a 6-ce l l ,  12 vol t  house l ight ing battery for  rural  use. 

These un i t s  are  now in production, and many thousands a r e  being used 

successfully throughout t h i s  country. The output i s  so small, though 

( l e s s  than 250 kWh annually in most areas) tha t  i t  represents only a 

t iny  application of so l a r  energy, or only serves hobby in t e r e s t s .  I t  

does, however, provide an excellent small sca le  t e s t  stand fo r  w i n d  

generator research. 

B. System Description 

The manufacturer's specif icat ions  for  the Model 1222 a r e  given 

in Tab1 e 1, along with other machines since discontinued by Wincharger, 

Inc. and Dyna Technology. I t  i s  in terest ing t o  note t h a t  the only 

current survivor i s  the smallest ,  simplest system, and i s  the only 

machine with a d i r e c t  drive (no gearing).  The 12-volt,  DC shunt 



TABLE 1: ENGINEERING DATA SPECIFICATIONS 
WINCHARGER UNITS 

J u l y  1, 1953 
. _ _ - . -?.? .?. . - - - - - 623 ' . - . . - - - 

MODEL NUMBER 1112 3240 3242 61 1 2. Bl-<,be. - ' -?- .B.ln -d-e. . . . .?. .. . . . _ _ _. . - .- _ _  _ - - - 

Propel 1 e r  Type 4 Blade 4 Blade 2- Blade 
Size 14 Feet 14 Feet 19 Feet 6 Feet 6 Feet 
Ma te r ia l  Aluminum Aluminum Wood Wood Wood 

Gear R a t i a  6.14 6.14 4. D i r e c t  D i r e c t  
Genera t o r  8" Dia. 8" Dia. 7 112" 7 112" 4 112" 

Dia. Dia. Dia. 
2 Pole 2 Pole 4 Pole 4 Pole 2 Pole 

Capacity (wat ts )  1500 1350 1000 2 00 9 0 1 0 0  
 en . speed ~ a n g e  

(RPM *800/1350 84011350 85011375 260/700 300/1150 
Governor Type Var iable-  Var iable-  48" A i r -  22" A i r -  22" A i r -  " .  

P i t c h  P i t c h  Brake Brake Bra ke 
Prop. Speed Ranqe *131/220 137/330 21 2/345 2601700 300/1150 

(RPM) 
- 

Wind Speed Range 
(MPH) *7/20 711 9 91 23 7/23 9/25 

Vo1 tage' Regu 1 a t o r  Yes Yes N o No N o 
1 4  

- 
Approx. Max. Amps 11 30 2 5 13 
Approx. Max. Vo l t s  140 40 4 0 15 7.5 
No. Bat tery  C e l l s  56 16 16 6 3 
Vo l ts  per  c e l l  2.5 2.5 2.5 2.5 2.5 
(When f u l  l y  

charged*") 
Size Bat tery  

~ e c  ommended 13s 19H 1 9H 1 9H 13H 
("WIIYCHARGER" Trademark) 
Avq. Usable KWH per month 
10-MPH Annual A V ~ .  172 1 60 60 20 10 
12 MPH Annual Avg. 224 2 00 90 2 6 13 
14 MPH Annual Avg. 278 230 122 3 0 15 

EXPLANATIONS: *Wind and Prope l le r  and Generator speed ranges as g iven i n d i c a t e  
f i r s t  the  speed t h a t  i s  requ i red t o  begin charging the b a t t e r y  and then the  
speed requ i red f o r  the governor t o  begin opera t i on. 

For Example: On Model 11 12, the p r o p e l l e r  begins charging the b a t t e r y  a t  131 RPM 
which corresponds t o  a generator speed of 800 and a wind speed o f  7 MPH. 
Governing speed i s  reached a t  220 RPM, which corresponds t o  a generator speed o f  
1350 and a wind speed of 20 MPH. 

** For lead ac id  b a t t e r i e s  only.  



generator i s  r a t e d  a t  200 wat ts a t  700 RPM, and begins charging a t  

260 RPM. The corresponding wind speed range i s  7 t o  23 MPH (see 

Figure 1 ) .  

1. Prope l le r  

The 6- foot  (3 - foo t  rad ius )  redwood p r o p e l l e r  has a constant 
- 

chord o f  3.5", and zero t w i s t .  The a i r f o i l  sec t ion  i s  a conventional,  

1 i q h t l y  cambered a i r f o i l  o f  approx. 15% thickness, w i t h  a b l u n t  

t r a i l i n g  edge. Surface roughness i s  high, and i s  severely aggravated 

by a leading edge copper erosion s t r i p  s tap led on the outer  50% o f  t h e  

span. The t i p s  a r e  l i g h t l y  rounded bu t  n o t  e l l i p t i c a l .  The bending 

and t o r s i o n a l  s t i f f nesses  are  very high, but  were no t  measured i n  t h i s  

t e s t .  

2. - Control System 

The p r o p e l l e r  c o n t r o l  system i s  an "Albers governor a i r  brake": 

a spring-loaded cen t r i f uga l  f l ywe igh t ,  designed t o  increase r o t a t i o n a l  

drag a t  h igh RPM by deploying curved a i r  brakes from an equ i l i b r i um 

p o s i t i o n  a t  0.3 rad ius .  Amanual hand brake i s  included; i t  i s  a 

cas t  brake shoe ac t i va ted  aga ins t  a 9" drum through a v e r t i c a l  cab le  

down the tower ax is .  Yaw con t ro l  moments a r e  provided by a v e r t i c a l  

s t a b i l i z e r .  

3. S t ruc ture  

The s t r u c t u r e  o f  the a l o f t  system i s  the cast  generator housing, 

which serves as the load path fo r  a l l  hub loads and generator r o t o r  

loads. The housing i s  bo l ted  t o  a r e a r  f lange assembly (generator 

mounting bracket)  which i s  mated t o  the v e r t i c a l  tower support bearings, 

through which th rus t ,  weight, drag and moments a re  t ransmi t ted  t o  the 



tower s t ruc tu re .  The center  o f  g r a v i t y  o f  the  yawing assembly i s  

located a t  the  tower ax i s  by co r rec t  weight ing o f  the t a i l  boom and 

v e r t i c a l  s t a b i l i z e r .  

4. Generator 

The generator i s  a 4-pole, 12 v o l t  d i r e c t  cu r ren t  shunt generator, 

w i t h  two armature brushes and a dual s l i p  r i n a  assembly f o r  t ransmission 

down the tower. It i s  a rewound automobile generator w i t h  two main 

bearings. The generator has been changed l i t t l e  i n  the 40 years the 

u n i t  has been marketed (Reference 4 ) .  

5. Loading Arrangement 

A con t ro l  panel cons is t i ng  of a diode and heat s ink  i n  

combination w i t h  an ammeter, i s  included f o r  b a t t e r y  charging appl i c a t i o n .  

The normal load cons is ts  o f  a 6 -ce l l ,  12 v o l t  house l i g h t i n g  b a t t e r y .  

The t e s t  program d i d  n o t  use the  con t ro l  panel. 

6. General Construct ion 

The system i s  simple and d i r e c t ,  designed w i t h  long r e l i a b i l i t y  and 

low maintenance i n  mind. The generator and permanently-sealed bearings 

are i s o l a t e d  from the weather by access panels and gaskets. The tower 

s l i p  r i n g  assembly i s  completely sealed, and the e n t i r e  u n i t  i s  

corrosion-protected.  

GENERATOR TEST 

The simple DC shunt generator c i r c u i t  diagram shown i n  Figure 2: 

FIGURE 2 
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where: E = armature (generated) v o l t a g e  

Ra = armature r e s i s t a n c e  

Rf = f i e l d  r e s i s t a n c e  

RL = l oad  ( t e r m i n a l )  r e s i s t a n c e  

Et = load  ( t e r m i n a l )  v o l t a g e  

IL = l o a d  ( t e r m i n a l )  c u r r e n t  

Ef = f i e l d  c u r r e n t  

I, = armature c u r r e n t  

Unknowns Ra and Rf were measured by i s o l a t i n g  t he  armature and 

t h e  f i e l d  c i r c u i t s  by removing t h e  brushes. Then an e x t e r n a l  (known) 

vo l t age  was a p p l i e d  t o  each, and t h e  r e s u l t i n g  c u r r e n t  was measured. 

From t h e  r e s u l t s ,  see F igures  3 and 4, t h e  res i s tances  were measured 

as t h e  r e s p e c t i v e  s lopes.  

B. Measurement o f  Real Losses 

I n  o rde r  t o  measure t h e  r e a l  losses of t h e  DC generator,  i t  

was necessary t o  i s o l a t e  t h e  f i e l d  and run  t h e  machine as a  

sepa ra te l y -exc i t ed  DC motor as shown i n  F i g u r e  5. 

where: 

FIGURE 5 

V f  = a p p l i e d  f i e l d  v o l t a g e  

V = a p p l i e d  armature v o l t a g e  a  

T, = r o t o r  to rque  = 0 



For t he  armature c i r c u i t ,  i n c l u d i n g  a  2 v o l t  armature l o s s  

( by convent i o n )  : 

The power i n  t he  armature can be w r i t t e n :  

The t e s t  then  proceeded t o  measure t he  losses  i n  t h e  armature by t he  

f o l  low ing  method: 

(a )  F i e l d  e x c i t a t i o n ,  Vf ,  was s e t  a t  a  cons tan t  l e v e l ;  knowing 

R f  = 17.3n, t h i s  made I f  a cons tan t  f o r  t h e  t e s t .  

( b )  The a p p l i e d  armature vo l tage ,  Va ,  was v a r i e d  and t h e  r o t o r  

was a l lowed t o  t u r n  w i t h  no ex te rna l  load  ( i  .e. ra = 0); 

t h i s  means the  power l o s s  i n  t h e  armature was a t t r i b u t a b l e  

t o  r e a l  losses.  

( c )  The r o t o r  RPM was recorded as  V a  was va r i ed ,  and a  r e s u l t i n g  

t a b l e  i nc luded  RPM, Va,  I,, and V f .  

The r e a l  losses i n  t h e  armature were due t o  f r i c t i o n ,  windage ( a i r  gap) 

and magnet iza t ion  ( co re  l o s s ) .  Since t he  t o rque  was zero, t h e  E I a  i n  

(2 )  represented t h e  power t h a t  i s  d i s s i p a t e d  by losses.  Thus: 

2  
'1 osses = EIa = V a I a  - 21a - I a R a  

Equat ion ( 3 )  was used t o  c a l c u l a t e  t h e  losses;  they  a r e  p l o t t e d  i n  

F i g u r e  6. 

The o v e r a l l  power equat ion  f o r  t he  DC shunt generator ,  F igu re  2, 

can then be w r i t t e n :  

- 2  2  
'mechanical - ' terminal  + 21a + 'aRa + I fRf + Plosses ( 4 )  
i npu t ou tpu t  





This  r e l a t i o n s h i p  was used t o  eva lua te  t h e  generator  performance 

used i n  t h i s  t e s t  program. Sec t ion  7 descr ibes  -the a n a l y s i s  which 

separated t he  p r o p e l l e r  i n p u t  power f rom t h e  system power. 

WIND TUNNEL DESCRI PTIOI! 

The wind tunne l  used i n  t h i s  t e s t  was an open j e t  wind tunne l  

cons t ruc ted  on t h e  Amherst campus under P r o j e c t  Themis Cont rac t  ONR- 

N00014-68-A-0146-12 (Reference 2 ) .  The t e s t  setup can be seen i n  

F igures  7 and 8. The open j e t  face was 4 f ee t  square, and exhausted 

i n t o  a  l a r g e  bay and through the  f a c i n g  o u t e r  w a l l .  The model 

dimension was an a c t u a t o r  d i s c  s i x  f e e t  i n  diameter,  c l e a r l y  l a r g e r  

t han  the  tunne l  j e t .  However, d e s p i t e  the  u n c e r t a i n t y  o f  abso lu te  

measurements, i t  i s  f e l t  t h a t  c o r r e l a t i v e  and comparat ive da ta  were 

accurate. Also, the f a c i l i t y  was open j e t ,  thus e l m i n a t i n g  t h e  

ch ron i c  wind tunne l  t e s t i n g  problem o f  r e s t r i c t e d  wake expansion i n  

c losed t e s t  sec t i ons .  

The t e s t i n g  arrangement i s  shown i n  F i g u r e  9 .  The r o t o r  was l oca ted  

f a r  enough,downstream f rom the  j e t  f ace  so t h a t  s u b s t a n t i a l  t u r b u l e n t  

m ix i ng  cou ld  occur.  A tu rbu lence  qenera t ing  screen was a l s o  f i t t e d  

t o  t h e  e x i t  face.  No wake v e l o c i t y  measurements were taken; the  wake 

geometry upstream and downstream o f  t h e  r o t o r  was no t  measured. 

Tunnel j e t  speed was measured w i t h  a  p i t o t - s t a t i c  tube l o c a t e d  

a t  t h e  tunne l  face, t h e  data r e d u c t i o n  f o l l o w i n g  es tab l i shed  p r a c t i c e  

(Reference 5 ) .  

The govern ing c a l i b r a t i o n  equat ion  i s :  

w = 7 8 0 m  
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where : w = free stream speed (inches/sec. ) 

h = differential height of fluid in u-tube (inches) 

y = specific gravity of fluid 

This gives the following result:  

w(ft/sec) = 94.696 [h]li2 

with y = ,834 (petroleu~rl oi l )  

h = differential height in cm. 

No corrections due to atmospheric pressure changes were made; and 

no wake effect corrections were made. 

SYSTEM TEST PROCEDURE 

A .  Test Setup 

The rotor system was securely fastened t o  a vertical mast, which 

was clamped to I-beam mountings on the floor (see Figure 7 ) .  The 

propeller rotational axis was rigidly aligned along the tunnel j e t  

center1 ine using measuring tapes and plumb 1 ines (see Figure 8 ) .  

The blades and a i r  brake drum were assembled according to the 

manufacturer's booklet, and the blades were s ta t ica l ly  balanced and 

tracked. No balance weights were needed in addition to those already 

in place by the manufacturer. The dynamic tracking of the blades 

was also checked, and was satisfactory ( f  1 blade t ip  thickness). 

B. Datalaking 

The tes t  system i s  diagrammed in Fig. 2 .  The variable resistance 

load consisted of a series of power resistors ,  or load racks, whose 

combined resistance could be changed from 0.5 to 25 ohms. No modifications 

were made to the generator c i rcui t .  The power leads to  the data control 

area were 1 2  fee t  long, and were standard #8 copper wire. 



The r o t a t i o n a l  speed (RPM) o f  the  r o t o r  was measured w i t h  a  

Honeywell Strobonar tachometer, and t h e  load vol tage and cur rent  

were read from conventional voltmeters and ammeters. A l l  instruments 

were re-zeroed and/or c a l i b r a t e d  d a i l y ,  and were re-checked p r i o r  t o  

each new t e s t  run; no unusual c a l i b r a t i o n  problems were noted w i t h  t h e  

simple instrumentat ion used. 

C .  Data Runs 

The data survey schedule i s  shown i n  Table 2. Raw data are  

given i n  Appendix 1. The data were co l l ec ted  over the  th ree  day 

period: 29-31 March 1974. 

TEST RESULTS: COMPLETE WIND GENERATOR SYSTEM 

This  sec t ion  deals w i t h  the  performance o f  t h e  complete r o t o r /  

generator/transmission/l oad system as described. I t  i s  f e l t  t h a t  these 

r e s u l t s  a re  useful f o r  comparative purposes w i t h  o ther  small wind 

generators, even though i t i s  understood t h a t  t h e  mean j e t  v e l o c i t y  i s  

probably conservat ive due t o  the  small j e t  s i z e  (Sect ion 5 ) .  Also, 

the  parametr ic performance o f  the  system was accura te ly  measured. 

A. Data Reduction 

The experimental data were: 

h  = u-tube manometer f l u i d  d i f f e r e n t i a l  he ight  ( inches) 

RPM = r o t a t i o n a l  speed o f  p r o p e l l e r  

E t  = load terminal  vol tage 

I = load termina l  cu r ren t  

The j e t  v e l o c i t y  was found using the method described i n  Sect ion 5. 

The power d iss ipated i n  the  res is tance load i s  simply t h e  product of 

Et  and 1; and t h e  load res is tance i s  simply E t / I .  Torque ( n e t )  i s  



TABLE 2: 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

WINCHARGER TEST 
DATA RUN SCHEDULE (29-31 March 1974) 

v a r i e d  

9.1 MPH 

11 .4  

13.4 

17.5 

19.5 

22.0 

13.4 

22.0 

24.0 

15.0 

30.0 

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

7 MPH 

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

v a r i e d  

3 n 
4 

5 

6 

0 .5  

2n 

v a r i e d  

No l o a d  ( s h o r t e d )  r u n  a t  v a r i o u s  Vo. 

Power Survey Runs 

Power Survey Runs 

Power Survey Runs 

Power Survey Runs 

Power Survey Runs 

Power Survey Runs 

Repeated power surveys 

Repeated power surveys 

Repeated power surveys 

Repeated power surveys 

Repeated power surveys 

V e l o c i t y  Survey Runs 

V e l o c i t y  Survey Runs 

V e l o c i t y  Survey Runs 

V e l o c i t y  Survey Runs 

V e l o c i t y  Survey Runs 

V e l o c i t y  Survey Runs 

Power Survey Run 



power d i v i d e d  by r o t a t i o n a l  speed. These da ta  can be seen i n  Appendix 1 .  

B. Power and Torque vs.  RPM 

The power and torque c h a r a c t e r i s t i c s  a r e  shown i n  F igures 10 

and 11 f o r  var ious  tunne l  speeds. The abscissa i n t e r c e p t i o n s  ( c i r c l e d )  

represent  a  separate t e s t  run  w i t h  t he  generator  leads shor ted 

( i  .e.  zero  res i s tance )  as a no load  check. The e r r o r  was due t o  t h e  

d i f f i c u l t y  i n  r e e s t a b l i s h i n g  an exact  wind tunne l  j e t  v e l o c i t y  ( v e l o c i t y  

survey r u n ) .  

Power survey runs were taken by e s t a b l i s h i n g  an e q u i l i b r i u m  wind 

tunne l  speed, and then va ry ing  l o a d  res is tance,  a l l o w i n g  the  vo l t age  and 

RPM t r a n s i e n t s  t o  damp o u t  before a  da ta  p o i n t  was es tab l i shed.  Usua l l y  

t h e  lowest  res i s tance  was used t o  s t a r t  a  run; t h i s  gave the  da ta  

p o i n t  w i t h  the  lowest  te rmina l  vo l t age  and t h e  h ighes t  p r o p e l l e r  RPM. 

Then t h e  load  res i s tance  was va r i ed  i n  smal l  increments, and t h e  

subsequent data p o i n t s  recorded. The te rm ina l  power i s  seen t o  

increase, and t h e  p r o p e l l e r  RPM decrease u n t i l  a  maximum power i s  reached. 

F u r t h e r  load  increases cause t h e  te rmina l  c u r r e n t  t o  f a l l  o f f  d r a s t i c a l l y ,  

w h i l e  t he  te rm ina l  vo l t age  cont inues  t o  c l i m b  (see nex t  paragraph).  

Power f a l l s  o f f  d r a s t i c a l l y  u n t i l  an e q u i l i b r i u m  p o i n t  i s  reached, 

e.g. open c i r c u i t  ( i n f i n i t e  r e s i s t a n c e ) .  

C. Terminal Vol tage and Current  

F igu re  12 shows a  t y p i c a l  da ta  run  (v, = 13.4 MPH), showing the  

v a r i a t i o n  i n  RPMy Et, and I w i t h  l oad  res is tance.  As RL i s  increased 

from zero  ( s h o r t  c i r c u i t ) ,  te rmina l  vo l t age  and c u r r e n t  c l i m b  r a p i d l y ,  

and RPM f a l l s .  A t  a  c e r t a i n  RL, c u r r e n t  begins t o  f a l l  o f f ;  t h i s  c r i t i c a l  

r es i s tance  was approx imate ly  2 ohms i n  a l l  cases. As RL i s  increased 
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f u r t h e r ,  a  power peak co inc ides  w i t h  t he  lowes t  p r o p e l l e r  RPM. Power and 

c u r r e n t  f a l l  r a p i d l y  as t e rm ina l  vo l t age  con t inues  t o  r i s e  t o  t h e  

i n f i n i t e  r e s i s t a n c e  va lue  (open c i r c u i t ) ;  RPM i s  p r a c t i c a l l y  cons tan t ,  

f a l l i n g  o f f  somewhat. F igu re  12 i nc ludes  da ta  taken i n  reverse  o rder ;  

t h a t  i s ,  a  h i g h  l oad  r e s i s t a n c e  was used t o  s t a r t ,  and the  power peak 

was approached f rom the  r igh t -hand s ide .  The d i f f e r e n t  se t s  o f  da ta  

a r e  c l e a r l y  compat ib le .  

D.  Power vs. Load Resis tance 

The system performance i s  p robab ly  best  measured by t h e  o ~ ~ t p u t  

power vs. load  r e s i s t a n c e  f o r  va r i ous  wind speeds, F igu re  13. I t  

can be e a s i l y  seen t h a t  t he  power peaks a l l  occur a t  about 4 ohms, and 

t h a t  t he  c h a r a c t e r i s t i c s  a r e  ve ry  s e n s i t i v e  t o  l oad  changes a t  l e s s  

than  3  ohms. Th i s  suggests an optimum l o a d  f o r  the e q u i l i b r i u m  system 

tes ted .  Generator e f f i c i e n c y  a l s o  peaks a t  3-4 ohms load  (Sec t i on  8, 

F i g u r e  18).  

TEST RESULTS (ROTOR) 

Wind generator  p r o p e l l e r  performance i s  g e n e r a l l y  g i ven  as a  

power c o e f f i c i e n t  vs. t i p  speed r a t i o ,  o r  non-dimensional power vs. 

r o t a t i o n a l  speed f o r  a  cons tan t  wind speed: 

P C = power c o e f f i c i e n t  = ------- 
P 1 3  

p A V 0  
nR 

11 = t i p  speed r a t i o  = - -  
0 

I t i s  unnecessary t o  f i n d  C vs.  u f o r  more than one wind speed; t he  
P  

(ungoverned) c h a r a c t e r i s t i c  w i l l  be t he  same, d i s r e g a r d i n g  t h e  (unknown) 

e f f e c t  of Reynold 's  number (Re = PVC) on drag and d i f f e r e n c e s  i n  t he  
CI 

wake geometry. 
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A .  Data R e d u c t i a  

The govern ing equat ion  f o r  t h e  power i n  a  DC shunt generator  

( F i g u r e  2)  i s :  

- - 
'mechanical 'output + ' c i r c u i t  ' real  (9 )  

i n p u t  1  osses 

The mechanical i n p u t  i s  t h e  ( d i r e c t )  power g i ven  by the  p r o p e l l e r  s h a f t  

and t h e  ou tpu t  i s  t h e  power d i s s i p a t e d  i n  t h e  hea t i ng  load .  The 

r e a l  losses  a r e  due t o  f r i c t i o n ,  windage and magnet izat ion,  and were 

found (Sec t i on  4 ) .  The equat ion  thus  becomes: 

2  2 
'shaf t  = E t I  + 21, + I a R a  + I f R f  + Plosses 

and: 

Th is  g ives :  

Ra 
' sha f t  

= 112 t I R a  + Et ( 1  + 2  - ) I  
f 

Wi th  Ra = 0.7, Rf = 17.3: 

2 2  
'shaf t  = 21 + 0.71 + 1.081 E t I  + 0.116Et + .06Et + Plosses 

(13) 

9ata r e d u c t i o n  cons tan ts  were : 

C = .002891 x [P (wa t t s ) ]  
P  (1  4) 

p = -01599 x [RPM] (1  5 )  

C = to rque  c o e f f i c i e n t  = C / p  Q P ( 1  6) 

Tables 3  and 4  g i v e  t he  reduced da ta  f o r  Runs #4  and #8 (Yo = 

13.4 MPH).  



TABLE 3:  RUN # 4  
REDUCED DATA 
V o  = 13 .4  MPH 

RPM 

478 
465 
460 
456 
454 
450 
450 
44 1 
440 
436 
435 
434 
438 
439 
438 
439 
449 
455 
455 
460 
465 
468 
492 
503 
512 
550 
570 
604 

I 

.95 
1.25 
1.5 
1.8 
2.05 
2.25 
2.25 
2.8 
2.95 
3.3 
3.7 
3.75 
3 .9  
4.0 
4.1 
4.2 
4.25 
4.5 
4.6 
4.7 
4.75 
4.8 
4 .9  
4.85 
4.8 
4.1 
3 .6  
1 .55 



TABLE 4: RUN $8 
REDUCED DATA 
V o  = 13.4 MPH 



B. Rotor and Generator Subsystems 

The load power, and t o t a l  power (shaf t  power) are  g iven vs. 

r o t a t i o n a l  speed i n  F igu re  14 (Runs #4 and $8). Power and torque 

c o e f f i c i e n t  p l o t s  a r e  g iven i n  Figures 15 and 16. Generator 

e f f i c i e n c y  i s  g iven i n  Figures 17 and 18. 

CONCLUSIONS AND OBSERVATIONS 

A. System Performance 

1. R e l i a b i l i t y  

The Wincharger system proved i t s e l f  o f  rugged design and 

construct ion.  No problems were encountered due t o  hardware f a i l u r e ;  

the  system i s  simple and r e l i a b l e .  No v i b r a t i o n s  were encountered 

w i t h  the  exception o f  a support-induced mode (observed t o  occur 

a t  about 5 MPH). 

I n  a d d i t i o n  t o  the  wind tunnel program, the machine was erected 

atop one o f  the engineering bu i l d ings  on campus f o r  s i x  months, March 

t h r u  Septerr~ber 1974, and fo r  s i x  months du r ing  1975. Flo cor ros ion 

problems or  s t r u c t u r a l  problems were encountered. (The machine d i d  stop 

due t o  i c i n g  dur ing an i c e  storm i n  December 1975). The on ly  f a i l u r e s  

i n  the system, which was being used t o  charge a b a t t e r y  f o r  12 v o l t  

l i g h t s ,  were i n  the ammeter diodes, which were replaced twice. During 

the outs ide experience the surface of the  blade d i d  n o t  d e t e r i o r a t e  

severely. Measurements o f  the t o t a l  energy de l i ve red  over t h i s  pe r iod  

were n o t  taken, and no cumulat ive system performance t e s t i n g  was done. 

2. Observed Output 

The manufacturer 's s p e c i f i c a t i o n ,  charging amperes vs. wind speed, 

i s  g iven i n  Figure 1; the  t e s t  r e s u l t s  are  a l so  g iven.  These r e s u l t s  
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V, = 13.4 MPH 

FIGURE 17 





a r e  n o t  s t r i c t l y  comparable s ince  the  a d d i t i o n  o f  a  b a t t e r y  changes 

t h e  generator  l oad  c h a r a c t e r i s t i c  ( t h e  b a t t e r y  vo l t age  ac ts  as a 

bu f fe r  t o  t h e  shunt f i e l d ) .  

The ou tpu t  power vs. r o t a t i o n a l  speed (F igu re  10) i l l u s t r a t e s  

t h e  cub ic  inc rease of power w i t h  wind speed; t h e  abscissa i s  RPM, 

which i s  p r o p o r t i o n a l  t o  wind speed f o r  a machine w i t h  constant  t i p  

speed r a t i o :  LI = s2K/Vo. For comparison, a curve  i s  shown which i s  

1 3  25% of  t h e  a v a i l a b l e  power i n  the wind ( .25 x-pAVo), f o r  t h i s  system. 

I t  can be seen t h a t  t he  system d e l i v e r s  l ess  than 25% of t h e  power 

a v a i l a b l e ,  and reaches peak performance a t  about 700 RPM, a t  a wind 

speed o f  24 MPH. 

3. -- Contro l  System 

The a i r  brake was observed t o  begin dep loy ing  a t  about 500 RPM; 

the  deployment reaches maximum brak ing  ( i  .e. maximum area) a t  about 

600 RPY. T h i s  behavior  i s  seen i n  F igu re  19, which shows t h e  

minimum RPY, o r  RPM f o r  t h e  h ighes t  power, f o r  each wind speed run.  

The t i p  speed r a t i o  i s  c l o s e  t o  7 u n t i l  550 RPM i s  reached; then t h e  

curve f a l l s  o f f  as drag increases on t h e  a i r  brake, and the  t i p  speed 

r a t i o  drops. 

An i d e a l  c o n t r o l  system would keep RPM cons tan t  beyond a c r i t i c a l  

wind speed; t h i s  can be done w i t h  f l y w e i g h t s  (Aerowatt  4.1 kW design)  

o r  by p i t c h  v a r i a t i o n  (NASA-Sandusky wind genera tor ) .  The s imple a i r  

brake on t h i s  system worked w e l l  f o r  wind speeds around 20-30 MPH, b u t  

i s  t o t a l l y  inadequate f o r  h ighe r  wind speeds. Since t h e  drag area ( o f  

t h e  brake) reaches i t s  maxirr~um a t  rough l y  600 RPM, t h e  drag to rque w i l l  

be p r o p o r t i o n a l  t o  RPFl squared; b u t  as wind speed increases, to rque 



RPM 

T I P  SPEED R A T I O  = 

LOO 

FIGURE 19 



2 ava i lab le  increases as V o .  If the generator load i s  constant, the  

e q u i l i b r i u m  governing c o n d i t i o n  i s  a constant t i p  speed r a t i o ,  and 

the curve does n o t  cont inue t o  bend over, bu t  i s  asymptotic t o  a 

constant t i p  speed r a t i o  l i n e  (probably u 6) .  I n  l i g h t  o f  t h i s ,  the  

manufacturer suggests manually stopping the machine i f  h igh winds 

o r  s torms a r e  expected . 
4. a g  Load and S t a r t  Up) 

While data runs were being taken, t r a n s i e n t  behavior (RPM 

v a r i a t i o n )  was al lowed t o  damp ou t  before a data p o i n t  was read. The 

time requ i red f o r  t h e  system t o  reach e q u i l i b r i u m  when the  load was 

changed was dependent on the r o t a t i o n a l  speed. That is, the  system 

would take roughly 5 t o  10 revo lu t i ons  t o  reach a new equ i l i b r i um,  

regardless o f  the tunnel speed and absolute RPM. No s t r i c t  measurements 

o f  t h i s  were taken due t o  uncer ta in t i es  i n  the  wake f l o w  cond i t i on .  

The t r a n s i e n t  behavior i s  g r e a t l y  in f luenced by the low r o t a t i o n a l  

i n e r t i a  ( l ow  blade weight) o f  the  system. Heavier blades (Appendix 

2 )  took much longer t o  reach equ i l i b r i um.  

The s t a r t - u p  behavior o f  the system was poor. The system 

was no t  observed t o  s t a r t  by i t s e l f  a t  l ess  than 24 MPH tunnel speed, 

o r  w i t h  loads c lose t o  the optimum loading.  This i s  due t o  the  

lack  o f  t w i s t  i n  the  blade, f o r c i n g  the t o t a l  blade i n t o  s t a l l  a t  

low RPM. This i s  a c h a r a c t e r i s t i c  o f  h igh speed, low s o l i d i t y  wind 

generators. A t  low tunnel speeds, the  p r o p e l l e r  was given a s l i g h t  push 

t o  s t a r t  i n  a l l  cases. It i s  suspected t h a t  i n  the  f i e l d  usual 

v a r i a t i o n s  i n  speed and d i r e c t i o n  o f  ambient wind provide the i n i t i a l  

r o t a t i o n a l  motion necessary t o  s t a r t .  



B .  Propeller - -. Performance 

1. Comparison with Optimum Blades 

The power coeff ic ient  ( C  ) and torque coeff ic ient  ( C  ) charac te r i s t ics  
P Q 

of the untapered, untwisted Wincharger blade are  shown in Figures 15 

and 16. Also shown a r e  the predicted charac te r i s t ics ,  a t  fixed pitch 

se t t ings ,  of a  highly-twisted, highly tapered "optimum" blade (Reference 

6 ) .  The ( s e t )  pitch of the Windcharger blade was not accurately 

measured, b u t  appeared t o  be close t o  f l a t  pitc3.  The optimum blade 

was designed fo r  a  t i p  speed r a t i o  of 7 ,  so the r e su l t s  a re  d i rec t ly  

cornpara bl e  . 
The apparent increase in rotor  speed a f t e r  the power peak ("bending 

back" of the power curve) fo r  the Windcharger i s  discussed in the 

next section.  I n  the  s tab le  power region (region with negative slope) 

the untwisted, untapered blade i s  seen to  have a  more sensi t ive  

charac te r i s t ic  than the optim~~m blade. Qual i ta t ive ly ,  t h i s  makes the 

constant chord blade a  " s t i f f e r "  dynamic system; t h a t  i s ,  the res torat ive 

power (and torque) increments due t o  perturbations in  p will be larger  

f o r  the untwisted blade than for  the optimum blade. T h i s  will drive the 

natural frequency of control i n s t a b i l i t i e s  higher fo r  the untapered, 

untwisted blade. This may be a  design consideration, and a  trade-off in 

the control system for  the compromised blade. The power peak i s  a l so  

more sens i t ive  t o  t i p  speed r a t i o  changes. 

Also, the zero s l  ip  (zero power) case occurs a t  a  much lower 

rotational speed for  the untwisted, untapered blade (e.g.  p 10 

rather  than 14 or 15 f o r  the optimum blade). This i s  caused by the 

untwisted blade reaching negative angle of a t tack ,  or propeller wake 



s ta te  (see Reference 7 ) ,  a t  much larger blade element angles (and 

much sooner) than the optimum blade. The t i p  blade elements of the 

untapered, untwisted blade are already a t  very low l i f t  coefficients,  

since circulation i s  a maximum a t  the t i p ,  and the corresponding 

angles of attack are  very small (or even negative). 

There i s  an obvious trade-off in cost of manufacture of an 

optimum blade vs. an untwisted, untapered blade; th i s  trade-off 

must also involve s t ab i l i ty  and control considerations as well as 

compromised performance. This i s  a very important area for  future 

wind generator rotor testing. 

2.  Blade Stal l  

The untwisted, untapered blade i s  operating most eff icient ly 

a t  i t s  C maximum a t  a t i p  speed ra t io  of 7. The blade has stalled 
P 

root sections; th i s  i s  true for the ent i re  operating (windmill) range. 

Moving o u t  on the blade towards the blade t i p ,  the blade element angles 

decrease rapidly t o  roughly 8" (1 /7 )  a t  the t ip .  The corresponding l i f t  

coefficients are  low a t  the (s ta l led)  root, high a t  the mid-span, and 

very low a t  the t ip .  As the operating point ( t i p  speed ra t io )  i s  changed, 

the l i f t ing  condition of the ent i re  blade changes radically. Thus, one 

would expect a severe s t a l l  characteristic fo r  a n  overloaded condition; 

t h a t  i s ,  i f  the rotor i s  loaded beyond the torque available a t  i t s  

optimum t i p  speed rat io,  one would expect a severe s t a l l  t o  occur over 

the ent ire  blade and the rotor would conceivably come t o  r es t .  This 

(diverqent) ins tabi l i ty  i s  avoided in the case of the Windcharger, by 

deliberate undersizing of the generator load. The excitation of the 

generator i s  too small t o  accept a large torque a t  low RPM (e .g.  below 



- 900); thus,  as t he  l o a d  r e s i s t a n c e  i 5  increased,  and the  f i e l d  

v o l t a g e  increases,  i t  reaches a " s a t u r a t i o n "  p o i n t  beyond which 

t h e  e x c i t a t i o n  w i l l  decrease. Th is  occurs f o r  t h i s  genera to r  be fo re  

t h e  power peak i s  reached (see F i g u r e  12) .  Hence, as RL i s  increased, 

t h e  r o t o r  passes th rough maximum (system) power and then  speeds up as 

t h e  e x c i t a t i o n  decreases. T h i s  appears as a "bending back" o f  the  power 

c h a r a c t e r i s t i c ,  even though i t  i s  an e f f e c t  o f  t h e  o t h e r  p a r t  of t he  

system. I f  i t were p o s s i b l e  t o  t e s t  t h e  r o t o r  a lone,  t h e  c h a r a c t e r i s t i c  

would f a l l  o f f  r a p i d l y  as t i p  speed r a t i o  i s  decreased below 7. The 

b lade  would s t a l l  c a t a s t r o p h i c a l l y  as discussed and come t o  r e s t .  I t  

i s  suspected t h a t  t h i s  b lade  i s  d e l i b e r a t e l y  overs ized  ( o r  t h e  generator  

unders ized)  t o  p revent  j u s t  such a s t a l l ;  t h i s  system i s  n o t  an optimum 

power match, f o r  unattended c o n t r o l  reasons. 

S ince t h i s  b lade cou ld  n o t  be loaded deeply  i n t o  t h e  s t a l l e d  

r e g i o n  by t h e  generator ,  i t  was imposs ib le  t o  assess t h e  system 

performance i n  t h e  r o t o r  t u r b u l e n t  wake s t a t e  (Reference 6 ) .  The zero 

s l  i p  case ( 1  i m i t i n g  case of p r o p e l l e r  s t a t e )  was observed as d iscussed 

by a zero l o a d  run, as shown i n  F igures  15 and 16. 

3. Performance Improvements 

G l a u e r t ' s  optimum blade des ign  t heo ry  f o r  wind generators ,  n e g l e c t i n g  

drag (Reference 8 ) ,  r e l a t e s  optimum t i p  speed r a t i o  t o  s o l i d i t y  ( t o t a l  

b lade a rea /d isc  a rea ) .  P red i c ted  s o l i d i t y  f o r  a p r o p e l l e r  w i t h  an 

optimum t i p  speed r a t i o  of 7, i s  8%; f o r  a t i p  speed r a t i o  o f  u n i t y  

(e.g. American f a n  m i l  1) the  optimum s o l i d i t y  i s  98%. The un tw is ted ,  

untapered Wincharger b lade has a s o l i d i t y  (=  BCInR) of 6.25. The 

G laue r t  t heo ry  (9ef .  8 )  would p r e d i c t  an optimum t i p  speed r a t i o  o f  9 

f o r  t h i s  s o l i d i t y ,  p rov ided  t h e  b lade  was of optimum t w i s t  and taper .  



Since the  blade i s  h i g h l y  compromised (untwisted and untapered) , and 

the r o o t  sec t ions  a re  thus s t a l l e d ,  one would expect the  optimum t i p  

speed r a t i o  t o  occur when the  spanwise c i r c u l a t i o n  d i s t r i b u t i o n  was 

most favorable.  This d i s t r i b u t i o n  can obviously be changed by ad jus t ing  

p i tch ,  and as the  curves o f  optimum f i x e d  p i t c h  machines show (Figures 

15 and 16), optimum t i p  speed r a t i o s  as w e l l  as maximum power 

c o e f f i c i e n t s  can be adjusted. 

Two-bladed model propel l e r s ,  a1 1  constant  chord, bu t  w i t h  h igh 

t w i s t  according t o  the  Glauer t  theory, were constructed dur ing a  

windpower workshop course. The blades were of d i f f e r e n t  a i r f o i l s  

and a l l  had roughly 25" of t w i s t ,  most ly  i n  the  inner  ha l f  of the  

blade. Chords were chosen t o  g i v e  s o l i d i t y  of 6.2% (c  = 3.5") t o  

compare w i t h  the  Wincharger blade. The blades had s tee l  rods f o r  a  

main spar a t  the  quarterchord, w i t h  paper honeycomb cores and f i b e r g l a s  

1  aminate sk in.  Th is  blade cons t ruc t ion  technique was f i r s t  proposed 

by Hans Meyer of Windworks (Reference 9). Due t o  the blade inaccuracies 

and surface roughness, the  t e s t  r e s u l t s  a r e  n o t  considered as accurate 

and useful  as the Wincharger r e s u l t s  o f  t h i s  repor t .  Nevertheless, a  

c e r t a i n  t rend i s  shown. F igure  20 g ives  the RPM vs. wind speed 

( t i p  speed r a t i o )  curve, and Figure 21 gives the power c h a r a c t e r i s t i c  

fo r  the  blades compared w i t h  the  untwisted, untapered blade. As can 

be seen i n  F igure  21, the  model blades a l l  showed higher performance 

than the  untwisted blade. Par t  of t h i s  improvement i s  a t t r i b u t a b l e  

t o  the  exclusion of the  f r i c t i o n  brake drum and i t s  wake blockage. 

Estimates of t h i s  e f fec t  were n o t  made; however, most of t h e  improvement 

i n  power coe f f i c ien t ,  e s p e c i a l l y  a t  low speeds where the f r i c t i o n  drag i s  
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less  p r e d o m i n a n t ,  i s  d u e  t o  t h e  f a v o r a b l e  twist d i s t r i b u t i o n s .  F i g u r e  

20 shows t h e  r e s u l t a n t  t i p  speed  r a t i o s  a l l  t o  be n e a r  t h e  d e s i g n  

goa l  o f  7.0. In Appendix 2 i s  g i v e n  t h e  t u n n e l  t e s t  d a t a  f o r  t h e s e  

model b l a d e s .  
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A P P E N D I X  1 

TUNNEL TEST DATA 



RUN #1 

(+ .002) 

Ma nome t e  r 
he ight  (in. ) 

No Load ( R  = 0 )  

v 
MPH 

1520: t ime 

RPM 
equil . 



RUN #3 h = .08 i n .  
V = 11.4 MPH 

P 
watts 

torque = Watts (7.04037) RPM 

RPM Torque 
(ft-1 b)  

- 

.296 

.533 

-71 2 

.65 

.66 

.64 

.64 

.63 

.48 

-39 

.34 

-25 

-20 

-12 

.08 

.92 

0 





RUN f 5  h = 0.185 i n  
v = 17.5  MPH 

RPM Torque 



RUN +7  h = 0.295 i n  
v = 22 MPH 

R I P RPM Torque t 
R amp v w a t t s  



RUN #8 h = 0.11 i n .  
v = 13.4 MPH 

I E P R PM Torque 



RUN #9 h = .295 in. 
v = 22.9 MPH 

I E P RPM 



RUN P I 3  h = .355 i n .  
v = 2 4  MPH 

R I E P RPM Torque 



R U N  !ll h = 0.14 i n .  
v = 15 MPH 

R I E P R PM Torque 



RUN !I2 h = .55  in. 
v = 30 MPtI 

R I E P RPM Torque 



RUN +13 

h 
i n .  

v 
MPH I 

Vel o c i  ty  Survey 
Req 1 2 . 5 7 ~  

P  
w a t t  

4.02 
21.38 
28.14 
30.02 
40.4 
47.3 
72.08 
94.55 

105.95 
138.7 
177.86 
210.04 
225.6 
246.96 
272.95 
301.63 
325.75 
352.5 
370.8 
401.94 
418.56 
435.5 
447.1 
461.39 
483.0 
496.23 
508.36 
51 4.04 
546.45 
549.79 
561.73 
570.0 

RPM 



RUN Pt14 V e l o c i t y  Survey 
Req ' 3.95n 

h 
i n .  
-- 
.055 

.075 

.10 

. I 25  

. I 6 0  

. I 8 0  

.215 

,249 

.27Q 

.310 

.345 

.370 

.4QO 

.42Q 

,460 

.480 

.495 

.520 

.555 

.56Q 

.595 

,610 

.635 

v 
MPH 

9.5 

11.1 

12.8 

14.2 

16.2 

17.2 

18.8 

29.9 

21.2 

22.5 

23.7 

24.5 

25.5 

26.5 

27.4 

27.9 

28.3 

29.0 

30.0 

30.3 

31.2 

31.6 

32.3 

RPM 

35 3 

41 9 

447 

484 

5 30 

559 

600 

6 34 

666 

71 0 

7 38 

755 

7 80 

81 !I 

835 

85 5 

870 

885 

910 

925 

945 

960 

970 

E 
v 

7.0 

10.0 

13.6 

17.8 

21.5 

23.8 

26.4 

28.9 

31.2. 

34.6 

36.5 

37.6 

39.3 

40.5 

41.9 

43.0 

44.0 

44.7 

46.0 

46.9 

47.7 

48.3 

49.7 

P 
w a t t  
-- 

12.25 

25.50 

45.56 

80.10 

116.10 

142.80 

178.20 

212.41 

296.48 

304.48 

339.45 

357.2 

393.0 

415.13 

444.14 

466.55 

490.60 

505.11 

535.9 

562.8 

581 .94 

596.51 

626.2 

I 

Req 
hl 

4.0 

3.9 

4.06 

3.96 

3.98 

3.97 

3.91 

3.93 

3.95 

3.93 

3.92 

3.96 

3.93 

3.95 

3.95 

3.96 

3.95 

3.96 

3.95 

3.91 

3.91 

3.91 

3.94 



RUN #15 Vel 6c i  t y  Survey 
Req = 4 . 7 0 ~  

h V I E P Req RPM 
i n .  MPH 



RUN #16 V e l o c i t y  Survey 
Req = 5 . 6 5 ~  

h V I E P Req RPM 



RUN it17 V e l o c i t y  Survey 
Req = .73 ( lowest  va lue )  

h V I E P Reel RPM 



RUN $18 V e l o c i t y  Survey 
Req .r 1 . 6 9 ~  



RUN #19 h = .048 in .  
v = 9.0 MPH 



A P P E N D I X  2 

Model Blades : 

Tunnel Test Data 



BLADE PROFILE 

NACA 4415 

FX 63-1 45 

FX 61-147 

RPM 

395 
500 
595 
665 
720 
760 
8'30 

360 
490 
575 
645 
71 5 
740 
890 

290 
440 
590 
690 
783 . 

290 
435 
575 
6 80 
763 

360 
495 
6 20 
700 
7 89 

335 
479 
600 

V, (MPH) 

10.7 
15.9 
18.7 
20.1 
22.8 
23.5 
24.8 

10.7 
15.0 
18.7 
20.7 
22.8 
23.5 
24.8 

8.3 
13.9 
18.7 
21.8 
24.2 

8.3 
13.9 
18.7 
21.8 
24.2 

9.2 
15.0 
19.5 
22.2 
24.5 

9.2 
15.0 
19.5 
22.2 
24.5 

R~ 

2.6 
I I 

I 1  

" 
" 
" 
I t  

4.2 " 
" 
" 
I I 

" 
" 

2.6 
I I 

" 
" 
" 

4.2 
I1 

" 
" 
" 

2.6 
II 

" 
I 1  

" 

4.2 " 
" 

680 760 1 " 141.8 

t 

7.4 
16.2 
21.6 
25.0 
30.0 
31.5 
34.0 

10.8 
21.2 
28.0 
32.5 
39.0 
41 .O 
44.5 

1.4 
13.5 
21.5 
27.0 
32.0 

1.95 
17.5 
28.2 
35.5 
42.0 

2.8 
15.3 
23.2 
27.5 
32.2 

5.9 
20.0 
30.0 
35.8 

10.0 418.0 

I L 

2.8 
6.4 
8.4 
9.9 

11.7 
12.3 
13.4 

2.6 
5.1 
6.75 
7.9 
9.4 
9.8 

10.7 

0.6 
5.4 
8.5 

10.65 
12.4 

.55 
4.25 
6.8 
8.45 

10.0 

1.2 
6.1 
9.0 

10.7 
12.6 

1.5 
4.9 
7.2 
8.5 

P ( w a t t s )  

29.72 
103.68 
181.4 
247.5 
351.9 
387.45 
455.6 

28.08 
108.12 
189.0 
256.75 
366.6 
401.8 
476.15 

0.84 
72.9 

182.75 
287.6 
396.8 

1.07 
74.38 

191.76 
300.0 
400 

3.36 
73.3 

208.8 
294.25 
405.7 

8.85 
98.0 

216.9 
308.3 



BLADE PROFILE 

FX 6 1-163 

FX SO3-182 

V, (MPH 

8.2 
15.0 
20.3 
23.2 

8.2 
15.0 
20.3 
23.2 

8.3 
15.0 
19.5 
22.2 
25.8 

8.3 
15.0 
19.5 
22.2 
25.8 

RPM 

325 
500 
630 
731) 

320 
475 
610 
71 0 

300 
49rl 
605 
6 90 
81 5 

300 
460 
590 
689 
800 

I L 

1.0 
6.1 
9.3 

11.7 

9 
5.0 
7.4 
9.3 

0.7 
5.85 
8.75 

10.6 
13.45 

.65 
4.7 
7.05 
8.5 

10.75 

R~ 

2.6 
I I  

" 
" 

4.2 " 
I I 

" 

2.6 " 
" 
I I 

" 

4.2 " 
" 
" 
" 

P(Watts) 

2.27 
95.8 

218.6 
351.0 - 

2.97 
100.0 
225.7 
362.7 

1.12 
54.83 

194.85 
286.2 
460.9 

1 .4  
91.7 

205.9 
299.2 
478.4 

t 
-- 

2.27 
15.7 
23.5 
30.0 

3.3 
20.0 
30.5 
39.0 

1.6 
14.5 
22.2 
27.0 
34.2 

2.15 
19.5 
29.2 
35.2 
44.5 




