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ABSTRACT 

This paper i s  an i n v e s t i g a t i o n  o f  t he  economic f e a s i b i l i t y  o f  smal l  

sca le  (1 t o  70 kw) wind energy conversion systems (WECS). I t  can be 

shown t h a t  the wind system p r o d u c t i v i t y  and the re fo re  the  r e l a t i v e  c o s t  o f  the 

product  which i t  produces i s  completely dependent on the wind regime under 

considerat ion.  The mean wind speed, standard dev ia t ion ,  and wind p r o f i l e  

are the most s i g n i f i c a n t  parameters t o  be used i n  the  i n v e s t i g a t i o n  o f  

c o s t  o f  product  f rom a wind system. The purpose o f  t h i s  work i s  n o t  t o  

f i n d  an optimum wind system, b u t  t o  g i ve  the reader enough in fo rma t ion  

t o  make an informed dec is ion  as t o  whether o r  n o t  a wind system conf igura-  

t i o n  could meet t he  p a r t i c u l a r  need under considerat ion;  the wind system 

appropr ia te  t o  a r e s i d e n t i a l  home owner i s  q u i t e  d i f f e r e n t  from t h a t  f o r  

a d a i r y  farmer, f o r  example. The dec i s ion  l ~ l  t i m a t e l y  b o i l s  down t o  the 

cos t  of  usable energy, i .e., cents/kwhr o f  those kwhrs t h a t  can be used. 

Various wind machines w i l l  be designed and pr iced.  They w i l l  then be 

superimposed onto d i  f f e r e n t  wind regimes modeled by the  Wei b u l l  d i s t r i -  

b u t i o n  fo r  a f i r s t  approximation o f  the  cos t  o f  product a t  t h a t  s i t e  

us ing  t h a t  machine. I t  w i l l  be c l e a r  t h a t  the same machine w i l l  have 

d i f f e r e n t  c o s t  e f fec t iveness  a t  d i f f e r e n t  s i t e s ,  and t h a t  the  cos t -o f -  

useful-energy-product w i l l  vary, s i  t e - t o - s i  te ,  f o r  the same machine. 



PART I - WIND ANALYSIS 



PART I 

CHAPTER I. INTRODUCTION 

Since the Arab o i  1  embargo, we have seen i nc reas ing  emphasis 

p laced on energy and i t s  conservat ion.  Pres ident  Car ter ,  i n  h i s  speeches 

of A p r i l  18 th  and 20th o f  1977, c a l l e d  the energy s i t u a t i o n  " the  g r e a t e s t  

chal lenge t h a t  our  country  w i l l  face d u r i n g  ou r  l i f e  t ime".  I t  i s  t he  

op in ion  o f  the au thor  t h a t  WECS can p lay  a  s i g n i f i c a n t  r o l e  i n  meeting 

t h i s  challenge. Both smal l  and l a r g e  machines have the p o t e n t i a l  f o r  

re1  a t i  ve l y  low-cost  p roduc t ion ;  even w i t h o u t  the advantages o f  mass 

p roduc t i on  they o f f e r  one o f  the cheapest means o f  producing s o l a r  

e l e c t r i c i t y  a v a i l a b l e  today. The problem o f  energy s torage w i  11 no t  be 

d e a l t  w i t h  i n  t h i s  r e p o r t ,  a1 though i t  i s  f e l t  i t  can be handled i n  many 

p a r t s  o f  the country  because h y d r o e l e c t r i c  dams and underground gas forma- 

t i o n s  s u i t a b l e  f o r  compressed a i r  s torage are abundant i n  many windy 

areas. I t  i s  an impor tan t  f a c t  t h a t  i s  n o t  w ide l y  appreciated, t h a t  t h e  

amount o f  wind energy a v a i l a b l e  on an annual bas i s  i s  as 1  arge as the  

average energy f l u x  of s u n l i g h t  i n  many reg ions .  The average wind power 

on the Great P la ins  ove r  t he  course o f  a  year  i s  over  200 ~ a t t / ~ ~ . '  I n  

a  low gap i n  t he  Rocky Mountains near Medicine Bow i n  southern Wyoming, 

f o r  instance, the annual average wind speed i s  21 mi les  p e r  hour  and the  

energy f l u x  i s  500 ~ a t t / ~ ' .  

I n  the  n e x t  few years more e f f o r t  and a t t e n t i o n  w i l l  be focused 

on conservat ion and developing new sources o f  energy than t h e  combined 



e f f o r t s  i n  t h i s  area du r ing  the past  50 years o f  r e l a t i v e l y  p l e n t i f u l  

and inexpensive energy. I t  i s  the purpose o f  t h i s  r e p o r t  t o  i n v e s t i g a t e  

the f e a s i b i  1  i t y  o f  e x t r a c t i n g  power from wind, economical l y .  

Uni versa1 c h a r a c t e r i s t i c s  o f  the  wind, i t s  v a r i a b i l  i t y  , and i l i s p c r -  

s i on  ( low power dens i t y )  are dominant considerat ions fo r  any wind power 

system design. Those c h a r a c t e r i s t i c s  colr~hined w i t h  the need of  producing 

a  safe, r e l i a b l e ,  and usefu l  form of  energy a t  a  compet i t i ve  p r i c e  make 

the  use o f  wind power a  cha l leng ing  engineer ing task. I n  general,  WECS 

are l a r g e  r o t a t i n g  systems coupled t o  the  wind, w i t h  i t s  f l u c t u a t i o n s .  

Thus, l a r g e  torque t r a n s i e n t s  and power f l u c t u a t i o n s  can occur w i t h  

d i s t u r b i n g l y  smal l  t ime constants. The wind c h a r a c t e r i s t i c s  , i t s  

d i s t r i b u t i o n  over  the  swept area o f  the  blades, and amount o f  turbulance 

are o f  concern and a re  n o t  f u l l y  understood. They are c u r r e n t l y  be ing  

s t u d i e d  a t  UMass w i t h  the Wind Furnace 1  and a t  many o t h e r  places as w e l l .  



CHAPTER I I . GENERAL I NFORMATION 

Newton's Second Law and Momentum Equations 

Energy i s  equal t o  power i n t e g r a t e d  over  t ime. The energy a v a i l -  

ab le  i n  the  wind i s  t h e  k i n e t i c  energy o f  t h e  a i r  p a r t i c l e s .  I n  o r d e r  

t o  capture t h i s  energy, i t  i s  necessary t o  use a w indmi l l .  A w i n d m i l l  , 

i n  i t s  s imp les t  terms, e x t r a c t s  momentum f rom and t r a n s f e r s  i t  i n  t h e  

form o f  a v a i l a b l e  power t o  a r o t a t i n g  s h a f t .  As a f i r s t  approx imat ion 

t o  determine the  maximum poss ib le  ou tpu t  o f  a  w ind  tu rb ine ,  the  f o l l o w i n g  

w i l l  be assumed: 

1. I31 ades operate w i t h o u t  drag; 

2. A s l i p s t r e a m  t h a t  i s  w e l l  de f i ned  separates t h e  f l o w  passing 

through t h e  r o t o r  d i s c  f rom t h a t  ou ts ide  the  r o t o r ;  

3. The s t a t i c  pressure i n  and o u t  o f  t h e  s l i p s t r e a m  f a r  ahead o f  

and behind the r o t o r  are equal t o  t h e  und is tu rbed free-system 

s t a t i c  pressure (P2-P) ; 

4. Thrus t  l o a d i n g  i s  un i f o rm over  the  r o t o r ;  

5. No r o t a t i o n  i s  imparted t o  t he  f low by t h e  r o t o r .  2  

The mass f l o w  r a t e  o f  a i r  M pass ing through a r o t o r  o f  area A 

(see F igu re  1.2.1) i s :  

M = pAV 

p = A i r  Densi ty  

V = Wind V e l o c i t y  a t  t he  Rotor  





The k i n e t i c  energy a v a i l  able i n  the con t ro l  sec t ion  i s  expressed 

as : 

The t h r u s t  a t  the  r o t o r  i s  equal t o  the r a t e  o f  change o f  the  

momentum between s ta tes  1  and 2: 

Thrust = doAV = p ~ ~ ( ~ f - ~ f )  
d  t 

V1 = Upstream Veloc i ty  

V = Downstream Veloc i ty  
2  

The power exchange by the r o t o r  i s  equal t o  the r a t e  o f  the  change 

i n  k i n e t i c  energy and i s  expressed as: 

2  2  Power = d ( % M v ~ )  = pUV(V2-VI) 
aT 

V the wind v e l o c i t y  a t  the r o t o r  i s  equal t o :  

S u b s t i t u t i n g  fo r  V i n  equation (4) and no t ing  V1 -V  = V-V2 using 

a = V2 we have: 



'The maxim~~m power f o r  any given wind speed i s  equal t o  aP = 0. 
a a 

'This y i e l d s  : 

Therefore, the theore t i ca l  maximum power t h a t  can be ex t rac ted  

from the wind i s :  

The maximum power c o e f f i c i e n t  i s  expressed as: 

Cp = I max 

T = .593 , The Betz C o e f f i c i e n t  

'This represents the maximum t h e o r e t i c a l  power c o e f f i c i e n t .  I n  

actual  p r a c t i c e  the Cp's are q u i t e  a b i t  lower ( .35 t o  -45)  and are a 

func t i on  o f  b lade geometry and t l p  speed rat io. '  It i s  c l e a r  from the  

preceeding equations, t h a t  control  l i n g  parameters are the wind speed and 

wind wheel diameter. Figure 1.2.2 shows the t h e o r e t i c a l  and emp i r i ca l  

power curves, wind generator, three b l  ades, and diameter o f  40 fee t .  

For a modern low s o l i d i t y  ho r i zon ta l  ax is  p r o p e l l e r  type r o t o r  
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w i t h  optimum o r  near  optimum (1  i n e a r  t ape r  1 i n e a r  t w i s t )  blade, t he  

maximum power c o e f f i c i e n t  occurs a t  a t i p  speed r a t i o  o f  about 7.5. The 

t i p  speed r a t i o  i s  expressed as: 

Where V = t he  Wind V e l o c i t y  

R = Radius o f  t he  Wind Wheel 

= Radians Pe r  Second 



CHAPTER 111. ESTIMATING THE PRODUCTIVITY OF A WIND REGIME: THE 

WEIBULL DISTRIBUTION 

The Weibul l  d i s t r i b u t i o n  i s  w ide l y  used i n  eng ineer ing  because o f  

i t s  v e r s a t i l i t y .  O r i g i n a l l y  proposed f o r  t h e  i n t e r p r e t a t i o n  o f  f a t i g u e  

data, i t s  use now extends t o  many o t h e r  eng ineer ing  problems. I n  

r e c e n t  years the  Weibul l  d i s t r i b u t i o n  has success fu l l y  been app l i ed  t o  

t h e  d e s c r i p t i o n  o f  wind speed d i s t r i b u t i o n  by Davenport (1963), Justus 

(1974), Baynes (1974), Zimmer e t  a1 (1975), Wentink (1375), and by 

Justus e t  a1 (1976). The advantage o f  t h e  Weibul l  d i s t r i b u t i o n  over  

many o thers  i s  t h a t  i t  takes i n t o  account the mean wind speed as we1 1 

as the  s tandard d e v i a t i o n  about the mean w ind  speed. Others, such as 

the  Cy square and the Rayle igh take i n t o  account on l y  t he  mean wind 

speed. 

The Weibul l  p r o b a b i l i t y  dens i t y  func t ion  i s  expressed as : 

Where the  parameters whi ch are usual l y  determined experimental  1 y 

are Vo, K, and C: 

Vo i s the expected m in i  mum va l  ue of V, a1 so known as the  1 oca ti on 

parameter 

K i s  the Weibul l  scope, commonly known as t h e  shape parameter 

C i s  t he  Weibul l  sca le  parameter 



A p l o t  o f  f ( v )  i s  shown i n  F igure  1.3.1. The cumulative d i s t r i -  

b u t i o n  ( v e l o c i t y  dura t ion  curve) i s  expressed as: 

Le t t i ng :  

v-vo K ; (-1 
C-vo 

O r :  

Therefore : 





It i s  reasonable t o  assume t h a t  t he  lower  bound o f  the  v e l o c i  ty 

Vo i s  equal t o  zero. Equat ion 1.3.2 reduces t o :  

Data r e l a t i n g  the  W e i b l ~ l l  K and C values t o  the mean wind speed 

(i) and t h e  standard d e v i a t i o n  ( @ )  ob ta ined f rom Justus e t  a1 (1976) 

a re  p l o t t e d  on Figures 1.3.2 and 1.3.3. Equations f o r  K and C/B were 

ob ta ined from a l e a s t  squares curve f i t  procedure and are  expressed as: 

and 

c / v =  2.73 + 2.18 017- 1.936 EXP u / v +  .I827 EXP 2a /v  1.3.5 

T r a d i t i o n a l l y ,  t he  Weibul l  values K and C are expressed i n  terms 

o f  the Gamma f u n c t i o n  ( r ) .  However, f o r  ease of computer implementa- 

t i o n ,  the  values o f  K and C i n  terms o f  t h e  mean wind speed and standard 

d e v i a t i o n  are expressed as above. Given t h a t  good data i s  avai 1 ab le  

f o r  t he  mean w ind  speed and the  standard d e v i a t i o n  a, t he  Wei b u l l  K 

and C values can be ob ta ined from equat ions 1.3.4 and 1.3.5 r e s p e c t i v e l y .  

The wind speed d i s t r i b u t i o n  i s  o f t e n  expressed as a " v e l o c i t y  

du ra t i on  curve" i n  hours pe r  yea r  f o r  which V.-,Vx i e  H(v>vx) = 8760 

1 -f(v>vx). Thus, the Weibul l  v e l o c i t y  curve would be expressed 





RATIO 0F:WEIBULL C TO MEAN WIND SPEED 
VERSUS RATIO OF WIND SPEED STANDARD 

FIGURE 1.3.3 



mathemati cal ly as : 

Using wind data avai 1 able from Bi rminghani, A1 abarna , and Wall ops , 

Virginia, the Weibull values of K and C were obtained for  each s i t e  

from equations 1.3.4 and 1.3.5. The velocity duration curves were 

then plotted, i  ncl udi n g  the conditions for wi nr! sys terns : 

TCI = number of hours cut in wind speed i s  exceeded 

TR = number of hours rated wind speed i s  exceeded 

TCO = number of hours cut out wind speed i s  exceeded 

Those values were then used in equation 1.3.6 to obtain the velocity 

duration curves for  each s i t e :  see Figures 1.3.4 and 1.3.5. Those 

s i t e s  were chosen as being representative of h i g h  and low wind regions. 

Clearly, i  f  wind machines were placed on those s i t e s  , the Virginia 

s i  te  would be much more productive t h a n  the A1 abama s i  te. The important 

question remains : how to cal cul ate the producti vi ty of each machine 

a t  each s i t e ?  More importantly, how should one size a wind machine 

a t  e i ther  of those s i t e s  (or  any other s i t e )  with good available wind 

data, to make i  t economi c? 
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CHAPTER I V .  WIND ENERGY CONVERSION SYSTEM AND THE WEIBULL DISTRIBUTION 

It i s  important  t o  superimpose the  c h a r a c t e r i s t i c s  o f  any g iven 

WECS on t o  any given Weibul l  d i s t r i b u t i o n ,  thus ob ta in ing  a good idea 

o f  the  WECS' p r o d u c t i v i t y  on any s i t e .  For example, t o  produce a 40kw 

WECS f o r  $10,000 and adver t ise  i t  a t  $250 per  kw does no t  f u l l y  i n f o r m  

the p u b l i c  concerning the " rea l  " cos t  o f  the machine. It would be 

more meaningful t o  ca l  cu l  a te  and adver t ise  i t s  annual p r o d u c t i v i t y .  

By doing so, cos t  pe r  useable kw/hr can be determined. 

From momentum theory a WECS r a t e d  output  can be expressed as: 

P = C p k i p n ~ 2 ~ :  f o r  h o r i z o n t a l  ax is  machines . 

Where: 

Cp = Power C o e f f i c i e n t  

p = Density o f  A i r  

R = Radius o f  the Rotor 

V = Rated Wind Speed r 

From work done by Cromack and LeFebvre (1977), F igure 1.4.1 shows 

power c o e f f i c i e n t  as a funct ion o f  t i p  speed r a t i o  and blade design 

f o r  a number o f  three-bladed wind wheels. thought t o  be o f  h igh  

performance. F igure 1.4.2 shows power c o e f f i c i e n t  as a funct ion o f  t i p  

speed r a t i o  and blade design f o r  a two-bl aded wind wheel. I t  i s  
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c l e a r  t h a t  t rade-o f fs  e x i s t  between cost  o f  manufact lrr i r~g and III~X~IIIUIII 

power production. However, t h i s  sub jec t  w i l l  n o t  be d e a l t  w i t h  a t  

t h i s  p o i n t .  'The nomenclature o f  Figures 1.4.1 and 1.4.2 inc lude 

these abbreviat ions : 

OPT = Optimum 

LCLT = L inear  Cord L inear Taper 

LCZT = L inear Cord Zero Taper 

CCZT = Constant Cord Zero Taper 

I f  a l i n e a r  cord l i n e a r  t w i s t  blade were t o  be used w i t h  th ree  

blades, one might  expect a power c o e f f i c i e n t  o f  .454 a t  a t i p  speed 

r a t i o  of 7. If one were t o  s e l e c t  two blades, the power c o e f f i c i e n t  

would drop t o  .435. This, o f  course, represents another t rade-o f f .  

I f  a c u t - i n  wind speed of  5 mph, a r a t e d  wind speed o f  20 mph, 

and a cut-out  wind speed of 50 mph were selected, i t  i s  an easy task 

t o  synthesize a v e l o c i t y  dura t ion  curve f o r  a s i t e ,  then ca lcu la te  the 

useable raw energy produced dur ing r a t e d  condi t ions f o r  a year. It 

i s  expressed as: 

Where : 

CT = Constant 

VR = Wind Ve loc i t y  Rated 

TR = Number o f  Hours VR i s  Exceeded i n  One Year 

TCO = Number o f  Hours Ve loc i t y  Cut-Out i s  Exceeded i n  One Year 



To calculate the energy produced fron~ cut-in t o  rdted, a power 

duration curve i s  produced. Integration of the area under t h a t  

curve yiel ds annual productivity raw energy. Numeri cal integration 

becomes necessary here b u t  i s  programed with relative ease using the 

Simpson's o r  the Trapezoidal rule. Using the Trapezoidal rule,  i t  i s  

expressed as : 

RV = Rated Wind Velocity 

CIV = Cut-in Wind Velocity 

I t  must be noted t h a t  this  method takes into account wind wheel 

diameter, operating procedure, i.e., cut-in, rated, and cut-out wind 

speeds, as well as blade geometry, t i p  speed ra t io ,  a n d  number o f  

bl ades which infl  uence the power coefficient. Power duration curves and  

plant factor a t  the Alabama and Virginia s i t e s  are shown in Figures 

1.4.3 and 1.4.4. The plant factor i s  expressed as: 

Actual Useful O u t p u t  
P F  = O u t p u t  i f  Running a t  Rated Power All Year 

Table 1.4.1 shows the mean wind speed and standard deviation for 

various 1 ocations in the United States. This information enables 

one to calculate yearly productivity a t  each of these s i tes .  Using 







TABLE 1 -- 
ANNUAL MEAN WIND SPEED AND STANDARD DEVIATION CHART 

Mean Wind Standard Devi a- 
Location Speed V (mph) t i o n  (mph) 

B i  mingham, AL 

Pheonix, AR 

Bakers f ie ld ,  CA 

Denver, CO 

Har t fo rd ,  CT 

Chicago, I L  

Des M i n e s ,  10 

Wichita, KS 

Boston, MA 

S t .  Louis, MO 

Provi  dence , R I  

Wallops, VA 



program WIND (see appendix), a number o f  wind machines can be super- 

imposed onto the  s i t e s ,  t h e  LJeibull K's and C's ca lcu la ted ,  as w e l l  

as each machine's p r o d u c t i v i t y .  The r e s u l t s  are shown i n  Table 1.4.2 

and 1.4.3 respec t i ve l y .  It was found t h a t  the c u t - i n  wind v e l o c i t y  i f  

a t  l e a s t  5 mph, had l i t t l e  o r  no e f f e c t  on the annual p r o d u c t i v i t y  

f o r  any g iven  wind machine a t  a g iven s i t e .  Granted, there  a re  many 

hours i n  a yea r  t h a t  the  winds are gen t l e  b u t  t h e r e  i s  a l so  very l i t t l e  

power i n  those gen t l e  breezes. I t  i s ,  there fo re ,  n o t  wor th the  e f f o r t  

and t h e  cos t  t o  have a wind machine c u t - i n  a t  a 2 o r  3 mph wind speed. 

On the  o t h e r  hand, i f  one were t o  accept t he  15 rr~ph c u t - i n  o f  the  e a r l i e r  

Putnam, Golding and H u t t e r  designs, one would ha rves t  very l i t t l e  a t  

Birmingham, and even l ess  a t  Wallops. I t  was a l so  found t h a t  e x t r a c t -  

i n g  power a t  wind speeds i n  excess o f  50 mph a l so  had l i t t l e  e f f ec t  

on the p r o d u c t i v i t y  a t  these s i t e s .  There i s  a g r e a t  deal o f  k i n e t i c  

energy i n  the  h i g h  winds, b u t  they occur so i n f r e q u e n t l y  du r i nq  the  

yea r  t h a t  i t  does no t  seem economical t o  have the  wind machine operate 

a t  a h i g h  w ind  speed. Table 1.4.3 bears t h a t  out.  

Figures 1.4.5 and 1.4.6 show the percent  o f  seasonal s a n i t a t i o n  

h o t  water  demand o f  a d a i r y  farm w i t h  100 cows i n  Madison, Wisconsin 

which c o u l d  be prov ided by var ious  diameter wind wheels a t  d i f f e r e n t  

r a t e d  wind speeds. It i s  c l e a r  t h a t  i f  a l l  hea t i ng  demands are t o  

be met, one would have t o  s e l e c t  t h e  50- foo t  diameter wind wheel. This 

would meet 100% of the  h e a t i n g  needs i n  the  summer b u t  d u r i n g  the 

w i n t e r ,  s p r i n g  and f a l l ,  surp luses of over  80% are generated. I f  t h i s  



TABLE 1.4.2 - 
ANNUAL WEIBULL c AND K CHAR? 

E leva t i on  o f  
Locat ion Weibul l  C Weibul l  K Anemometer @t .) 

Birmingam, AL 9.15 1.71 6 3 

Pheonix, AZ 5.77 1.29 18 

Bakers f ie ld ,  CA 5.97 1.33 20 

Denver, CO 9.73 1.40 7 2 

Hart ford,  CT 10.94 2.01 99 

Chicago, I L  11.23 1.96 20 

Des M i n e s ,  I 0  12.77 1.96 6 6 

Wichita, KS 14.85 2.1 8 29 

Boston, MA 13.85 2.30 22 

S t .  Louis,  MO 9.8 1.83 8 2 

Providence, R I  10.58 1.76 20 

Wallops, VA 16.94 2.17 200 



TABLE 1 . 4 . 3  

PRODUCTIVITY TABLE 

Locat ion 

B i  rmingham, LA 

Pheonix, AZ 

Bakers f ie ld ,  CA 

Denver, CO 

Har t fo rd ,  CT 

Chicago, I L  

Des Moines, I 0  

Wichita, KS 

Boston, MA 

S t .  Louis, MO 

Providence, R I  

Wallops, VA 

Where: 

5 = c u t - i n  (mphj 

20 = r a t e d  (mph) 

50 = f u r l  i ng (mph) 

P r o d u c t i v i t y  kW-hrslyr 
5, 20, 50* 2, 20, 50** 5, 20, 80*** 

29,070 29,270 29,070 

12,475 12,768 12,475 

12,135 12,430 12,135 

*Where: ***Whe r e  : 

2 = c u t - i n  (mph) 5 = c u t - i n  (mph) 

20 = r a t e d  (mph) 20 = ra ted  (mph) 

50 = f u r l i n g  (mph) 80 = f u r l i n g  (mph) 
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energy i s  used j u s t  f o r  s a n i t a t i o n  water  hea t i ng  purposes, the surp lus  

generated would have t o  be considered wasted heat. The t o t a l  energy 

demand f o r  san i  t a t i  on purposes i s  33,000 kw-hr/year. The c u r r e n t  (1978) 

p r i c e  f o r  a  kw-hr o f  hea t i nq  e l e c t r i c i t y  i n  t h i s  r e g i o n  i s  27 m i l l s .  

Therefore, the  c rudes t  p o s s i b l e  es t imate  o f  the  "va lue"  o f  the energy 

t h a t  cou ld  be d e l i v e r e d  by a  50- foot  d iameter  wind machine i n  20 

years w i t h  no e s c a l a t i o n  o f  e l e c t r i c i t y  p r i c e  a t  27 m i l l s / k w h r  would 

be 660,000 kw-hrs a t  a  c o s t  o f  $1 7,820. This  c rude ly  represents t he  

break-even p r i c e  o f  a  50 - foo t  d iameter  machine w i t h  a  20-year l i f e .  

There are, however, poss ib le  uses f o r  t he  su rp lus  h e a t  such as 

p a r t i a l  hea t i ng  o f  t he  fa rm house. Aux i l  i ary hea t  would, o f  course, 

be necessary t o  supplement t he  wind system. If t h i s  were t he  case, 

a lmost  a1 1  energy produced by t h e  wind system would be u t i  1  i zed w i t h  

the  except ion  o f  the  s p r i n g  p roduc t i on  (see F igure  1.4.7). I n  t h i s  

case, the  usable energy d e l i v e r e d  by t h e  wind machine i s  inc reased t o  

51,429 kw-hrs p e r  year .  Again, i f  t h e  wind machine were i n  ope ra t i on  

f o r  20 years,  t he  break-even c o s t  wohld be $27,772. I t  i s  c l e a r  a t  t h i s  

p o i n t  t h a t  the  re1  a t i  ve c o s t  of a  wind system i s  c l o s e l y  t i e d  t o  the  

w ind  regime, t he  p r i c e  o f  e l e c t r i c i t y  i n  the  reg ion  under cons idera t ion ,  

and t h e  type  o f  demand. O f  course, there  are many v a r i a t i o n s  t o  t h i s  

theme. The c o s t  e f f e c t i v e n e s s  o f  a  20 - foo t  d iameter  w ind  system may 

appear t o  be much b e t t e r  than the  50 - foo t  d iameter  wind system, b u t  

t he  annual p r o d u c t i v i t y  o f  the  system would be so smal l  i n  comparison 

t o  the  demands o f  the  d a i r y  farm under cons ide ra t i on  as t o  make i t  o f  

l i t t l e  p r a c t i c a l  use. I n  o t h e r  s i t d a t i o n s  the  use o f  a  20- foo t  
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d iameter  w ind  system would be cos t  e f f e c t i v e  and meet t h e  needs o f  

t h a t  s i t u a t i o n .  I nc l uded  here  a r e  F igures  1.4.8, 1.4.9, and 1.4.10 

showing t h e  break-even costs  f o r  va r i ous  machines a t  va r ious  s i t e s .  I t  

must be no ted  t h a t  t he  break-even costs  p resen ted  here  a re  by no 

means t h e  f i n a l  answer ( i n  fac t ,  they  are u l t r a - c o n s e r v a t i v e  because 

t hey  f a i l  t o  admit  t o  any e s c a l a t i o n  w i t h  t ime i n  t h e  c o s t  o f  e l e c t r i c i t y )  

They a re  o n l y  meant t o  serve  as g u i d e l i n e s  f o r  t h e  Chapters on des ign 

t h a t  f o l l o w .  It i s  f e l t  t h a t  i f  t h e  c o s t  o f  a des ign were t o  be above 

t h e  break-even cos t ,  one m igh t  have reason t o  b e l i e v e  t h a t  a  w ind  system 

f o r  t he  p a r t i c u l a r  a p p l i c a t i o n  under c o n s i d e r a t i o n  would n o t  be cos t  

e f f e c t i v e ,  b u t  on t h e  o t h e r  hand, i f  t h e  c o s t  i s  below t h e  break-even 

p o i n t ,  one m i g h t  feel  t h a t  w ind  power i s  a  good choice. A more d e t a i l e d  

s tudy  w i l l  be p resen ted  i n  P a r t  I 1 1  on Economics where i n t e r e s t  

r a t e s  and t h e  i n c r e a s i n g  c o s t  o f  e l e c t r i c i t y  w i l l  be taken  i n t o  account. 

Con c l  us i on 

The preceeding Chapters were an a t tempt  t o  develop t he  necessary 

t o o l s  t o  enable one t o  have a good unders tand ing  o f  t h e  des ign o f  a  

wind system. I t  i s  t h e  au tho r ' s  o p i n i o n  t h a t  t h e  Weibu l l  d i s t r i b u t i o n  

method i s  t he  b e s t  technique a v a i l  ab le  today t o  eva lua te  t h e  p r o d u c t i v i t y  

o f  a  w ind  system a t  a  s i t e .  The momentum theory  i s  ve ry  s t r a i g h t  fo rward  

and g ives  the  des igner  t he  necessary i n fo rma t i on  t o  s i z e  many o f  t h e  

components o f  t h e  w ind  sys tern under i n v e s t i g a t i o n .  









PART I 1  - SYSTEM DESIGN 



PART I1 

CHAPTER I - INTRODUCTION 

The purpose o f  t h i s  i n v e s t i g a t i o n  i s  not  t o  desiqn every conceiv- 

able wind system conf igura t ion ;  i t  would be f a r  too lengthy and i n -  

appropriate. Hor i  zontal ax is  high-speed p r o p e l l e r  type, downwind, 

c o n t i n u a l l y  p i t c h i n g  2 o r  3 bladed wind wheels opera t ing  a t  t i p  speed 

r a t i o s  between 7 and 8 w i l l  be inves t iga ted  i n  t h i s  paper. These 

charac ter i  s ti cs are based on the successful experience gai ned from the 

UMass Wind Furnace I. It i s  f e l  t t h a t  a1 though the i n v e s t i g a t i o n  i s  

1 imi  ted t o  a p a r t i c u l a r  wind system conf igura t ion ,  the general design 

methodology presented could be used t o  design any wind system. For 

example, once the a p p l i c a t i o n  i s  i d e n t i f i e d ,  the wind wheel diameter i s  

immediately s e t  f o r  any given ra ted  wind speed. Figures 2.1.1 and 2.1.2 

are based on ra ted  wind speeds o f  20, 25, and 30 rnph. L i t t l e  i s  gained 

w i t h  r a t e d  wind speeds above 30 mph f o r  reasons covered i n  P a r t  I. 

It must be noted t h a t  the r e s u l t s  gained from Figures 2.1.1 and 2.1 .2 

represent the power de l i ve red  t o  the wind s h a f t  by the w i  nd wheel. 

I t  does not  take i n t o  account the o v e r a l l  e f f i c i e n c i e s  o f  the system. 

For example, if i t  was determined t h a t  a 2-bladed wind system ra ted  

a t  25 rnph i s  t o  be used t o  d r i v e  a 25 kw generator a t  1800 rpm w i t h  a 

r o l l e r  chain speed-up transmission, th ree stages would be required. 

I t  i s  corrmon p r a c t i c e  t o  assume 97% e f f i c i e n c y  f o r  each stage, i f  

r o l l e r  chain o r  gears are used. If chains were used as suggested i n  
3 

the above exarnple, the e f f i c iency  would be (0.97) f o r  t h e  speed-up 







transmission. I t  i s  also common practice to assume an efficiency 

of 90% for most e lec t r ic  generators. Therefore, the overall e f f i  ciency 

of the system would be ( . ! ~ 7 ) ~ ( 9 0 ) .  This would mean the wind wheel 

would be required to  deliver 25kw/( .82) a t  rated conditions, or more 

generally: 

required o u t p u t  a t  
required wind wheel = rated conditions 

input = 25kw - = 31 kw 
overall ef f i ci ency .82 

Using Figure 2.1.2 for the example under consideration, the wind 

wheel diameter would be 34 fee t  i f  rated a t  25 mph. The wind wheel rpm 

can be determined from Figure 2 .1 .2  by finding the intersection of the 

wind wheel diameter (34 fee t )  and the wind wheel rpm curve (25 m p h ) ,  

then reading rpm from the right hand side of the graph.. I n  this  case, 

the wind wheel rpm i s  164. This gives the designer the overall speed- 

up rat io for the transmission. In this example i t  would be 1800/164 

or 1 1 : l  Each stage would have a speed-up ratio of approximately 

2.22:1 or  any other variation of the overall ratio in three stages in 

this  case. 

This report will investigate two systems; one, a wind turbine 

generator del i veri ng 240 or  480 vol ts a t  60hz, 3 phase (WTGE) and 

the other developing h o t  water by means of mechanical shaft  power 

(WTGM) . Each sys tem will generate 40 kw a t  a wind speed of 25 mph. 

Referring to Figures 2.1.1 and 2.1.2 wi 11 reveal the wind wheel diameters 

o f  the two systems will be in excess of 35 fee t .  An attempt will be 



made t o  develop the WTG40E and WTG40M concur ren t ly  so as t o  share 

common p a r t s  t o  maximize cost-effect iveness. 



CHAPTER I 1  - TYPES OF ENERGY CONVERTERS 

The Water Twis ter  

James Presco t t  Joule, a B r i t i s h  p h y s i c i s t ,  conducted an exper i -  

ment i n  the  mid-nineteenth century t o  i l l u s t r a t e  the conservat ion o f  

energy. Joule showed t h a t  mechanical energy could be equated t o  

heat. I n  h i s  famous experiment, he connected a weight t o  a s t r i n g  

around a storage spool, d r i v i n g  a paddle wheel immersed i n  a beaker o f  

water. When the  weight  was dropped a known distance,  the paddle 

wheel a g i t a t e d  the  water, thus r a i s i n g  the water temperature pro- 

p o r t i o n a t e l y .  Sha f t  horsepower equals 100% o f  the thermal energy 

increase. 

The A l l  American Engineerir,g Company (AAE) has app l ied  t h i s  

p r i n c i p a l  t o  the arrestment o f  a i r c r a f t  which, because o f  mechanical 

ma1 func t ions  o r  o the r  unusual cond i t ions  , cannot otherwise s top a t  

the  end o f  the runway. The overrunning a i r c r a f t  engages the  cab1 e, 

much i n the s anie way as a i  r c r a f t  1 and on a i  r c r a f t  c a r r i  ers . A ny lon 

be1 t i s  p u l l e d  o f f  the be1 t storage drum t u r n i n g  a paddle submersed 

i n  a f l  u id.  "When an a i r c r a f t  weighing 50,000 I bs. engages a t  170 rnph, 

the 5 0 x 1 0 ~  f t - 1  bs o f  energy ra i ses  the 90 gal lons o f  water i n  the  

'Water Twis ter '  on each s i d e  o f  the  runway about 50' F i n  f i f t e e n  seconds. 15 

The Un ive rs i t y  of Massachusetts and A1 1 American Engineering env is ion  

a natura l  coupl ing o f  the "Water Twis ter "  energy absorber t o  the wind 

t u r b i n e  where hot  water  i s  t he  desi red end product. 

The U n i v e r s i t y  o f  Massachusetts i s  c u r r e n t l y  t e s t i n g  the per- 

formance of  the  A1 1 American Engineering model 14 as shown i n  Figure 2.2.1 





as r e l a t e d  t o  wind systems. The i n i t i a l  r e s u l t s  are shown i n  F igure 

2.2.2. I t  can be seen from Figure 2.2.2 t h a t  power i s  r e l a t e d  t o  the 

rpm3 which i s  a na tu ra l  match f o r  a wind sys tem where power i s  re1 a ted  

t o  the wind speed V 3. Figure 2.2.3 shows the wind system and water  

t w i s t e r  curves as a func t ion  o f  wind speed. As shown i n  F igure 2.2.1, 

t h e  model 14 water  t w i s t e r  develops 40kw a t  750 rpm. As s t a t e d  pre- 

v ious ly ,  the  wind wheel diameter w i l l  be i n  excess o f  35 f e e t .  I t  

i s  f e l t ,  therefore,  when dea l i ng  w i t h  diameters i n  t h i s  range t h a t  two- 

b l  aded wind wheels woul d be more 0% t e f f e c t i v e  than three.  It can 

be seen from Figure 2.1 .2 t h a t  the approximate wind wheel rpm w i  11 be 

140. This  represents an o v e r a l l  speed r a t i o  o f  approximately 5.35 

and a two-stage speed-up transmission, r e s u l t i n g  i n  an o v e r a l l  

e f f i c i e n c y  o f  0.94 f o r  r o l l e r  chains. The e f f i c i e n c y  o f  t he  water  

t w i s t e r  was i nc luded  i n  the t e s t  r e s u l t s  as shown i n  F igure 2.2.1 . 
This curve represents power o u t  o f  the  water  t w i s t e r .  

Now going back t o  F igure 2.2.1, the wind wheel diameter i s  shown 

t o  be 39.5 f e e t  and the  wind wheel rpm i s  142 f o r  a r a t e d  wind speed 

o f  25 rnph. The o v e r a l l  speed r a t i o  i s  t h e r e f o r e  5.28, b u t  the  o v e r a l l  

e f f i c i e n c y  remains the  same. 

Generator 

This  i n v e s t i g a t i o n  w i l l  deal s o l e l y  w i t h  the  s i n g l e  ou tpu t  
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i nduc t ion  generator (SOIG). This system w i l l  be designed t o  t i e  i n t o  

an e l e c t r i c i t y  g r i d .  The S O I G  has the  p o t e n t i a l  o f  being very cos t  

e f f e c t i v e  when t i e d  i n t o  a s e l  f -conta ined mu1 ti -wheel wind heat ing  o r  

wind e l e c t r i c i t y  system, a new u t i l i t y ,  which must be provided w i t h  

an adequate storage subsystem t o  be useful t o  soc ie ty .  

The s i n g l e  ou tpu t  i nduc t ion  generator ( S O I G )  s h a f t  speed range 

must be h e l d  a t  a - +7% maximum v a r i a t i o n  from a base speed o f  1900 rpm. 

The generator may be connected d i r e c t l y  t o  the l oad  v i a  a c i  r c u i  t 

breaker and disconnect swi tch:  s t a t o r  o n l y  i s  connected. 'The l o a d  

may be e i t h e r  a g r i d  fed by a number o f  machines, o r  a one-wheel 

i s01 ated system. E x c i t a t i o n  and power fac to r  c o r r e c t i o n  requi  r e  

capac i to rs  connected t o  t h e  s t a t o r  windings. The S O I G  e f f i c i e n c y  i s  

80%. The - +7% speed v a r i a t i o n  i s  accomplished w i t h  a h y d r o s t a t i c  

t ransmission which wi 11 be discussed f u r t h e r  i n  the next  sec t i on  on 

transmissions. 



111. TRANSMISSIONS 

A t  t h i s  p o i n t ,  two very d i f f e r e n t  needs have been i d e n t i f i e d  

f o r  the  use o f  transmissions. The water  t w i s t e r  (WTG40M) transmission 

i s  r e l a t i v e l y  simple i n  t h a t  i t  i s  merely a speed-up transmission w i t h  

vary ing  i n p u t  from the wind wheel and a vary ing  output  being accepted 

by the  water t w i s t e r .  The water t w i s t e r  i s  capable o f  absorbing the 

power f r o m  the  wind wheel a t  any rprn and producing usefu l  heat .  O f  

course, a t  lower wind speeds the usefu l  heat  i s  s m a l l  The transmission 

fo r  the s i n g l e  output  i n d u c t i o n  generator  i s  3 - -  ;e A b i t  more complex 

than t h a t  of  the  water  t w i s t e r .  The transmi5;-07 f o r  the WTG40E 

must be capable, w i t h i n  a c e r t a i n  range, o f  main ta in ing  an almost con- 

s t a n t  o ~ ~ t p u t  rpm (+7%) - w i t h  a vary ing  i n p u t  rpm from the wind, thereby 

making i t  poss ib le  t o  d e l i v e r  60hz, a1 t e r n a t i n g  cur rent ,  o r  c u r r e n t  

adequately c lose t o  60hz so t h a t  standard 60hz appliances can be used 

w i  t hou t  modi f i  c a t i  on o r  damage. 

WTG40M Transmission 

A f te r  some i n v e s t i g a t i o n  three transmission candidates were 

i d e n t i f i e d :  gear b e l t ,  r o l l e r  chain, and s i l e n t  chain. Gear d r i ves  

are not  inc luded here because o f  t h e i r  r e l a t i v e  h igh  cost. F igure 2.3.1 

shows the  horsepower capaci ty o f  the three transmission candi dates 

under considerat ion. The p r i c e s  o f  the  dr ives  shown i n  2.3.1 are about 

the same. Table 2.3.1 compares the th ree systems w i t h  respect  t o  

peak horsepower, peak speed ( FPM) , re1 a t i  ve horsepower per  do1 1 ar, 

quietness, smoothness, f l e x i b i l i t y ,  and cornpactness. Quietness i s  

n o t  as impor tant  t o  the  wind m i l  1  designer as perhaps compactness and 
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horsepower pe r  do1 l a rs .  It i s  c l e a r  from the  above analys is  t h a t  

r o l l e r  chain would be the b e s t  s e l e c t i o n  w i t h  regard t o  the water  

t w i s t e r .  The gear be1 t does n o t  requ i re  1 u b r i c a t i o n  b u t  i t s  compact- 

ness and horsepower per  d o l l a r s  p u t  t h i s  sfitem a t  a d i s t i n c t  d i s -  

advantage w i t h  respect  t o  the r o l l e r  chain system. The s i l e n t  chain 

system has the advantage of be ing  q u i e t e r  and smoother than the  r o l l e r  

chain b u t  the  advantages are no t  enough t o  overcome the  r o l l e r  chain 

leads i n  horsepower per  d o l l a r  and compactness. 

The WTG40M c h a r a c t e r i s t i c s  are shown i n  Table 2.3.1. An ana lys is  

was c a r r i e d  o u t  f o r  determin ing the  proper  bear ings f o r  t he  r o l l e r  

chain transmission. Overhung loads, t h r u s t ,  and gyroscopic moment i n  

yaw were considered. 

2 2  
Thrust  = CT x%WR V = 1473 1 bs. 

Where: 

CT = Thrust  C o e f f i c i e n t  = .754 

P = A i  r Densi ty  = .00237 ~l ug/ ~ t '  

R = Wind Wheel Radius = 39.5 ft 

V = Rated Wind Speed = 36.75 f t / s e c  (25 mph) 

The design o f  a hub i s  n o t  i nc luded  i n  t h i s  r e p o r t ,  therefore,  the  

Wind Furnace I hub wi 11 be used f o r  the  cal cu l  a t i o n  o f  t he  gyroscopic 

moment. P re l im ina ry  i n v e s t i g a t i o n s  i n t o  a new hub design promises t o  

r e s u l t  i n  a s i g n i f i c a n t  reduc t ion  i n  weight.  This,  however, must be 

coupled w i t h  an increase i n  wind wheel diameter f o r  t h i s  design, 39.5 f e e t  

compared t o  32.5 feet.  I t  i s  f e l t  t h a t  a good est imate of moment o f  



TABLE 2.3.1 

WTG40M CHARACTER1 ST1 CS 

Wind Speed MPH 

Wind Wheel Diameter ( f e e t )  

Number of Bl  ades 

T i p  Speed Rat io  

Design Stress i n  Shear P S I  

Power H P 

Thrust  LBS 

Wind Wheel RPM 

Wind Sha f t  Torque i n  LBS 

Wind Shaft  Diameter (So l i d ) ,  Inches 

Hollow Wind Shaf t  OD , Inches 

Hollow Wind Shaf t  ID, Inches 

Overal l  Speed-up Rat io  



i n e r t i a  o f  t he  wind wheel about the ax is  o f  r o t a t i  on woul d  be 360 I b - f t  

sec2. This w i l l  g i ve  a  very conservat ive est imate of the gyroscopic 

moment induced -in yaw f o r  the  WTG40M. For steady yaw ra tes  the  fo l l ow ing  

equat ion appl i e s  : 

Gyroscopic Moment = M = I .% = 530 - , "  
yaw Z 

Where : 

I = Moment o f  i n e r t i a  of  t he  wind wheel about the ax is  o f  r o t a -  z 
t i o n  360 f t - l b  sec2 

= Rota t iona l  speed ( r a t e d )  = 14.78 radians/sec 

JI = Maximum yaw r a t e  = 0.10 radians/sec 

Table 2.3.2 shows the  WTG40M r o l  l e r  chai n  t ransmiss ion charac ter -  

i s t i c s  as we1 1  as the  p r i ces  f o r  the  i n d i v i d u a l  pa r t s .  

F igure 2.3.2 shows the  model 14 water  and r o l l e r  chain speed-up 

transmission, where sprocket  p i t ches  and number o f  t ee th  are c a l l e d  out. 

The WTG40M i s  b lock  diagrammed i n  F igure  2.3.3 which inc ludes  1978 p r i c e s .  

WTG40E Transmission 

Presented here are the  r e s u l t s  o f  a  considerable i n v e s t i g a t i o n  t o  

determine the bes t  choice o f  a  v a r i a b l e  speed transmission. The 

h y d r o s t a t i c  t ransmiss ion o f  the  rugged, high-qua1 i t y  moderate-pri ce 

type, t h a t  has become so usefu l  i n  farm machinery and o t h e r  modern 

power d r i ves  seems t o  be f a r  and away the b e s t  choice. Other candidate 

t ransmiss ions were e i t h e r  f a r  too  c o s t l y  o r  could n o t  ca r r y  the load. 

The h y d r o s t a t i c  t ransmiss ion comprises a  v a r i a b l e  displacement 



TABLE 2.3.2 

ROLLER CHAIN TRANSMISSION 

CHARACTERISTICS 

SHAFTING 

Outs ide Diameter I n s i d e  Diameter Length P r i c e  

Wind S h a f t  3.125" 2.375 72" $1 5 

I d1  e r  S h a f t  2.00" 

Output  S h a f t  1.50 

BEARINGS 

Bear ing  Number Q u a n t i t y  P r i  ce 

Wind S h a f t  FAG 3216DA 3 $71.61 

I d l e r  S h a f t  FAG NU101 1 2 $60.32 

Output  FAG NU1008 1 $24.95 

Lube Case 

Es t imated  Cost $100 



FIRST STAGE 

Type of D r i ve  System: Ro l l  e r  

Small Sprocket Large Sprocket Chain 

P a r t  Number 120B18 120B40 120 

Di ame t e r  9.41 19.96 - - 

Cost $50.60 $108.28 77.94 

Center Dis tance 15.14 

Length Overa l l  29.83 

R a t i o  2.22 

SECOND STAGE 

Type o f  D r i ve  System: R o l l e r  Chain 

Small Sprocket Large Sprocket Chain 

P a r t  Number 1001 7 100B40 100 

Di ame t e  r 

Cost 

Center Di s tance 

Length Ove ra l l  

Rat io  

TOTAL TRANSMISSION COST 

$645.70 
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cons tan t  o u t p u t  f l ow  pump and a  f i x e d  displacement h y d r a u l i c  motor. 

The v a r i  ab le d i s p l  acement a x i  a1 p i s  ton pump i s  capable o f  respondinq 

t o  a  h y d r a u l i c  i n p u t  t o  p rov ide  a  cons tan t  ou tpu t  f l ow  w h i l e  i n p u t  

speed va r i es  over  an approximate 2:1 range. For h i g h e s t  e f f i c i e n c y ,  

t h e  pump must operate between 1450 and 2900 rpm inpu t .  The ou tpu t  

f l ow  i s  rece ived by a  f i x e d  displacement a x i a l  p i s t o n  h y d r a u l i c  r o t o r .  

The h y d r a u l i c  motor d e l i v e r s  an o u t p u t  rpm o f  1900 27%. The hydro- 

s t a t i c  t ransmiss ion  i s  p i c t u r e d  i n  F igure 2.3.4. 

Given the  i n p u t  o f  t he  h y d r o s t a t i c  t ransmiss ion i s  between 1450 

and 2900 rpm, a  speed-up t ransmiss ion  o f  26.8: 1  i s  requ i red  from wind 

s h a f t  t o  pump s h a f t .  Therefore, the WTG40E w i l l  be capable o f  d e l i v e r -  

i n g  240 o r  480 v o l t s  a t  60hz, 3  phase a t  wind wheel rpms between 54 

and 109 which correspond t o  wind speeds o f  12.5 and 25 mph. 'The 

speed-up t ransmiss ion comprises a  15:1 gear box p lus  a  1.78:l gear 

be1 t stage d r i v i n g  t h e  pump end o f  t h e  h y d r o s t a t i c  t ransmiss ion  as 

p i c t u r e d  i n  F igure  2.3.5. I n  t h i s  case a  gear d r i v e  was chosen ove r  

o t h e r  d r i ves  because o f  i t s  compactness, i t s  a v a i l  a b i l i t y ,  and i t s  

a b i l i t y  t o  operate a t  h i g h  r a t e s  o f  speed. The r o l l e r  chain concept 

i n  t h e  WTG40M would n o t  be ab le  t o  c a r r y  loads necessary a t  t he  speeds 

r e q u i r e d  o f  t h e  WTG40E. This can be seen by r e f e r r i n g  t o  F igure  2.3.1. 

Table 2.3.3 shows t h e  b a s i c  WTG40E c h a r a c t e r i s t i c s .  The '15:l gear box 

and the h y d r o s t a t i c  t ransmiss ion  a r e  bo th  o f f - t h e - s h e l f  i tems, and have 

appropr ia te  l o a d  c a r r y i n g  c h a r a c t e r i s t i  cs f o r  t he  WTG40E. The WTG40E 

system i s  d iag ramed  i n  F igure 2.3.6 which a l s o  inc ludes  p r i c e s o f  t h e  

15: l  gear box, gear be1 t dr ive ,  h y d r o s t a t i c  t ransmiss ion,  and the  







TABLE 2.3.3 

WTG4OE CHARACTE R I  ST1 CS 

Wind Speed MPH 

Wind Wheel D i  amter ( fee t )  

Number of  B l  ades 

T ip  Speed Rat io 

Design Stress i n  Shear, PSI 

Power, HP 

Thrust,  Lbs. 

Wind Wheel RPM 

Wind Sha f t  Torque, i n  Lbs. 

Wind Sha f t  D i  a&r (Sol i d )  , inches 

Hollow Wind Sha f t  OD, inches 

Hollow Wind Shaf t  I D ,  inches 

Overa l l  Speed-up Rat io 
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single inductlon output generator. 'The WTG40E transmission character- 

i s t i c s  am sham I n  Table 2.3.4 along with the component prices. 



TABLE 2.3.4 

WTG40E TRANSMISSION CHARACTERISTICS 

FIRST STAGE 
SHAFT MOUNT REDUCED 

Descr-i p t i o n  

15:1 Gear Box 
Browning 507SM15 

Pu l l ey  
32xH R400 

Pu l l ey  
1 8xHR400 

XH 718 P i t c h  
Gear Be1 t 
840xH40O 

Dynapower 
Model 120 

SECOND STAGE 
GEAR BELT 

THIRD STAGE 
HY DROSTATI C TRANSMISS I O N  

Cost 

$890 

TOTAL '$4,055.50 



CHAPTER I V  - POLE MATCHER 

The po le  matcher i s  a v e r t i c a l  upward extension o f  the support  

s t r u c t u r e  which t ransmi ts  a x i a l  l o a d  and moment i n t o  the support  

s t r u c t u r e  top  and permi ts  easy yawing i n t o  the  wind. The g rea tes t  

s t r u c t u r a l  l oad ing  w i l l  be t h a t  o f  a beam subjected t o  bending pro-  

duced by a broadside wind gust. For design purposes, the p ro jec ted  

area o f  the  nace l l e  and blades were subjected t o  a gust of  165 mph. 

This corresponds t o  a fo rce  of  approximately 10,000 I b s .  I t  i s  consider- 

ed  a very conservat ive approach f o r  Wo reasons: the  nace l l e  body i s  

anyth ing b u t  a f l a t  p l a t e ;  and secondly, the  system w i l l  yaw o u t  o f  

t he  wind unless the  wind gust  i s  considered a step funct ion from zero 

t o  165 mph, which i s  h i g h l y  improbable. 

The po le  matcher const ruc t ion  drawings are  shown i n  Figures 

2.4.1 through 2.4.5. The design i s  common t o  both the WTG40E and the  

WTG40M. The top o f  the po le  matcher w i l l  c a r r y  a tapered r o l l e r  

bear ing  on which the  e n t i  r e  a l o f t  weight w i l l  res t .  It i s  a lso  capable 

o f  c a r r y i n g  the r a d i a l  l oad  induced i n  yaw a t  r a t e d  condi t ions.  The 

bottom o f  the  p o l e  matcher i s  f i t t e d  w i t h  a t e f l o n  f i l l e d  p l a s t i c  

s k i r t  bearing, s i m i l a r  t o  t h a t  used on the Wind Furnace I, which i s  

designed t o  w i ths tand  r a d i  a1 l oad  induced i n  yaw as w e l l  as an over- 

t u r n i n g  moment due t o  hur r icane fo rce  winds (165 mph). The s k i r t  

bear ing must be ab le  t o  w i ths tand the c rush ing ac t i on  t h i s  type o f  

l oad ing  would create. The s k i r t  bear ing  i s  n o t  requ i red  t o  support  

t h r u s t  loads under normal ope ra t i ng  condi t ions.  
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TABLE 2.4.7 

POLE MATCHER COST CHART 

Es t imated  Cost 
-- l 4 ~ ~ 4 r - T ~  E --.- 1 tern Q u a n t i t y  - 

Pole  Matcher Stem 
Sched. 80 5 ' '  nom 

F o i e  Matcher Base F l a t e  1 15.09 15.GG 

Po le  Matcher Ribs 4 4 .CC 4.00 

5 -25 ' '  Bore Taper Rol l e r  
Bearing Tyson, Cone 48290 
and cup 43220 1 

S;ip King N a t e r i a l  SAE 550 
B r g .  Eronze 

Main Zear ing Suppor t  1 

PI a s t i  c P i  t c b  Bea r i ng  
(PV-$0) 12" I D  13.75"OE 
x 3!4" t h i c k  1 

Sush w-i t h  Shunt, k" Grade (211 ) 

Sush HOT der  w f t h  Cap ( l i )  

3ush With Shunt & Grade 211 

3ush ti01 der w i t h  Cap % 

311sh W?th Shunt 1 /8 '  (Grade H9434) 

Bush Ho lder  w i t h  Cap r1/8 

?o le  Matcher Extenszon Sched. 8C 
Nom 3.5" 

Rota t i ng  Union 

TOTAL 



CIjAPTER V - YAW DAMPER 

Experience gained from the Wind Furnace I project strotlgly 

suggests tha t  some form of yaw damping i s  necessary. The dynamic 

character is t ics  of a w i n d  machine in yaw are elusive a t  best ,  a t  l e a s t  

from the standpoint of the author. For this reason the need to  develop 

a yaw damping system such tha t  the damping charac te r i s t ics  could be 

in f in i t e ly  variable within certain 1 imits i s  desired. By increasing 

the s t i f fnes s  of the system, the yaw moment transmitted t o  the tower 

would also increase and by reducing the s t i f fnes s  of the system the 

yaw ra te  would increase thereby increasing the gyroscopi c moment. Thus 

the need for  variable damping. The character is t ics  of yaw are not only 

a function of the wind system but are  also dependent on the s i t e .  The 

variable damping system would make i t  possible to  e r e c t  the w;ind 

machine a t  any given s i t e  and fine tune i t .  Once i n  place, i t  i s  f e l t  

t h a t  the machine's safety  and productivity could be improved using 

this method. 

The yaw damper under consi derati  on comprises two adjustable 

gas shock absorbers 90' out of phase with each other  as shown in 

Figure 2.5.1. I t  can be seen, from Figure 2.5.1, as the driven yaw 

damper sprocket rota tes ,  one of the shock absorbers will always be 

in operation t h u s  delivering smooth and continuous damping. Figure 

2.5.2 shows one complete cycle. The damping charac te r i s t ics  of the 

system can eas i ly  be changed by increasing o r  reducing the amount of gas 

i n  the shock absorbers. Shock absorbers su i tab le  fo r  t h i s  operation are 

readily available i n  industry. For example, two gas shocks fo r  th i s  





Y A W  DAMPER 
OFERRTION 



purpose a r e  a v a i l a b l e  f rom V i c t o r  F l u i d  Power. As seen i n  F i r iure  

2.5.1, t h e  r a t i o  between t h e  machine i n  yaw and t h e  r o t a t i o n  on t h e  

he11 crank o p e r a t i n g  t h e  shocks i s  2 : l .  I f  t h e  r a t i o  were inc reased  

t o  1C:l t h e  b e l l  c rank would be r o t a t i n o  10 t imes as f a s t  thus perhaps 

e l i m i n a t i n g  t h e  need f o r  two shocks. I t  i s  f e l  t t h a t  t h e  t ime  

averaged damping cou ld  be cons idered  cons tan t .  The monoshock concept 

needs f u r t h e r  i nves ti g a t i o n .  Roth cencepts d iscussed above a r e  commor; 

t~ t h e  WTGdOE and WTG4CM. 

The c o s t  breakdo\vrr f o r  t h e  dual shock absorber  yaw darnper i s  

shown i n  Table  2.5.1. 



I t e m  

Sprocket  80621 

Sprocket  80B42 

Chain No. 80 

B e l l  Crank 

B e l l  Crank Jounel 

Yaw Damper S h a f t  3/4" 
Diameter 12" 

Bearings FAG 73046 

Gas Shock Absorber 

TOTAL 

TABLE 2.5.1 

YAW DAMPER COST CHART 

Q u a n t i t y  

1 

Cost - 
$ 15.20 



CHAPTER V I  - MAIN FRAME 

The main frame i s  t he  chasis o f  t h e  a l o f t  system. I t s  g r e a t e s t  

s t r u c t u r a l  l o a d i n g  w i l l  be t h a t  o f  a  beam sub jec ted  t o  a  bending moment 

due t o  t h e  weights  o f  the  components a l o f t .  Because o f  i t s  i n h e r e n t  

s i m p l i c i t y ,  a mu l t iweb  box beam w i l l  be i nves t i qa ted .  The po le  matcher ' s  

two b e a r i n g  su r f  aces w i l l  mate a t  the  beams ' webs. The web o f  the  box 

beam a l s o  serves as t he  bed p l  a te  f o r  the  a l o f t  systems. The a l o f t  sys-- 

tems of  the  WTG40E and WTG40M d i f f e r  i n  t h e i r  speed t ransmiss ion  con f ig -  

u r a t i o n  as we1 l as t h e i r  energy conver te r .  It was f e l t ,  the re fo re ,  

t h a t  two d i f f e r e n t  main f ranes  had t o  be considered. Both, however, w i l l  

be f a b r i c a t e d  f rom g lued  and c l e a t e d  mar ine plywood members. Outward 

t u r n i n g  l o n g i t u d i n a l s  w i l l  add s e c t i o n  t o  t h e  f langes  as w e l l  as t o  

serve as at tachment p o i n t s  f o r  t he  n a c e l l e  p a r t s .  The n a c e l l e ,  t he  

cove r i ng  f o r  the  e n t i r e  a l o f t  system, w i l l  be comprised o f  t h r e e  ma jo r  

components; the sp inne r  nace l l e ,  the  lower  f i x e d  n a c e l l e ,  and t he  upper 

f i x e d  nace l l e .  A l l  t he  n a c e l l e  components w i l l  be g l ass  r e i n f o r c e d  

p l a s t i c .  The l ~ w e r  f i x e d  n a c e l l e  w i l l  be bonded t o  t h e  f raming  o f  t he  

main frame f o r  added s t i f f n e s s .  

A1 though t h e  WTG40E and WTG40M main frames have d i f f e r e n t  

dimensions, t he  b a s i c  mu1 t iweb  box beam w i l l  be used i n  bo th  cases. 

The WTG40E which i s  the  d imens iona l l y  l a r g e r  o f  the  two systems w i l l  

be s u b j e c t  t o  g r e a t e r  w ind  loads .  

The d e f l e c t i o n  i n  t he  main frame sub jec ted  t o  h u r r i c a n e  wind 

l o a d i n g  was c a l c u l a t e d  t o  be l e s s  than  .001 inches.  Th is  was done 



f o r  the l argest span between supports, i n  t h i s  case 60 inches. The 

ca lcu la ted  d e f l e c t i o n  i n  t h i s  case i s  w e l l  w i t h i n  the acceptable 

1  i m i  t s  of plywood. 

The maxirnum bending moment i n  the main frame was due t o  the  combined 

weights a l o f t .  This was ca l cu la ted  t o  be 72,000 i n - l b s .  The maximum 

s t ress  was found i n  sec t i on  AA as shown -in F igure 2.6.1; 

l;Fp! rrt: i ," ' .  FI'JU!?,G 2 (. .I A- 
,/ \ 

The f o l l o w i n g  i s  a  simple beam ana lys is  o f  t h e  main frame: 

This i s  w e l l  w i t h i n  Ual lowable f o r  plywood which i s  2,000 PSI. 

'The crushing load  a t  t he  s k i r t  bear ing  due t o  hur r icane wind 

load ing  was ca lcu la ted t o  be 257 PSI. The al lowable l o a d  app l ied  t o  

the plane perpendicular  t o  the p l ys  i s  300 PSI. Therefore, the proposed 



s k i r t  bea r i ng  deck o f  one i n c h  marine plywood i s  acceptable.  A l l  

decks and bulkheads f o r  t he  main frame w i l l  be cons t ruc ted  o f  one i n c h  

mar ine plywood and panel sec t i ons  w i l l  be 4 i n c h  mar ine plywood. The 

WTG40E and the  WTG40M main frames and sub-assembl i e s  are shown i n  

F igures 2.6.3 and 2.6.4. 

The es t ima ted  m a t e r i a l  cos tsare  as f o l l o w s :  

WTG40E = $400 

WTG40M = $250 









CHAPTER V I  I .  - SUPPORT STRUCTLIRE (Taken from work done i n  May, 1977 by 

Steven Ba i l ey  and Bruce A. Johnson) 

The WTG40E and WTG40M support s t ruc tu res  w i l l  be the same. 

Both systems w i l l  u t i l i z e  a  double-stayed s t e e l  po le  mast, as shown i n  

Figure 2.7.1. The s t e e l  mast i s  a  ten- inch 3/8 inch w a l l  pipe, 80 

f e e t  t o t a l  length,  w i t h  8 f e e t  i n s e r t e d  i n t o  the cent ra l  foot ing,  thus 

t h e  tower he igh t  i s  e f f e c t i v e l y  72.0 f e e t  above the  ground. A t o t a l  

system weight  o f  4,000 pounds concent r ic  down the po le  and an ove r tu rn ing  

t h r u s t  o f  10,000 pounds a t  the  system's ax is  h e i g h t  can be accommodated 

by the  p ipe  if stayed w i t h  th ree 1+ inch rod  stays arranged a t  a  3:1 

s lope t o  the top of t h e  po le  top. The 10,000 pounds ax ia l  l o a d  corres- 

ponds t o  the  b r u t e  force on the two blades caught f l a t  t o  the wind 

p lus  the b r u t e  drag force o f  t he  p ro jec ted  area o f  t he  nace l l e  f o r  the 

WTG40E - a  conservat ive l oad ing  - and t h i s  f o r  a  wind speed of 165 mi les 

pe r  hour. 

The po le  i s  subdiv ided i n t o  th ree lengths,  sec t i on  ends f i t t e d  

w i t h  standard steam p ipe flanges, t o  f a c i l i t a t e  movement o f  the po le  

t o  the s i t e .  

The stays are f i t t e d  w i t h  standard swaged devices and turnbuckle 

ends and are s e t  up w i t h  a  torque wrench t o  design tension. 

I t  has been est imated t h a t  t he  stayed pole mast and support 

s t r u c t u r e  can be p u t  i n  p lace fo r  a  t o t a l  cos t  of $3,163.55. The 

cos t  breakdown i s  shown i n  Table 2.7.1. Figure 2.7.2 shows the WTG40E 

atop the  support s t ruc ture .  
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TABLE 2.7.1 

SllPPORT STRUCTURE , CHARACTERISTICS 

AND COST 

Tower Mate ri a1 : U n i t  

10" I. D. Standard Steampipe a t  40.48 1 b s / f t  

Tower Height  = 80 ft 

U n i t  P r i ce  = $.387/1b; q u a n t i t y  p r i c e  = $.277/1b $1,253.26 

Guy W i  res : 

Number Required = 6 

Working Load = 7.51 kps; Length = 74.11 ft 

Use 3/4" diameter, 6x19 IWRC, I P S  Guys 

U n i t  P r i c e  = $.94/ft; q u a n t i t y  p r i c e  = $.85/ f t  

O p e n S w a g e S o c k e t C o s t = $ 1 9 . 3 0 ; T h i m b l e C o s t = $ 4 . 4 5  $ 560.48 

Center Footing: 

Size: 43" x 43" x 9"  

Vol ume : .3567 yards a t  $25/yard 

Turnbuckles : 

IYurrber Required = 3 

Size: 3/4 = Diameter Jaw and Jaw, 24" takeup 

U n i t  P r i ce  = $22.53 

Corner Footing: 

Number Required = 3 

U n i t  Cost = $91.02 

BASIC MATERIAL COST 
TOTAL ESTIMATED LABOR COST 
TOTAL EST1 MATED 



CHAPTER V I I I  - SUMMARY 

Table 2.8.1 shows the complete c o s t  breakdown o f  both machines, 

t h e  WTG40E and WTG4OM. The WTG4OE i s  the  most expensive t o  produce, 

b u t  t he  product  de l i ve red  (240/480 vol t s  60hz, 3 phase) i s  more 

v e r s a t i l e  than t h e  h o t  water  de l i ve red  by t h e  WTG40M. O f  course, 

when h o t  water  i s  the des i red  end product  t he  WTG4OM would be the  b e t t e r  

se lec t i on .  I n  the  case of  the  d a i r y  and p o u l t r y  farms b r i e f l y  discussed 

i n  P a r t  I, the WTG4OM would appear t o  be t h e  b e s t  se lec t i on .  

Up t o  t h i s  p o i n t ,  two wind systems have been i d e n t i f i e d  and major 

components have been designed and p r i ced .  It i s  now poss ib le  t o  

superimpose the  two systems onto  d i f f e r e n t  wind regimes w i t h  the use 

o f  t h e  Wiebul l  D i s t r i b u t i o n  discussed i n  P a r t  I and gain some 

knowledge as t o  t h e i r  p r o d u c t i v i t y .  This w i l l  be i n v e s t i g a t e d  i n  

P a r t  I 1  I on economics. 



TABLE 2.8.1 

CCIMPARISON COST 

OF THE WTG40E AND WTG40M 

W TG4O E WTG40M 
51' Dia., 75' ax is  39.5' Dia., 75' a x i s  
he igh t ,  2 b l  ades , he igh t ,  2 blades, 
94 wind s h a f t  HP 56 wind s h a f t  HP 

COST - 
Support S t ruc tu re  i n  Place $3,000 

One P a i r  o f  Blades 1,500 

COST - 
$3,000 

1,000 

Pole Matcher and Subassembly 376 39 5 

Main Frame 

Speed Up Transmission 

Yaw Damper 1 86 1 86 

Nacel 1 e 

P i t c h i n g  Mechanism 

Hub and Bear ing 400 400 

Energy Converter 1,455 800 

Asserr~bly Labor 
P r o f i t  
I n s t a l  1 a t i o n  
Franchise Cost 

TOTAL $21 ,082 $1 2,876 



PART I11  - ECONOMIC ANALYSIS  



PART I I 1  

THE ECONOMICS OF WIND POWER 

CHAPTER I - IIVTRODUCTION 

The success fu l  growth o f  t h e  w ind  power i n d u s t r y  wi  11 be based on 

many complex and i n t e r - r e 1  a t i n g  economic, soc i  a1 , and po l  i t i c a l  condi  - 

t i o n s .  As shown i n  P a r t  11, w ind  systems have h i g h  i n i t i a l  cos t s ,  

$21,082 f o r  t he  WTG40E and $12,876 f o r  t he  WTG40M. Th is  represen ts  the 

second l a r g e s t  inves tment  a home owner i s  l i k e l y  t o  makeythe house 

bei r lg  the  l a r g e s t .  Therefore, i n  t he  i n i t i a l  growth stages t h e  i n d u s t r y  

w i l l  be s e n s i t i v e  t o  t h e  s t r e n g t h  o f  t h e  economy and t o  p o l i t i c a l  and 

s o c i a l  a t t i t u d e s .  Consumers w i l l  be h e s i t a n t  t o  i n c u r  debts t o  buy 

w ind  systems unless t he  economic c o n d i t i o n s  a re  favorab le ,  i .e. , f u l l  

employment, h i g h  wages w i  t h o u t  double d i g i t  i n f l  a t i  on, and adequate 

supp l i es  o f  mortgage money a v a i l a b l e  a t  reasonable i n t e r e s t  r a tes .  

A1 though w ind  power represen ts  a v a s t  resource  o f  renewable energy, 

i t  s t i l l  must compete i n  t he  ener9.y market  a g a i n s t  t he  more convent iona l  

sources o f  energy such as o i l ,  coa l ,  n a t u r a l  gas, and nuc lear .  

The success o f  w ind  power as a v i a b l e  a1 t e r n a t i v e  i s  c l o s e l y  

t i e d  t o  c u r r e n t  as w e l l  as f u t u r e  p r i c e s  o f  o t h e r  sources o f  energy. 

Nuclear  power, thought  t o  be energy t oo  cheap t o  meter  i n  t he  

1950's when n u c l e a r  energy was s t i l l  i n  t h e  developmental stages, has 

r u n  i n t o  many t e c h n i c a l  and env i ronmenta l  problems sending t he  c o s t  

of  p roduc ing  power up a t  a l a rm ing  r a t e s .  



The Federal Government p lans t o  double t he  o u t p u t  o f  coal by t he  

l a t e  1980 's .  I t  i s  es t ima ted  t h a t  doub l i ng  t he  use o f  coal  would cause 

ove r  a  5% i nc rease  o f  su lphu r  d i o x i d e  emissions by 1985. I n  the  

l i g h t  o f  t he  p resen t  c o n d i t i o n  o f  t he  r a i l  system i n  t he  Un i t ed  States,  

t r a n s p o r t a t i o n  o f  such massive amounts o f  coal  by r a i l  cou ld  cause 

l a r g e  c a p i t a l  expend i tu res  t o  improve t he  r a i l  system. The coal  

i n d u s t r y  a l s o  has a  h i s t o r y  o f  severe l a b o r  problems as w i tnessed  j u s t  

r e c e n t l y .  W i  1  d - ca t  s t r i k e s  have made o u t p u t  undependable. The 1  abor 

problems o f  t he  coal  i n d u s t r y  a re  d i r e c t l y  r e l a t e d  t o  work ing  condi -  

t i o n s .  To improve t he  work ing  c o n d i t i o n s  t o  an acceptable l e v e l  would 

c o s t  a  g r e a t  deal ,  thus i n c r e a s i n g  t he  p r i c e  o f  coa l .  O i l ,  q u i c k l y  

dw ind l i ng ,  has t r i p l e d  i n  p r i c e  s i n c e  1973. With a l l  t he  supp ly  and 

demand f a c t o r s  considered, OPEC crude o i l  cou ld  c o s t  $25 t o  $31 a  
6 

b a r r e l  by 1985. The n a t u r a l  gas p r i c e s  have been low i n  re1 a t i o n  t o  

o t h e r  sources of  energy, due 1  a r g e l y  t o  p r i c e  c o n t r o l s  keeping t he  

p r i c e  a r t i f i c i a l l y  low. I f  Federal  p r i c e  c o n t r o l s  a re  re laxed ,  t he  

p r i c e  o f  n a t u r a l  gas wi 11 i nc rease  ex t reme ly  r a p i d l y  i n  r e l a t i o n  t o  a l l  

o t h e r  energy sources. 

CHAPTER I 1  - WIND POWER AS A VIABLE ALTERNATIVE 
- - 

I f  w ind  systems a r e  cons idered as f u e l  savers,  t he  c o s t  o f  t he  

convent iona l  f u e l  t h a t  t he  w ind  system saves can be cons idered as 

p o s i t i v e  cash f low t o  o f f s e t  t h e  investment  cost .  Because o f  h i g h  

i n i  t i a l  cos ts  , most res  i den ti a1 and a g r i  c u l  t u r a l  w ind  sys tems w i  1  1  

p robab ly  be f inanced  w i t h  l i t t l e  o r  no down payment. A f t e r  equipment 



maintenance charges a re  i n c l  uded, the  cash ou t f l ows  a re  approx imate ly  

cons tan t  ove r  t he  u s e f u l  1  i f e  o f  t he  wind system. On the  o t h e r  hand, 

f u e l  p r i c e s  have n o t  remained cons tan t  b u t  have i n f l a t e d  w i t h  t ime and 

c o n t i n u i n g  e s c a l a t i o n  i s  expected. The annual p r i c e  e s c a l a t i o n  r a t e  

o f  most f u e l s  i s  about  10%. Therefore,  t he  cash f l o w  r e q u i r e d  t o  

acqu i re  f u e l  can be expected t o  grow a t  some p r i c e  e s c a l a t i o n  r a t e .  

Normal ly  t he  annual cash f l o w  w i l l  be nega t i ve  a t  t h e  t ime  o f  investment ,  

then t u r n  p o s i t i v e  a t  some f u t u r e  da te .  

Economic v i a b i l i t y  can be s a i d  t o  be achieved i f  the  sum o f  the  

cash f l o w  t u r n s  p o s i t i v e  w i t h i n  a  reasonable t ime. Th is  t ype  o f  

breakeven occurs when: 

Where: 

S = I n i t i a l  Fuel Savinqs i n  D o l l a r s  

if = Annual E s c a l a t i o n  Rate o f  Fuel P r i c e  

n  = Year Breakeven Occurs 

'net = Net  Purchase P r i c e  o f  t he  Wind System 

DFA = D iscount  F a c t o r  o f  an Annu i ty  a t  im I n t e r e s t  and N Per iods 

m  = Annual Mortgage I n t e r e s t  Rate 

N = Length o f  Mortgage 

M  = Annual Maintenance Cost 

i = General P r i c e  Escal  a t i o n  Rate o f  Economy 
0 



Two w ind  systems were developed i n  P a r t  11: the  WTG40E c o s t i n g  

$21,082 and t he  WTG40Y c o s t i  nq $1 2,876. Those two sys tems a re  used 

i n  t h i s  economic ana l ys i s .  Using the  t o o l s  developed i n  P a r t  I, one 

i s  capable o f  p i c k i n g  any s i t e  f o r  which w ind  da ta  i s  a v a i l  a b l e  and 

de te rmin ing  the  annual p r o d u c t i v i t y  o f  a machine a t  t h a t  s i t e ,  thereby 

de teml i  n i n g  t he  f ue l  sav ing(S)  . I n  t h i s  i n v e s t i q a t i o n ,  t h r e e  s i t e s  

w i l l  be dnalyzed f o r  wind power use; an "average" duplex res idence  i n  

t he  Boston area, a d a i r y  farm o f  100 cows i n  Fladison, Wisconsin, and 

a p o u l t r y  fa rm o f  50,000 b r o i l e r s  i n  H a r t f o r d ,  Connec t i cu t .  The 

Boston res idence  w i  11 use t he  WTG40E whi l e  t h e  da i  ry  and poul  t r y  farms 

w i l l  use t he  WTG40M. F igures  3.1.1 and 3.1.3 show the  w ind  system 

p o r d u c t i o n  vs.  l oad  demand a t  t h e  t h r e e  s i t e s .  As t he  f i g u r e s  show, 

some s o r t  o f  aux i  1 i a r y  hea t  w i  11 be r e q u i r e d  d u r i n g  the  fa1  1 and w i n t e r  

months p a r t i c u l a r l y  i n  t ? l e  H a r t f o r d  and Madison cases. To meet t he  

f a 1  1 and w i n t e r  demands by w ind  machines would c r e a t e  an enormous 

s u r p l u s  i n  the  summer. I t  i s  p o s s i b l e  f rom a marke t ing  s tandpo in t ,  

t o  t a i l o r ,  w i t h i n  reason, a w ind  system f o r  each s i t e .  The WTG40E on 

t he  Boston s i t e  was much t oo  l a r g e  f o r  one res idence,  t h e r e f o r e ,  i t  

i s  be ing  used t o  hea t  a duplex.  Th i s  represen ts  a t a i l o r i n q  o f  needs 

t o  meet t he  wind system. I n  the  case o f  r e s i d e n t i a l  s i t e s ,  t h i s  

appears t o  have many advantages. Wind systems cou ld  be designed t o  h e a t  

hous ing complexes. 

The threesystems were compared t o  t he  amount saved i n  r e l a t i o n  

t o  c u r r e n t  e l e c t r i c  r a t e s  and c u r r e n t  h e a t i n g  o i l  r a t e s .  The f u e l  

sav ings of  the  Boston system saved $2,164.50 wo r th  of e l e c t r i c i t y  a t  
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a p r i c e  of  3.7 cents  pe r  kw-hr. When compared a g a i n s t  h e a t i n g  w i t h  

o i l ,  i t  saved $1,003.26 a t  a  p r i c e  o f  51 cents  p e r  gal  l o n  (SE=$2,164.50 

and So=$1,003.26). The Madison system showed a f u e l  savings of  

$1,387.50 wor th  o f  e l e c t r i c i t y  a t  a  , p r i c e  o f  2.7 kw-hr, when compared 

t o  h e a t i n g  w i t h  o i l  i t  saved $793.1 7 a t  a  p r i c e  o f  51 cents  p e r  g a l l o n  

(SE=$l ,387.50 and S0=$793.17). The H a r t f o r d  system showed a fue l  

sav ings of $1,563.25 wo r th  o f  e l e c t r i c i t y  a t  a  r a t e  o f  3.7 cents p e r  

kw-hr (SE=$l ,563.25). When compared t o  h e a t i n g  w i t h  o i  1  i t  saved 

$724.59 a t  a  p r i c e  o f  51 cents  a  g a l l o n  (S0=$724.59). 

No s i g n i f i c a n t  s t o rage  has been i n s t a l  l e d  i n  any o f  these t h ree  

systems. It i s  q u i t e  c l e a r  f rom an i n s p e c t i o n  o f  F igure  3.1.3 t h a t  

even a modicum o f  h o t  wa te r  o r  h o t  r ock  s torage,  capable o f  accep t i ng  

t he  su rp lus  produced between February and September, cou ld  p robab ly ,  

economical l y  , fi 11 the  September t o  February d e f i c i t .  

The maintenance w i l l  d i f f e r  f o r  t h e  two wind systems. The WTG40M 

maintenance schedule w i l l  i n c l u d e  an o i l  change and i n s p e c t i o n  o f  t h e  

o v e r a l l  system once a y e a r  a t  a  c o s t  o f  $100 t h e  f i r s t  year .  I n  

approx imate ly  t he  t w e l t h  year ,  an overhaul  o f  t h e  t ransmiss ion  a t  a  

c o s t  o f  $200 w i l l  be necessary. Th is  o v e r a l l  charge can be spread ove r  

t h e  system's l i f e ,  which w i l l  be assumed t o  be 25 years.  Therefore,  

t he  annual maintenance f ee  w i l l  be rough l y  $108. The WTG40E maintenance 

schedule wi 11 i n c l u d e  tin o i  1  and fi 1 t e r  change once a y e a r  a t  a  c o s t  

o f  $250. The gear  box and h y d r o s t a t i c  t ransmiss ion  w i l l  be assumed 

t o  l a s t  we1 1 o v e r  25 years  and t he  gear be1 t w i l l  have t o  be rep1 aced 

a t  seven y e a r  i n t e r v a l s  a t  a  c o s t  o f  $195. Th is  w i l l  t o t a l  



approx imate ly  $585 ove r  the l i f e  o f  t h e  system; thus, annual maintenance 

c o s t  (M) w i l l  be rough ly  $273. 

The economic c h a r a c t e r i s  t i c s  o f  t he  system a re  shown i n  Table 

3.1.1 and used i n  Equat ion 3.1 .1 and t h e  r e s u l t s  a re  shown i n  F igures 

3.1.4 and 3.1.5. Figures 3.1.4 and 3.1.5 e s s e n t i a l l y  r ep resen t  t h e  

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

The ques t i on  s t i l l  remains, "Can wind power make a  s i g n i f i c a n t  

impac t  on the  energy market?' '  As shown i n  F igu re  3.1.5, the  wind 

systems under - i n v e s t i g a t i o n  a t  t h r e e  s i t e s  w i l l  break even be fo re  t h e  

e i g h t h  yea r .  The WTG40M1s a t  Madison and H a r t f o r d  break even a t  5.5 

years  and 3.5 years  r e s p e c t i v e l y .  Th is  can make a  s i g n i f i c a n t  

impac t  on the energy market. The WTG40E i n  Boston i s  s t i l l  

economical a t  a  break even p o i n t  o f  7.5 years,  however., i t s  60 c y c l e  

3  phase o u t p u t  cou ld  be p u t  t o  much b e t t e r  use than  hea t ing .  Perhaps 

gene ra t i ng  power f o r  use i n  the  i n d u s t r i a l  s e c t o r  would be more appro- 

p r i a t e  f o r  t he  WTG40E. As shown i n  F igure  3.1.4 where t h e  systems 

a r e  compared w i t h  h e a t i n g  w i t h  o i l  the  WTG40M w i l l  s t i l l  make in roads  

i n t o  the energy market  b u t  t h e  WTG40E break even o f  17 years  i s  

ques t i onab le .  However, how much o i l  w i l l  be l e f t  i n  17 years (1995)?  

What p r i c e  t a g  can one p u t  on t he  conserv ing  o f  n a t u r a l  resources? 



TABLE 3.1.1 

ECONOMIC CHARACTER1 ST1 CS 

WTG40E A t  Boston 

S = $1,003.26 

if = 10% 

Pnet = $21,082 

N = 25 

io = 6% 

i, = 8% 

M = $273 

WTG40E A t  Boston 

S = $2,164.50 

lf = 10% 

Pnet = $21,082 

N = 25 

io = 6% 

i, = 8% 

M = $273 

AS COMPARED TO HEATING OIL 

WTG40M A t  Madison 

S = $793.17 

if = 10% 

Pnet = $12,876 

N = 25 

io = 6% 

i, = 8% 

M = $108 

AS COMPARED TO ELECTRICITY 

WTG40M A t  H a r t f o r d  

S = $724.59 

if = 10% 

Pnet = $1 2,876 

N = 25 

io = 6% 

i, = 8% 

M = $108 

WTG40M At  Madison 

S = $1,387.50 

if = 10% 

Pnet = $1 2, 876 

N = 25 

io = 6% 

i, = 8% 

M = $108 

WTG40M A t  H a r t f o r d  

S = $1 ,563.25 

P =$12,876 
n e t  

N = 25 
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CONCLUSION 

I n  conclus ion,  wind power a t  i t s  p resent  stage o f  develop~ilent 

must make i n i t i a l  e n t r y  i n t o .  the  energy market as a f u e l  saver.  

However, once the  wind power i n d u s t r y  becomes es tab l i shed,  a 

s i g n i f i c a n t  s t e p  w i l l  have been taken towards making the  Un i ted  S ta tes  

energy s e l f - s u f f i c i e n t  by t he  y e a r  2000. It i s  f e l t  t h a t  t h i s  i n v e s t i g a -  

t i o n  has c l e a r l y  demonstrated w ind  power as an economical source o f  

energy. Furthermore, t h e  two wind systems developed i n  t h i s  r e p o r t  

a re  by no means the f i n a l  answer i n  economical wind system design; as 

t h e  i n d u s t r y  gears up, even more economic designs w i l l  be sure t o  

f o l l ow .  Al though t h e  wind power i n d u s t r y  i s  s t i l l  i n  i t s  in fancy ,  

t he  i n i t i a l  pub1 i c  r e a c t i o n  has been favorab le .  
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APPENDIX 1  

NOMENCLATURE 

M =Mass  

P = Dens i ty  o f  A i r  

V = V e l o c i t y  a t  Ro to r  

A  = A r e a o f  Ro to r  

K.E = K i n e t i c  Energy 

V1 = Upstream V e l o c i t y  

V2 = Downwind Vel o c i  t y  

P  = Power 

'ma x  = Theo re t i ca l  Maximum Power 

C~ 
= Power C o e f f i c i e n t  

X = T i p S p e e d R a t i o  

R = Radius o f  Wind Wheel 

R = Angular  Ye loc i  ty 

K = Weibu l l  Shape Parameter 

C = Weibu l l  Scale Parameter 

Vo = Mimimum Expected V e l o c i t y  

0 = Standard D e v i a t i o n  About t h e  Mean Wind Speed 
- 
Y = Mean Wind Speed 

I' = Gamma Func t ion  

TC1 = Number o f  Hours Cu t - i n  Wind Speed i s  Exceeded 

TR = Number o f  Hours Rated Wind Speed i s  Exceeded 

TCO = Number o f  Hours Cut-out  Wind Speed i s  Exceeded 



Vr = Rated Wind Speed 

OPT = Optimum Blade 

LCLT = L inea r  Cord L i n e a r  Taper Blade 

LCZT = L inear  Cord Zero Taper Blade 

CCZT = Constant Cord Zero Taper Bl  ade 

CT = Constant o f  Conversion .001356 

KW = K i l o w a t t  

HR = Hour 

Y R  = Year 

RV = Rated Wind V e l o c i t y  

C I V  = Cut- in  Wind V e l o c i t y  

PF = P l a n t  Fac tor  

FT = Feet 

MPH = Mi les  Per Hour 

HP = Horsepower 

RPM = Revolut ions Per Minute 

Ct = Thrus t  C o e f f i c i e n t  

LBS = Pounds 

My aw = Gyroscopic Moment Induced i n  Yaw 

I z = Moment of  I n e r t i a  o f  the Wind Wheel About the  Axis o f  Rota t ion  

= Maximum Yaw Rate 

M = Bending Moment 

C = Dis tance t o  Extreme F ibe r  

I = Moment o f  I n e r t i a  

PSI = Pounds Per Square Inch  

S = I n i  ti a1 Fuel Savings i n  Do1 1 a rs  



if 
= Annual E s c a l a t i o n  Rate o f  Fuel P r i c e  

n = Year Breakeven Occurs 

Pnet = Net Purchase P r i c e  o f  t he  Wind System 

DFA = Discount  Fac to r  o f  an Annu i ty  

m = Annual Mortgage 

N = Length o f  Mortgage 

M = A n n u a l  Maintenance Cost 

i o = General P r i c e  E s c a l a t i o n  Rate o f  Economy 



APPENDIX I 1  

PROGRAM WIND 

Enter Wiebull 1-9 
Calcu la te  

i n  Quest ion 

Enter Blade 

Enter Number of Blades 
and T i p  Speed Rat io  

Enter  Design Shear Stress f o r  Wind Shaf t  

3 

CP .454 2 
TP .764 
CM . I 4  c - 

CP .435 
TP .754 
CM .2 

i 

t' 
'iI 



C a l c u l a t e  Energy Produced I from Rated t o  F u r l i n g  Wind Speeds , 

w 

C a l c u l a t e  T h r u s t  a t  Rated 

C a l c u l a t e  Wind Wheel 
RPM a t  Rated 

S t a g e s  Requi red  

I C a l c u l a t e  Overa l l  
Speed-up Rat i  o I 

R a t i o  f o r  Each S t a g e  



V 
Calcu la t e  Chain S izes  f o r  
Each Stage (Rol l e r ,  Hy-Vo, 
o r  S i l e n t  Chains) 

Calcu la te  Torque i n  
t h e  Wind S h a f t  

Ca lcu la t e  O.D. of So l id  
Wind S h a f t  

Ca lcu la t e  O.D. and I . D .  
f o r  Hol 1 ow Wind Sha f t  I 



NAME 

v1 

VMS 

N B 

TSR 

S S 

RATED 

A 

LIST OF VARIABLES 

FOR PROGRAM WIND 

DIMEIUSION MEAN I NG 

Scal a r  Wiebul l  C Value 

Sca I a r  Wiebul l  K Value 

Vector 1 by 2 WS(1) = Mean Wind Speed 

WS(2) = Standard Dev ia t i on  

Scalar  Time Per iod i n  Quest ion  

i - e . ,  Month (730 h rs )  

Season (2190 h r s )  

Year (8760 h r s )  

Scal a r  Rotor Diameter 

Scalar  Rotor Radius 

Vector 1 by 3 V ( l )  = Cut - in  

V(2) = Rated MPH 

V(3) = Fu r l  i ng 

Scalar  Rated Wind Speed F.P.S. 

Vector 1 by 3 VMS(1) = Cu t - i n  

VMS(2) = Rated MP S 

VMS(3) = F u r l i n g  

Scal a r  

Scalar  

Number of Bl  ades 

T i p  Speed Ra t io  

Sca lar  Design Shear Stress f o r  Wind Shaf t  

Scal a r  Output RPM 

Vector 1 by 3 A ( l )  = Power Coe f f i c i en t  



NAME 

CONST 

KWHRl 

VMS* 

0 

P F 

T 

B 

WR 

RAT I 0 

ST 

S D 

SDO 

SDI 

DIMENSION 

Scalar  

Scalar  

Scal a r  

Scal a r  

Scal a r  

Vector 1 by n 

Vector 1 by n 

Scalar  

Scalar  

Scalar  

Scalar  

Scal a r  

Scal a r 

Sca 1 a r  

Scal a r  

Scalar  

Scal a r  

Scalar  

MEAN I NG 

A(2) = Thrus t  Coef f i c ien t  

A(3) = Bending Moment C o e f f i c i e n t  

Densi ty  of A i r  

Constant f o r  Convert ing Ft-Sec t o  Kw 

Numberof Hours a Prescr ibed Wind 

Speed i s  Exceeded 

Number o f  Hours a Prescr ibed Wind 

Speed i s  Exceeded 

Energy Generated From Rated t o  F u r l i n g  

Wind Speed Increments f o r  Numerical 

I n t e g r a t i o n  (MPS) 

Wind Speed Increments f o r  Numerical 

I n t e g r a t i o n  (FPS) 

Energy Generated From Cut - in  t o  

Rated-n 

Rated Output 

P lan t  Factor  

Thrus t  a t  Rated 

Bend Moment a t  Blade Roots (Combined) 

Mind Wheel RPM a t  Rated 

Number of Speed-Up Stages Required 

Torque i n  t h e  Wind Shaf t  a t  Rated 

Wind Shaft  Diameter (601 i d )  

Wind Shaft  Outside Diameter (Hol low) 

Wind Shaft I n s i d e  Diameter (Hollow) 



NAME 

W RT 

DIMENSION 

Sca la r  

MEAN I NG 

O v e r a l l  Speed-Up R a t i o  

*Redefined on L i n e  50 o f  Program (WIND) 

**Redefined on L i n e  49 o f  Program (WIND) 



H A R T F O R D  p CT + 

WIPlTER 

NIPID WHEZEL r l x f i  (FT,  ) , , , , , , , , , , , , , , , , , , 25+00 
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SAMPLE O F  TYPICAL  

OUTPUT FROM PROGRAM WIND 

W I N D  WHEEL I l I A  (FT),* , , , , , , , , , , , ,**  

NUMBER O F  ~ ~ ~ = ~ ~ ~ * * * * * * * * * ~ ~ * ~ ~ ~ ~ ~ * ~  
T I P  S P E E D  R~TIO,,,,+,,+,,,,+,**+**+ 

R O T E I l  O U T P U T  (KW),,,,,*,,,,,,,**,,, 
C O S T  O F  El-1EF:G'r' CO1.1VEF:TEF: ( D 0 L L A F : S  ) , 
V C U T I ) (  ( M F ' ~ ) , , , , , * , * , * * , , , * , , , , , * ,  

V WfiTEt l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
V FUF:LIt.tG ( ~ ~ ~ ) , , , * * * * * * * * * * * * * * * * *  
T O T A L  O U T P U T  KW-HF:S/TR + + + , + , + , , + , + 

P L A N T  FACTOF: . . . . . . . . . . . . . . . . . . . . . .  
T H R U S T  ( L P S )  . . . . . . . . . . . . . . . . . . . . . .  
B E N D I N G  MOMENT ( F T - L B S )  , , , , , + , * , + +  

WIl.(D WHEEL RF'M , , , 4 , , * , * , , * * 
W I N D  S H A F T  T0F:mUE ( I N - L F S )  ,,,,,,,, 
W I N D  S H A F T  D I A  (11.1) ,,,,,,,,,,,,,,, 
HOLLOW WI f4 f l  S H A F T  Or1 ( 11.1) , , , , , , , , , 
HOLLOW W I N D  S H A F T  IX3 (11.1) , , , , , , , , , 
0 V E F : A L L  SPEEKl-UF R A T I O  ,,,,,,,,,,,, 

ROLLEF:  C H A I N  11F:XVE 

C H A I N   ITCH,,,,,,,,**,************* 
NO, O F  T E E T H  I t 4  SM,  S P R O C K E T  ,, ,,,, 
NO, O F  T E E T H  11.1 L C ,  SPF:OCI<ET , , , , , , 
S E F : V I C E  F A C T O R  . . . . . . . . . . . . . . . . . . . .  
LSPF'F:O:.:, CE14TER 11 I STA1.1CE , , , , , , , , , , , 
OF'PF:O:.:, L E N G T H  0VEF:CSLL , , , , , , , , , , , , 
F E E T  PER M I N U T E  * + , + * + + , , + , + , * * + , + ,  

R O L L E R  C H A I N  D R I V E  

CHfi I t -4 ~ I T C ~ , , , , , , * . * * * * * * * * * * * * * * * *  
NO, O F  T E E T H  I N  SM, S P R O C K E T  ,,,,,, 
NO, O F  T E E T H  I N  L C *  S P R O C K E T  ,,,,,, 
S E R V I C E  F Q C T O f i  . . . . . . . . . . . . . . . . . . . .  
AF'F'F:O>:, CEl.1TEF: D I S T A P l C E  , , , , , , , , , , , 
CSPF-F:O::, LE12GTH 0 V E F : A L L  , , , , , , , , , , , , 
F E E T  F'ER MI1.fUTE , , , , , ,., , , , , , , 

35 00 
3 

7 * 5  
17*84 

987*14  
5 *00  Fall O u t p u t  f o r  

20,00 Hart ford ,  CT 
50 4 00 

8333 
0121 

753 
2414 

120 
12524 

2 , O O  
2 + 4 1  
1+95 
4*37 
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APPENDIX I 1 1  

SOME CONVERSION FACTORS 

Length 

1 f o o t  x .3048 = 1 meter  

Mass 

s 1 u g / f t 3  x 515.4 = K ~ / M ~  

Ve1 o c i  ty  

Ft/Sec x .3048 = M/Sec 

Mph x .447 = M/Sec 

Mph x 1.47 = Ft/Sec 

Energy 

Kw-hr x 3413 = BTU 

Powe r 

Hp x746 = Watts 



FOOTNOTES 

' ~ e s e a r c h  News, William D. Metz, September 2, 1977, page 971. 

2~erodynarnic Performance of Wind Turbines, Wilson, Lissaman, and Walker, 
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2365, pages 77-78. 

4~e fe rence  Wind Speed Dis t r ibu t ion  and Height Prof i les  fo r  Wind Turbines 

Design and Performance Eva1 uations Appl i cat ion,  Justus,  Hargraves , 

and Mi khail , work performed under contract  No. E(40-1)5108, 1976. 
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6 0 ~ ~ ~  Crude Oil Prices Could Double by 1985, Analyst Says,as Worldwide 

As Worldwide Demand Grows, Wall S t r e e t  Journal, June 9,  1977. 
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