


SERI/SP-635-1142 
UC Categories: 58, 60 

Final Draft 

Strategies for the 
Evaluation of Advanced 
Wind Energy Concepts 

Peter South 
Richard Mitchell 
Eric Jacobs 

December 1983 

Prepared under Task No. 1067.10 
FTP No. 172 

Solar Energy Research Institute 
A Division of Midwest Research Inst i tute 

161 7 Cole Boulevard 
Golden, Colorado 80401 

Prepared for the 
U.S. Department of Energy 
Contract No. DE-ACC2-83CH10093 



SP-1142 

TABLE OF CONTErJTS 

Page . 

1.0 Introduction ........................................................ 1 

1.1 Summary.. ...................................................... 1 
1 . 2  Bibliography ................................................... 7 

2.0 Wind and Wind Ener. ................................................ 9 

2.1 Wind Characteristics. .......................................... 16 
2.2 WECS Perfo.mance ............................................... 20 
2.3 Su.ary ........................................................ 21 
2.4 Bibliography ................................................... 21 

3.0 Rotor Configurations ................................................ 23 

3.1 Summa... ...................................................... 31 
3.2 Bibliography ................................................... 32 

4.0 System Configurations ............................................... 33 

4.1 SulIIZnaryl ....................................................... 33 
4.2 Conventional tjECS .............................................. 41 

4.2.1 Differential Drag Devices ................................ 4 1  
4.2.2 Horizontal Axis IJECS ..................................... 48 
4 . 2 . 3  Vertical Axis .CS ....................................... 56 

5.0 Flow Augmentation ................................................... 7 1  

5.1 Su.ary ........................................................ 7 1  
5 .2  Bibliography ................................................... 83 

6.0 WCS Optimfzation ................................................... 85 

7.0 Types of Systems .................................................... 89 

7.1 
7.2 
7 . 3  
7.4 
7 . 5 
7 . 6  
7 . 7  
7.8 
7.9 

Transmission Systems ........................................... 90 
Generator SystelT1Ei .............................................. 90 
Support Systems ................................................ 9 1  
Drag Device Systems ............................................ 93 
Lifting Device SyStems ......................................... 96 
L i f t  and Drag Systemg .......................................... 107 
Augmentation Systems ........................................... 107 
Thermal Columns ................................................ 112 
EZeferences ..................................................... 119 

iii 



SP-1142 

TABLE OF CONTENTS (Concluded) 

Page . 

Appendix A ............................................................. 123 

Appendix B ............................................................. 127 

Appendix C ............................................................. 129 

Appendix D ............................................................. 133 

iv 



SP-1142 

LIST OF FIGURES 

Page 

1-1 E a r l y  Wind Energy Devices .......................................... 2 

1-2 Typical American Farm Type Windmlll ................................ 3 

1-3 A Variant of t h e  American Farm Type Windrnill ....................... 3 

2-4 4 

1-5 Energy Balance for a Wind Energy Device ............................ 5 

1-6 Benefits and C o s t s  of a FJECS ....................................... 6 

Energy Product ion of a Typical WECS as a Function of Wind Speed .... 

1-7 Value of an Innovation.. ........................................... 6 

2-1 Schematic of a WECS ................................................ 9 

2-2 Conservation of Mass. .............................................. 10 

2-3 Conservation of Ener8y ............................................. 10 

2-4  Force Changing t he  Momentum F l u x  of a F l U i d  ........................ 11 

2-5 Schematic of a n  Ideal Actuator  . i sk ................................ 1 2  

2-6 Change in T o t a l  Pressure Through an Actuator  gisk.* ................ 1 3  

2-7 Ideal Actuator Disk Operating a t  the Lanchester-Betz L i m i t  ......... 15 

2-8 Ideal Actuator Disk Operating at T o t a l  Pressure Change E q u a l  to 
Free Stream Dynamic Pressure ....................................... 15 

2-9 External Flow Mixing wi th  Wake to Ebise Its  Tota l  Pressure ......... 16 

2-10 WECS Mounted on an Object .......................................... 17 

2-11 Typical Wind P r o f i l e s  .............................................. 18 

2-12 Rayleigh Wind Speed D i S t r i b U t i o n  ................................... 18 

2-13 Various CJeibull Distributions ... . . . . . . . . . . . . . . e . ,  .................... 19 
2-14 Minimum Possible WECS.* ............................................ 19 
3-1 Generalized Lift and Drag Devic.~.~. ............................... 23 

3-2 T y p i c a l  Passive Airfoil and I ts  Lif t - to-Drag R e l a t i o n s h i p  .......... 25 

V 



SP-1142 

LIST OF FIGURES (Continued) 

Page 

3-3 Typical Lift Coefficient t o  Angle of Attack Relationship f o r  
a Cambered Passive . r f O i l *  ........................................ 26 

3-4 Def in i t i on  of Forces on L i f t  and Drag .evicesc ..................... 27 

3-5 Spinning Cyl inde r  Used as an Active .Ai r fo i l  t o  Produce a 
Xigh L i f t  Coefficient (Magnus Effec t )  .............................. 23 

3-6 Comparison of Force i n  the Direct ion of Motion Produced by an 
I s o l a t e d  Blade Opera t ing  a t  t h e  Same Lift Coefficient a t  Low 
and U g h  Speeds. ................................................... 28 

3-7 Forces Acting on an Airfoil Moving i n  tJind ......................... 29 

3-8 V e l o c i t y  Induced by Loading ........................................ 30 

3-9 Force in t h e  Direction of Motion Versus Speed Rat io  f o r  Typical 
I so l a t ed  L i f t  and Drag Devices of Equal Active Area ................ 31 

4-1 Typical Orbital Pa ths . .  ............................................ 33 

4-2 Some Examples of t he  Uses of Orbital Paths ......................... 34 

4-3 Vertical Orb i t a l  P a t h  Normal to t h e  Wind ........................... 34 

4-4 H o r i z o n t a l  O r b i t a l  Path ............................................ 35 

4-5 O r b i t a l  P a t h  in a Horizontal Plane with Lifting Elements 
Extending Normal t o  t he  Plane ...................................... 36 

4-6 Devices 'Jsing Axes to Suppor t  t h e  Active .lemen.sle+ ............... 37  

4-7 Devices Using Tracks t o  Support the  Active Elements ................ 39 

4-8 Axis Systems Used in the  HAWT and t h e  VAWT ......................... 40 

4-9 Noncircular TraCk .................................................. 41 

4 - L O  T e t h e r s  Used t o  Maintain Useful Orb i t a l  Paths ...................... 42 

4-11 Gravi ta t iona l  Bending Moments Seen by Blade Roots of a EUWT ........ 4 3  

4-12 herodynamic Forces on a VAWT ....................................... 43 

4-13 R e l a t i v e  Sites of a WECS Using D i f f e r e n t i a l  Drag and Using 
Aerodynamic L i f t  to  Produce t h e  Same Power i n  t h e  Same Wind 
C o n d i t i o n s  ......................................................... 44 

v i  



SP-1142 

LIST OF FIGURES (Continued) 

Page 

4-14 Power Output per Unit of Active Area f o r  Differential Drag WECS 
and L i f t  WECS ...................................................... 44 

4-15 Torque and Power Produced by a Differential Drag WECS .............. 4 6  

4-16 Variable Geometry Elements for Different ia l  Drag WECS .............. 47 

4-17 Shielded Element WECS .............................................. 48 

4-18 Savonius .tor ..................................................... 49 

4-19 Some HAW Configurations ........................................... 50 

4-20 Basic Elements of a HAWT ........................................... 51. 

4-21 Moment of Inertia of a Rotor ....................................... 51 

4-22 Typical Blade Shapes for a .WT ................................... 52 

4-23 Effects of S o l i d i t y  on the  Performance of Typical €€AWTs ............ 53 

4-24 Typical Orienting Mechanisms for .WTs ............................. 55 

4-25 Some Rotor Support Structures ...................................... 56 

4-26 Typical Power Transmission and Conversion Mechanisms ............... 57 

4-27 Some Methods for Controlling and Limiting the Power Extracted 
from the  Wind ...................................................... 58 

4-28 31ade Pitch Control Mechanisms ..................................... 58 

4-29 Original  Patent Obtained by Darrieus ............................... 59 

4-30 Typical Curved Blade VAWTs ......................................... 60 

4-31 Operating Principles of a VAWT ..................................... 61 

4-32 Various Types of VAWTS.. ........................................... 62 

4-33 Distribution of Centrifugal Bending Noment on a Straight Blade 
VAWT ................................................................ 6 3  

4-34 Savonius Rotor Used to Increase S t a r t i n g  Torque on a Fixed 
P i t c h  VAWT ......................................................... 6 3  

4-35 Cyclical Aerodynamic Torque and Shaft Torque t h a t  Exists when a 
Torsionally Sof t  Coupling Is Used .................................. 63 

vii 



SP-1142 

LIST OF FIGUBES (Continued) 

4-36 Use of Centrifugal Pendulums to Reduce Dynamic Drag Loads Seen 
by Supporting Struc ture  ............................................ 64 

4-37 Buckling of the Upwind Blade of a Parked VAWT Rotor in an 
Extreme Wind ....................................................... 65 

4-38 A Two-Blade VAWT Rotor Parked in a Low-Drag Orientation ............ 66 

4-39 Torque Characteristics of a Stopped Single-3lade VAWT Rotor ........ 67 

4-40 Rela t ive  Chord Sizes for One.. Two.. and Three-Blade Rotors 
Having the Same S o l i d i t y  ........................................... 68 

4-41 Use of Struts to Increase Resistance to Buckling and t o  Increase 
Blade Axial S t i f f n e s s . . .  ........................................... 68 

4-42 Effect of Solidity on Some of t h e  Important Rotor Properties ....... 69 

5-1 Annual Value of a WECS ............................................. 71 

5-2 Reduction of Stat i c  Pressure in the F l o w  Associated with an 
Increase of Speed .................................................. 72 

5-3 An Elementary Axial Flow augment or..........,........*......*....^. 73 

5-4 F l o w  Separation from the  Walls of a Diffuser ....................... 7 4  

5-5 F l o w  Separation from a Nacelle.L ................................... 74 

5-6 Water Tunnel Flow Visualization of t h e  Flow Separa t ion  from a 
Simulated Nacelle in a DiffuSer .................................... 7 5  

5-7 Examples of Diffusers Using E i t h e r  Active o r  Passive Walls. or 
Combinations of the Walls .......................................... 76 

5-8 Augmentor Using Two Actuator Disks in Series ....................... 78 

5-9 Turbines Placed i n  t h e  Accelerated Flow of a Vortex Produced 
by a Delta Wing .................................................... 78 

5-10 Use of a Vortex to D r a w  a Secondary Air Flow Through a Turbine ..... 79 

5-11 Use of a High L i f t  A i r f o i l  t o  Increase the St rength  of a 
Vortex t h a t  Is Used to D r a w  a Secondary Flow Through 
a Turbine .......................................................... 80 

5-12 A Moving Actuator Disk Augmento. ................................... 80 

v i i i  



SP-1142 

LIST OF FIGURES (Continued) 

Page- 

5-13 A Conceptual Moving Actuator Disk augment or................^ ....... 81 

5-14 Wind Turbine Placed in the Accelerated Flow Caused by an 
Obstruction ........................................................ 82 

5-15 Effects of Installing a WJ3CS on an Obst ruc t ion  that Is About the 
Size of t h e  WECS ................................................... 82 

6-1 Typical Relat ionship Between Average Power and Rated Power 
f o r  a WECS Having Some Fixed LossesO ............................... 87 

6-2 Example of an Old WECS  model......................................^ 88 

7-1 The Enf ie ld  Andreau Machine ........................................ 89 

7-2 A Direct-Drive Generator ........................................... 91 

7-3 The Charged Aerosol Wind-Driven Generator .......................... 92 

7-4 E l e c t r o f l u i d  Dynamic Wind-Driven genera to^........................ 92 

7-5 Some Examples of Tethered Systems .................................. 94 

7-6 Multiple WECS Models on a Single Suppor t  ........................... 95 

7-7 The Madaras System Using Magnus-Effect Rotors Moving on a Track .... 96 

7-8 A Variety of Proposed WCS S t r u c t u r e s  .............................. 97 

7-9 Cup Type Differential Drag WECS .................................... 98 

7-10 Some P r o p o s a l s  t h a t  Have Been Made f o r  Variable-Geometry Drag 
Type WECS .......................................................... 98 

7-11 Some Examples o f  Shielded. Drag Type WECS .......................... 101 

7-12 WECS Using L i f t i n g  Elemelits ........................................ 102 

7-13 Low S o l i d i t y / H i g h  Tip-Speed R a t i o  .CS ............................. 103 

7-14 High So l id i ty /Low Tip-Speed Rat io .  Lifting-Type WECS.-. ............. 104 

ix 



LIST OF PIGUBES (Concluded) 

SP-1142 

7-15 Power Control by Yawing t h e  Rotor and Using Passive Cyclic  P i t c h  
Control to  Minimize Blade Root Dynamic Luads.+ ..................... 105 

7-16 Active Symmetrical Airfoil Using T r a i l i n g  Edge Jets t o  Produce 
E i t h e r  a Positive o r  a Negative L i f t  Force ......................... 105 

7-17 A L i f t  Translator WECS ............................................. 106 

7-18 Hub of the Passive Cycl ic  P i t c h  Control Rotor ...................... 106 

7-19 The Madaras System ................................................. 107 

7-20 Examples of Devices Designed t o  Increase Maximum Power 
CUefficfent.ooa*.o ................................................. 108 

7-21 An Oscillating Vane WECS ........................................... 109 
7-22 Strumming Cable WECS ............................................... 109 

7-23 Tethered WECS Using Rotors t o  Provide L i f t  Force and Power 
Ext rac t ion  Mechanism ............................................... 110 

7-24 Typical Performance of a S p l i t  Savonius Roto. ...................... 110 

7-25 WECS Using Both Lift and Drag Elements t o  Extract  Power from 
Wind ............................................................... 111 

7-26 Diffusing and Concentrating DuCts .................................. 112  

7-27 Typical Proportions for an Efficient P a s s i v e  D.ffuser .............. 113 
7-28 G r m a n  DAWT Using it Reenergized Boundary Layer to Prevent 

F l o w  Separation from Diffuser Walls ................................ 113 

7-29 Dynamic Inducer Using Tip  Vanes to D i f f u s e  FLOW .................... 114 

7-30 Examples of Proposed Energy Concentrators .......................... 115 

7-31 Grumman Tornado-Type WECS* ......................................... 116 

7-32 Vortex Augrnentor Concept ........................................... 116 

7-33 Turbine from Scale Model o f  Grumman Tornado-Type WECS .............. 1 1 7  

7-34 R e l a t i v e  Sizes of WECS Based on  Power OUtpUt ....................... 117 
7-35 Device fo r  Extracting Energy from Humid Air (South Dakota 

School of .iviines) ................................................... 119 

X 



SP-1142 

A 

c 
c 

cL 

cP 

C 
pW 

D 

H 

Hr 

zx* 

=YY 
k 

K 
L 

M 

P 

P 

ps1 

pT 

NOMENCLiArn 

r e f e r e n c e  area 

d i s k  area 

wing area (or  b lade  area) 
chord l e n g t h  of a i r f o i l  

an e m p i r i c a l  cons tan t  

drag drag c o e f f i c i e n t  = 
P VR’A 

drag coef f i c i e n t  on element moving downwind 

drag coefficient on element moving upwind 

lift l i f t  coefficient = 
-,j- P V R ~ A  

power 

p V3A 
power c o e f f i c i e n t  = 

power 

4 V3Aw 
power c o e f f i c i e n t  based OR wing area = 

drag force on element moving downwind 

drag coefficient on element moving downwind 

drag force on element moving upwind 

energy 

height 

reference he ight  

moment of inertia about x a x i s  

moment of inertia about y axis  

an empirical value 

an empirical constant 

l i f t  force 

mass flow rate 

probability that  the wind will be w i t h i n  a p a r t i c u l a r  range 
of speed 

power 

static pressure in t h e  undisturbed wind 

static pressure far downwind of WECS 

total pressure in the undisturbed wind 

xi 



SP-1142 

NOMENCLAm (Concluded) 

r 

% 
R 
T 
t 

u 
V 

a' 

r 

P 

p 1  
8 

t o t a l  pressure far downwind of WECS 

total pressure f o r  downwind of WECS a f t e r  partial 
with external flow 

radius 

maximum r o t o r  r a d i u s  

resultant force 

streamwise force 

' time 

velocity of object 

a se lected  velocity 

veloc i ty  of wind in undisturbed flow 

average wind speed 

wind speed at reference height  

velocity of wind far downwind of WECS 

v e l o c i t y  of wind for downwind of second ac tua tor  disk 

axial veloc i ty  

volume flow rate 

ve loc i ty  of wind through actuator disk 

. induced velocity 

re lat ive  wind velocity 

veloc i ty  a t  reference height 

tangential velocity 

angle of attack of airfoil 

wind shear coefficient 

circulat ion 

angular velocity 

density of a i r  in undisturbed flow 

density of air far downwind of WECS 

angle 

x i i  



SP-1142 

1.1 

"Wind energy is free" is a popular statement .  However, although the wind's 
energy is f r e e ,  t he  process of harnessing that energy and conver t ing  it to a 
useful form can be very expensive. Some energy can be e x t r a c t e d  w i t h  rela- 
tively simple devices  like those shown in Figure 1-1, but rather s o p h i s t i c a t e d  
designs are required to produce large amounts of useable energy at a c o s t  com- 
p e t i t i v e  with convent ional  energy sources. 

This repor t  presents the  basic principles that  govern the derivation of energy 
from the wind and the l i m i t a t i o n s  of the var ious  devices  t h a t  are available. 
A new concept usually consists of relatively convent ional  components, and i t  
is the particular combination of these components t h a t  makes the concept inno- 
vative. The evaluation process  i n  t h i s  r e p o r t  can be used t o  determine 
whether o r  n o t  the new combination is advantageous. While t h e r e  are no 
"magical" solutions t o  d e r i v i n g  energy from the wind, there are methods that 
estimate a system's overall performance. This repor t  w i l l  show what types o f  
systems have the greatest potential, and should a i d  t h e  i n v e n t o r  i n  e v a l u a t i n g  
the  probability and t h e  value of success of h i s  device/system. The report 
also describes the types of systems that offer l i t t l e  p o t e n t i a l  f o r  cost -  
effectiveness; we hope that t h i s  w i l l  i n d i c a t e  where invent ive  e f f o r t  has t he  
least l ikel ihood of success to prevent  wasting the  e f f o r t  of i n v e n t i v e  
researcher s 

Wind energy conversion systems (WCS) evolved when alternative forms of energy 
were relat ively expensive and the average power l e v e l s  r e q u i r e d  were q u i t e  
modest. For instance, windmills found on American farms, like t he  one shown 
in Figure 1-2, were designed t o  provide a r e l a t i v e l y  Tow power o u t p u t ,  bu t  
were requfred t o  supply the  energy year after year.  No other source o f  energy 
a v a i l a b l e  a t  that t i m e  was as economical and re l iable .  To meet t h i s  need, 
windmill designs were based on rugged simplicity and low i n i t i a l  c o s t ,  The 
final product was simple, but not crude; the device was a c t u a l l y  the result of 
considerable  effort. 

As the c o s t  of a l t e r n a t i v e  forms of energy decreased and energy consumption 
dramatically increased ,  t h e  wind machines could no longer compete economically 
w i t h  o ther  sources of energy and were r e l e g a t e d  t o  minor r o l e s  i n  the energy 
market. The recent renewed i n t e r e s t  in wind energy i s  the r e su l t  of 
spiralling energy c o s t s .  What is  needed today i s  a s i g n i f i c a n t  improvement 
over the rugged but r e l a t i v e l y  i n e f f i c i e n t  machine like the farm windmi l l .  
While the  costs  of alternative forms of energy are  r i s i n g  (we m y  consider  
them t o  be h i g h ) ,  energy is still a r e l a t i v e l y  cheap commodity. It i s  our  
enormous a p p e t i t e  f o r  energy t ha t  makes i t  so c o s t l y ,  and machines like t h e  
Earn windmill o r  the wind machine shown i n  Figure 1-3 can no longe r  meet our 
energy demands . 
The s i z e  of the  requi red  machine depends OR the average ava i lab le  wind speed .  
Note that i n  a r eg ion  where the average wind speed  is 10 mph, an e f f i c i e n t  
WECS would have t o  be 30 ft i n  diameter t o  extract  an annual average of 
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approx ima te ly  50 kWh/day, as indi- 
cated by t h e  curve i n  Figure 1-4. 
Even a t  $O.OS/kWh, which i s  a h i g h  
value f o r  energy t ha t  is not  a v a i l -  
able on demand, the annual value of 
such a WECS would only be about 
$900. At a site where t h e  wind 
speed  i s  greater, the a n n u a l  value 
would be greater, but there are few 
sites i n  the United S t a t e s  wi th  
these condi t ions .  

The c o s t  of energy i s  c a l c u l a t e d  
us ing  a s tandard  cos t  of energy f o r -  
mula where a11 t he  i n i t i a l  c o s t s  
(such as material, labor, cons t ruc-  
t i o n ,  l a n d ,  permits ,  etc.) are added 
t o g e t h e r .  The sum of the initial 
c o s t s  i s  then multiplied by a factor 
that r e f l e c t s  t h e  c o s t  of borrowing 
money and amortizing the i n i t i a l  
c o s t s ,  There are also recur r ing  
c o s t s  t h a t  r e f l e c t  t h e  c o s t  of 
uperaring, maintaining, and i n s u r i n g  
t h e  machine. The amor t ized  i n i t i a l  
c o s t s  and the recur r ing  cos ts  are 
then  added toge ther  t o  give t he  

400 * 

300 ' 

200. 

100. 

I ! - 
0 5 10 15 2c 

Figure 1-4, Energy Production of a 
Tgpical W C S  as a 
Function of Wind Speed 

total annual  c o s t .  The t o t a l  a n n u a l  c o s t  is then d i v i d e d  by t h e  annual  energy 
product ion  t o  give the cost  of energy. I n i t i a l l y  t h e  cost of energy produced 
from a WECS will probably be higher  than the  cost  of energy produced from 
fossil f u e l s .  However t h e  c o s t  of energy produced by a WECS is not Likely t o  
inflate t o  any g r e a t  e x t e n t ,  whereas the c o s t  of ene rgy  produced from fossil 
f u e l s  my i n f l a t e  r a p i d l y .  Therefore, t h i s  method of comparing t h e  cost  of 
energy produced by a WECS t o  the c o s t  provided  by foss i l  fuels does n o t  
account f o r  fossil f u e l  escalation and the t i m e  value of money, One method of 
making a more valid comparison i s  t o  estimate t h e  present  va lue  of the l i f e  
c y c l e  cos ts  of the WECS, and t o  compare t h a t  v a l u e  w i t h  the  p r e s e n t  value of 
the energy tha t  the WCS will s u p p l y  i n  i t s  l i f e t i m e ,  The comparison does 
require an a c c u r a t e  prediction of i n t e r e s t  and inflation rates over the 
lifetime of t h e  machine, and these predictions require c o n s i d e r a b l e  
f o r e s i g h t .  (Whitford e t  al, d e s c r i b e s  l i f e  cycle c o s t i n g . )  F o r t u n a t e l y ,  t o  
analyze an  innovative 'mCS, i t  is only necessary t o  compare the innovative 
aspects with the convent iona l  a s p e c t s ,  and hence either c o s t i n g  method can be 
used  so long as both  are compared on the same basis. 

Another  a s p e c t  t h a t  should be considered i s  t h e  amount df t i m e  r e q u i r e d  t o  
repay t h e  energy invested i n  c o n s t r u c t i n g  t h e  WECS. Some energy will be  
requi red  t o  mine, process, and transport the  materials, and t o  c o n s t r u c t  t h e  
machine. If the time requi red  t o  regenerate t h i s  energy investment i s  s i g n i f -  
icant, i t  can cause a d e t r i m e n t a l  increase i n  the o v e r a l l  energy consumption 
du r ing  t h e  buildup of a high l eve l  of WECS-generating capacity, This trade- 
o€f  i s  shown g r a p h i c a l l y  i n  Figure 1-5. 

4 
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Energy Expended in Construction 

Figure 1-5. Energy Balance for a Wind PInergy Device 

The WECS problem is therefore to maximize the  energy production and minimize 
the investment in energy, materials, and effort. The machine must operate 
with little maintenance for  long periods and entail few undesirable environ- 
mental impacts. Efficiency, power coefficients, and other commonly used 
parameters are often irrelevant by themselves in evaluating a WECS. Each of 
these measurements refers only to a particular facet of the performance, 
Apparent improvements in one measure of system performance can often have a 
negative impact on another parameter, and result in an overall decrease in the  
benefit-to-cost ratio. The only individual performance parameter of  
importance t o  the benefit-to-cost ratio is the overall system performance (as 
illustrated conceptual ly  in Figure 1-6) 

The transition from an idea  to its incorporation in an improved WECS often 
involves a significant e f f o r t .  In its raw form the idea is u s u a l l y  not 
optimized, and the  apparent negative impacts can overwhelm the apparent 
benefits. Therefore, before the real benefits and impacts can be ascertained, 
some optimization process must be conducted. To evaluate this optimization 
effort,  it is worthwhile t o  t r y  to estimate the probability of the system's 
succem and the  likely impact of t he  idea on t he  WECS benefit-to-cost ra t io  
(see Figure 1-7). If t he  likelihood of success  and t h e  potential benefits are 
small, then obviously time and financial resources should  not  be expended t o  
pursue the idea. Yet, if the probability of success  is h i g h  and the potential 
benefits are great, then time and effort should be spent on evaluating the 
idea. However, between these two extremes there is a gray area where it i s  
necessary to try t o  decide whether the potential benefits are worth the e f f o r t  
required to study an idea. One way of evaluating an idea is t o  cons ider  t h e  
evaluation process as a gamble with the  developmental e f f o r t  being the "wager" 
and "success" the "winning stakes." The value of the wager w i l l .  be equal to 
the value of the success multiplied by the p r o b a b i l i t y  of success. It is 
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to Manufacture Energy 

J 

Manual Effort 
Required 
Negative 
€nvironmenta I 1 Product i an 

Plgure 1-6. Benefits and Costs of a WECS 

2 to determine whether the idea is 
real ly  new and whether it is p h y s i -  Idea is Valuable 

difficult t o  quantify t h e  va lue  of 
the "wager," but some attempt must 
be made. It is also impor t an t  t o  
ensure tha t  t he  effort required t o  
estimate the  value of t h e  wager is 
not burdensome. No independent  in- 
v e s t o r  would risk money on a gamble 
without having  some knowledge of the 
odds 

of 
Probabifity it can be assessed t o  see if it 

vio la tes  any laws of p h y s i c s ;  i f  i t  

6 

Second, try t o  assess t he  l i k e l y  
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i ca l  barriers to its implementation, t h e  idea is probably  worth pursuing. 
A negative answer at t h i s  stage i s  not necessarily dec is ive  but does indicate 
t h a t  further analysis should be performed before much e f f o r t  is devoted to 
developing the  idea. 

Finally, t r y  t o  obta in  a first-cut optimization of the  conf igura t ion  suggested 
by the  i d e a  t o  determine whether or not some simple change might make the  idea 
more cost-effective, and to t r y  to determine whether the technological 
barriers identified in earlier stages can be overcome. 

A t  any stage there is a c e r t a i n  amount of subjectivity involved in t h e  
decision t o  continue or to drop an idea. Usually the i n v e n t o r  of a concept 
will have f a i t h  and wish to go ahead wi th  less pos i t ive  evidence than an 
objective observer would require. If only the inventor's own e f f o r t s  and 
capital are involved, then an inventor  obviously has the right to fo l low 
intuition and continue with the development of a concept. However, when the 
inventor seeks the support of others, they must be convinced that t he  idea is 
worthwhile. In either case, an objective evaluation is necessary to determine 
if the investment i s  l i k e l y  to result i n  a payoff.  
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Energy der iva t ion  from air requires a reduction i n  temperature,  pressure, or 
velocity; a change i n  humidity;  o r  a combination of these factors. However, 
current successful wind systems opera te  only on changes i n  t h e  velocity of t h e  
a i r ,  a s  shown schematical ly  in Figure 2-1. Wind energy devices  that produce 
energy by changing the temperature and/or t h e  humidity of the a i r  are heat 
engines. These devices are discussed i n  Section 8.8, and are l i m i t e d  by 
Carnot cycle efficiency. 

All wind machines must comply with three fundamental laws of physics--the 
conservat ion of mass, momentum, and energy--and the second law of 
thermodynamics. The law of conserva t ion  of mass simply s t a t e s  that "what goes 
i n  must come out" (see Figure 2-2). I n  the steady s t a t e ,  the mass flow 
through- all cross sections of a stream tube must be the same. A st ream tube 
is  any real o r  imaginary boundary surrounding the  flow such t ha t  no mass 
crosses the boundary. 

The law of conservation of energy s t a t e s  tha t  energy cannot be created or 
destroyed; as i l l u s t r a t e d  i n  Figure 2-3, energy can only be converted i n t o  
another form. This energy can be d i v i d e d  i n t o  higher and lower forms. In an 
ideal frictionless system, higher energy forms [such as kinetic (velocity) and 
potential (pressure)] are 100% convertible w i t h  each o the r ,  and a l l  higher  
forms are 100% c o n v e r t i b l e  t o  lower forms. Lower forms of energy (such as 
heat) are not 100% convertible. I n  t h e  f i n a l  analysis, all. forms of energy 
eventua l ly  degrade t o  heat. 

Outgoing 
lngoing 1-1 Velocity 
Velocity I 

WECS 

I 1 

Output 

Figure  2-1. Schematic of a WECS 
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Streamtube Mass Flow Out 8 

Mass Ftow In 

Figure  2-2, Conservation of Mass 

Figure 2-3, Conservation of Energy 
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Bernoulli showed that in an ideal frictionless streamline flow, kinetic energy 
could be converted into potential energy in the  form of increased stat.ic 
pressure. Thus, if static pressure decreases, the reduced potential energy is 
converted i n t o  an equivalent increase in kinetic energy. 

The law of conservation of momentum is shown g r a p h i c a l l y  for a general ized 
WECS in Figure 2-4. (Newton's law.of motion is most useful in the analysis of 
fluid mechanics.) This law holds that the product of mass and velocity 
(momentum) w i l l  remain constant i n  a system until a force is applied, and that 
the change in momentun produced by a force is equal to the  product of the 
force and the t i m e  over which it i s  applied. In a f l u i d ,  the application of a 
force causes a change in flow velocity, Conversely, i f  there is a change in 
fluid velocity, then a force has been applied. 

The second law of thermodynamics is based upon the observation that energy 
conversion processes are not completely reversible. In any process there  w i l l  
be some d i s s i p a t i v e  forces at work, such as friction. These losses l ead to a 
decrease in available energy and an increase in the entropy of the system, 
Entropy i s  e s s e n t i a l l y  a measure of d i s o r d e r ,  and its  increase represents a 
dissipation of useful energy. It is the second law of thermodynamics that 
forbids the existence of perpetual motion machines. 

The applicability of classical physical laws is sometimes l imi ted .  At 
velocities approaching t h e  speed of light, for example, Einstein showed t h a t  
Newton's laws of motion must be modified. However, for the conditions 
experienced by wind machines, the classical laws are completely accurate. 

N CI 

e 
s 

. 
Force 

Streamwise ! 
I 
I .  1$= a Force 

P VA 

Input Momentum Flux = Output Momentum Flux = 
( P W  v (p1 Vl A, )  v1 

Force = Rate of Change of Momentum 
= (Mass Flow Rate) x (Change in Velocity) 
= pVA,  ( V  - V,), sincepVA = pl V, A, 

Figure 2-4- Force Changing the Momentum Flux  of a Fluid 
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When power is produced from the wind, the speed of t h a t  portion of the wind 
stream is necessarily reduced. According t o  t h e  law of conservat ion of 
momentum, a force must be present t o  cause t h i s  change in s p e e d ,  and for a 
g iven  power output  this force w i l l  have some minimum value  regardless of t h e  
details of the  e x t r a c t i o n  mechanism, One mathematical model t h a t  can be used 
to examine wind machines is the actuator d i s k ,  shown in Figure 2-5. This 
model t y p i f i e s  an imaginary i d e a l  device t h a t  performs all the required 
functions perfect ly ,  The actuator d i s k  most accurately r e p r e s e n t s  t h e  
conventional horizontal axis wind machine, but i t  can be adapted €or  all other  
types  of wind machines. The actuator d i s k  theory f o r  wind machines a p p l i e s  
the l a w s  of conservation of momentum and energy t o  a f r i c t i o n l e s s  streamline 
f low passing through an a c t u a t o r  d i s k .  The actuator disk represents a device 
tha t  can convert some of t h e  t o t a l  pressure i n  the stream to other  forms of 
energy. Far upstream from t h e  actuator disk, t h e  t o t a l  pressure i n  the  flow 
is equal t o  the sum of the free stream s t a t i c  and dynamic pressures, as 
i l lustrated in F i g u r e  2-6. 

A t  some d i s t ance  far downstream from the disk, the s ta t ic  pressure must return 
to the free stream value,  and hence t h e  change i n  dynamic pressure from the 
free stream to downwind of the  disk i s  equal to t h e  change in total pressure 
through the disk. Because there  can be no change i n  v e l o c i t y  through the 
d i s k ,  the change in s tat ic  pressure over t h e  s h o r t  d i s t a n c e  i s  equal t o  the 
change i n  t o t a l  pressure. Since a force i s  appl ied  t o  t h e  f l u i d  i n  t h e  
upstream d i rec t ion ,  the presence of the actuator d i s k  reduces v e l o c i t y  and 
causes the stream tube boundary to diverge far downstream of the  d i s k .  

Far 
Upstream 

F i g u r e  2-5. Schematic of an Ideal  Actuator Disk 
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a 
8 Actuator Disk Area, AD N 
0 

PTO pT1 I P 
2 

Prr=Ps +-v: 

Change in Total Pressure = Pr - Prl = ( Ps +- 5 V') - ( pS + ;v:) 

Figure 2-6. Change in Total Pressure Through an Actuator Disk 

Power output  P of the actuator d i s k  is  equal t o  t h e  product of the change i n  
t o t a l  pressure across the d i s k  and the volume flowing through t h e  disk, i.e. 

x VA , N o 2  - V l 2 1  
2 P = p  

2 where p = po = p 1 ,  p(Vo2  - V, / 2 >  is t he  change in total pressure, and VA is 
t he  volume flow rate. For a given volume f low ra te  the power der ived  from the  
wind is a maximum when V, = 0. P can also be expressed as 

2 2 
p = 1/2(v0 - v1 )PV& 9 

2 2 where 1 /2  (VO - V1 is the change in kinetic energy p e r  u n i t  mass and pVOAO 
i s  the mass f low rate. Since the force on t h e  d i s k  changes the flow rate, a 
method must be used that relates the flow ve loc i ty  through the d i s k  to t h i s  
streamwise force. The power is a l s o  equal t o  the product of the force  on t h e  
disk and the ve loc i ty  through the  d i s k .  Hence, this force on t h e  d i s k  i s  
equal t o  t he  overall change in dynamic pressure in t h e  f l o w  m u l t i p l i e d  by the 
area of the  disk .  This streamwise force on the d i s k  i s  

T = f ( V o 2  - V l 2 )  AD . 
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From conservation of mass, pVoAo = pVpAD. Therefore, 

V O  
T = 5 ( V o 2  - V l 2 )  

- Power -- 
vD 

To satisfy the law o f  conservation of momentum, t h e  streamwise force on the 
disk must equal the product of the mass flow through t h e  d i s k  and the overall 
change i n  velocity through t h e  disk .  

(vo2 - V121 
(v,  + v,)  pvA 

Power 
vo + v1 

2 

If we equate the two methods for deducing the streamwise force on the d i s k ,  
the ve loc i ty  through the d i s k  must be equal to t he  average of the upwind and 
downwind velocities: 

The power output of the  ideal actuator disk is then equal t o  the overall 
change in dynamic pressure m u l t i p l i e d  by the average of the upwind and 
downwind velocities multiplied by the disk area: 

The Lanchester-Betz analysis (see Appendix A) shows that the maximum power 
that can be derived by a given a c t u a t o r  disk occurs when V1 = V , / 3 .  

A power coefficient is  useful when characterizing t h e  performance of a wind 
machine. The power c o e f f i c i e n t  is usually defined as the power output  of the 
actuator d i s k  div ided  by the wind power t h a t  would flgw through that same d i s k  
area if no power were derived i.e. Cp = P / ( 1 / 2  PADVO ). A power coe f f i c i en t  
of 0.5 could be obtained if V 1  = 0, while the  maximum power coefficient t h a t  
can be obtained is 16/27. Figures 2-7 and 2-8 i l l u s t r a t e  the two conditions, 
respectively. 

When assuming conditions either upwind o r  downwind of a machine, i t  may be 
adequate t o  assume i s e n t r o p i c  conditions along stream l i n e s  upwind of t he  
machine but not necessarily downwind of the machine. There i s  some ev idence  
that under certairi conditions, t h e  external f l o w  can mix with the wake and 
increase its t o t a l  pressure, as shown i n  F i g u r e  2-9. This can r e s u l t  in a 
pressure drop across the machine greater than t h e  free stream dynamic 
pressure. Therefore, since the mixing process involves the free stream energy 
being t ransferred to the  wake, it is not  accurate t o  a s s w e  isentropic 
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P i g u r e  2-7. Ideal Actuator Disk Operating at the Lanchester-3etz Limlt 

Net Power Outp 

Flows through Disk 

ut 

Figure 2-8, Ideal Actuator Disk Operating at T o t a l  Pressure Change Equal t o  
Free Stream Dynamic Pressure 
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External Flow 
Mixing with Wake 

Figure  2-9. External Flaw MLxlng with Wake t o  Raise Its T o t a l  Pressure 

condi t ions.  The increased pressure drop is, however, not l i k e l y  to be large 
when compared with the free stream dynamic pressure. 

Since the mass flow rate is proportional to the local velocity, t he  l o c a l  
velocity t o  the free stream ve loc i ty ,  and the kinetic energy t o  t he  square of 
t he  free stream velocity, the power i n  a stream tube i s  propor t iona l  t o  t h e  
cube of the free stream velocity. In some specif ic  systems or a p p l i c a t i o n s  
where wind speed i s  increased by an objec t  or device that is much larger than  
the  wind machine, such as a hill (see F i g u r e  2-10), the power available can be 
proportional to the cube of the l oca l  v e l o c i t y ,  s ince  t u r b u l e n t  mixing of t h e  
wake with the =in stream can overcome the excessive t o t a l  pressure deficit 
that would occur without t h e  mixing, 

2.1 WIND CHARACTERISTICS 

The free stream veloc i ty  of the  wind is  v a r i a b l e  with location, height ,  and 
time. Variations due to location are ve ry  s i t e - s p e c i f i c  and include t he  
description of the  local turbulence,  which is beyond the scope of t h i s  
document. The s i t e  specific and turbulence concerns are discussed in several 
reports by Pacific Northwest Laboratories (Cliff and F i c h t l  1978, Kerrigan 
1978, Doran and Powell 1980, Powell and Connell 1980). The variations with 
height often are descr ibed using a simple power l a w :  

V = wind speed at height H 

2 = wind shear coefficient.  
= wind speed at reference he ight  H, 
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U 
t 
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W 

V 

-> - 
Figure 2-10. WECS Mounted on an Object 

The wind g r a d i e n t  i s  produced by large-scale a tmospher ic  c o n d i t i o n s ,  s o  it i s  
no t  usually affected by the terrain.  Hence, i f  t h e  p a r t i c u l a r  s i t e  has a 
large a v a l u e ,  as i l l u s t r a t e d  i n  F igu re  2-11, i t  impl i e s  t h a t  the winds a t  t h e  
site are  weaker than  they would be i n  smooth te r ra in  and hence t h a t  t h e r e  may 
be a much b e t t e r  s i t e  nearby. 

The vary ing  n a t u r e  of t h e  wind with time can be d e s c r i b e d  i n  terms of t h e  
p r o b a b i l i t y  of the occurrence of any wind speed. Probability d e s c r i b e s  the 
f r a c t i o n  of t h e  t i m e  tha t  the wind speed i s  w i t h i n  a particular range i n  a 
given period of time. The mathemat ica l  t o o l  u s u a l l y  used t o  describe this 
wind speed  d i s t r i b u t i o n  i s  the  Weibul l  d i s t r i b u t i o n  (see Figure 2-12): 

v k  
P(V<V> = ( 1  - .xp[-(,I 1 )  

The p r o b a b i l i t y  tha t  t h e  wind will be between [v  - 7) AV and (V + 7) AV i s  

where c and k are s i t e - s p e c i f i c  e m p i r i c a l  constants, and Av i s  a n  increnent  i n  
v e l o c i t y  . 
The d i s t r i b u t i o n  of wind s p e e d  v a r i e s  with geographic  l o c a l i t y ,  as s t a t ed  
p rev ious ly .  To p a r t i a l l y  account f o r  these variations, t h e  parameter  k can be 
n o d i f i e d .  I n  t h e  t r a d e  wind r e g i o n s ,  a v a l u e  of 4 € o r  k is a p p r o p r i a t e ;  i n  
the t empera t e ,  maritime, and con t inen ta l  r e g i o n s ,  a value of 2 is more 
accurate. This s p e c i a l  case of k = 2 is ca l l ed  t h e  b y l e i g h  d i s t r i b u t i o n  (see 
F igure  2-13). 
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The Weibull and Raylefgh distributions only g ive  the probability t h a t  a 
p a r t i c u l a r  wind speed w i l l  occur and do n o t  i n d i c a t e  how r a p i d l y  changes will 
occur. Generally wind speeds are measured with devices that respond more 
r ap id ly  t o  changes and are a f f e c t e d  by smaller e d d i e s  than WECS. Therefore, 
the apparent distribution of wind speeds recorded by the measuring device  and 
a full-scale machine used for power genera t ion  may well be d i f f e r e n t .  
Nevertheless, t h e  f a c t  tha t  the d a t a  available on d i s t r i b u t i o n  of wind s p e e d  
are not complete or  i n  t h e  most desirable € o m  should n o t  prevent us from 
using them. It simply indicates t h a t  these d a t a  must be used wi th  caut ion.  

2.2 WCS PEWORMANCB 

When e v a l u a t i n g  t h e  potential of a new WECS concept ,  i t  is important t o  make a 
reasonably a c c u r a t e  assessment of the performance, It i s  important t o  know 
the maximum performance and how t h i s  performance w i l l  vary with wind speed.  
If the new WCS is significantly d i f f e r e n t  from any other, accurate predfc- 
tions of its performance will be d i f f i c u l t ,  However, with a really novel con- 
figuration, any p r e d i c t i o n s  of the c h a r a c t e r i s t i c s  w i l l  be relatively 
inaccurate, so t h a t  only an o p t i m i s t i c  and a pessimistic p r e d i c t i o n  are 
needed, Om the other hand, if the configuration includes only minor modifica- 
t ions of well understood des igns ,  then t h e  effects of t h e  changes can be 
a c c u r a t e l y  pred ic ted .  In  such cases ,  the prediction must be accurate s o  t h a t  
there can be reliable information on whether the modif ica t ions  are cost- 
effective. 

Usually, we can estimate 
of -thumb approximations, 
disk, t he  maximum power 
device is augmented with 
t o  be less than U.6 when 

t h e  maximum performance of a WECS by using some rule- 
If i t  bas a device  l i k e  an  unaugmented a c t u a t o r  

coefficient will be somewhat less than 0.6, If the  
a diffuser, the  maximum power c o e f f i c i e n t  i s  likely 

based upon t h e  difEuser exit area. For  o t h e r  devices 
there is often some simple way of making an estimate of t h e  rnaxinum power 
c o e f f i c i e n t  . 
It is d i f f i c u l t  t o  design a WECS t o  o p e r a t e  a t  maximum power c o e f f i c i e n t  over  
a wide range of wind speeds; hence the WCS is  likely t o  operate a t  less than 
maximum power coefficient f o r  p a r t  of t he  t i m e .  The maximum power ou tput  w i l l  
also be limited to prevent  overloading of the power conversion system. The 
WECS w i l l  usually have some f ixed losses t h a t  are proportional t o  t h e  
installed power. For i n s t a n c e ,  a generator might r e q u i r e  some power f o r  e x c i -  
t a t i on .  These fixed losses must be s u p p l i e d  before any useful  power output is 
obtained. 

To c a l c u l a t e  t he  energy production of a WCS, one must know how lung i t  w i l l  
operate at any particular power level in a given wind regime, This 
information i s  provided by the wind speed d i s t r i b u t i o n .  Energy output can 
thus be c a l c u l a t e d  by i n t e g r a t i n g  t h e  product of the wind speed d i s t r i b u t i o n  
curve and the power output  curve and multiplying t h e  r e s u l t  by t i m e :  

m 

E = T I [ P ( V ) ]  [ 1 / 2  pACpV3]dV . 
0 
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Generally P(V> is  represented by t he  Rayleigh d i s t r i b u t i o n  when ca lcu la t ing  
WECS performance on a non-site s p e c i f i c  basis. The Weibull d i s t r i b u t i o n  can 
be used f o r  more site s p e c i f i c  estimates, Because of t h e  c u b i c  relationship 
between the  power ava i l ab le  i n  the wind and t h e  wind speed, ana lys i s  shows 
that the average ava i l ab le  power is g r e a t e r  than the  power output a t  the 
average wind speed. Thus f o r  a Rayleigh d i s t r i b u t i o n  t h e  a v a i l a b l e  energy i s  
1.91 times the energy output based on the  average wind speed; 
i - e . ,  ERayleigh = 1.91 E(T)* 

F a r  Weibull distributions with values  of k g r e a t e r  than 2 ,  t he  ratio i s  
somewhat less; and f o r  k less than 2 ,  t he  ratio i s  g rea t e r  than 1.91, These 
rat ios  should be a p p l i e d  t o  practical design problems w i t h  caut ion  and should 
d e f i n i t e l y  not  be used as m u l t i p l i e r s  t o  p red ic t  t he  average annual energy 
output. In practice, much of t h i s  energy i s  n o t  available because a greater 
fraction of the energy is ca r r i ed  by infrequent high winds t h a t  are n o t  
economical t o  harness.  

2.3 SaMMBBp 

All wind energy conversion devices  obey t h e  laws of conservat ion of mass, 
momentum, and energy. They are also r e s t r i c t e d  by t h e  second law of 
thermodynamics. The maximum power output of a WECS i s  l imi t ed  t o  the volume 
f l o w  rate through the  device mult ip l ied  by the change i n  free stream dynamic 
pressure .  The drag loading OR t h e  WECS, necessary t o  der ive  energy, reduces 
the  flow through it. Hence, f o r  a given size t he  maximum power is produced 
when t h e  product of flow rate and energy der ived p e r  unit of volume i s  a 
maximum. It i s  possible t o  s p e c i f y  t he  properties of t he  minimum possible 
wind machine. The minimum WECS must act upon a stream tube of s u f f i c i e n t  
cross sectional area, and it  must apply an a x i a l  force t o  this stream t h a t  
exceeds a certain value. Figure 2-14 shows t he  requirements f o r  t he  minimum 
WECS. 

In a d d i t i o n  t o  conversion e f f i c i e n c y  o r  power coefficient, wind 
c h a r a c t e r i s t i c s  also s i g n i f i c a n t l y  affect WECS performance, Wind speed  varies 
with height and time, r equ i r ing  accu ra t e  modeling of these  c h a r a c t e r i s t i c s  t o  
estimate WECS performance. Changes i n  wind d i r e c t i o n  must also be considered 
when calculating WECS performance. 
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SECTION 3,O 

Drag 

ROTOR CONPIGRBTIONS 

The ac tua tor  d i s k  model assumes t h a t  there is some mechanism t o  produce a 
force on the wind and convert the wind energy  t o  mechanical energy. There are 
only two fundamental mechanism for der iv ing  energy from the wind: aero- 
dynamic l i f t  and drag ( i l l u s t r a t e d  i n  Figure 3-1). Since l i f t  i s  defined a s  
the force normal t o  the relative flow and drag is defined as the force aligned 
with t h e  r e l a t i v e  flow, any o the r  force can be considered as being composed of 
lift and drag components. 

Aerodynamic drag is t h e  force component experienced by an objec t  tha t  tends to 
make it move downwind. This force is proportional t o  the square of t h e  rela- 
tive velocity.  I f  t h e  o b j e c t  is a l lowed t o  move downwind at some speed less 
than the speed of the wind in the  d i r ec t ion  of the force, then it can be 
def tned as a drag device WECS and will have a power output limited to the 

Lift 

Relative 
Wind Flow 

Lift 

Figure 3-1. Generalized Lift and Drag Devices 
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force multiplied by its velocity i n  the direction of the force.  The re la t ive 
wind seen by an object is composed of the v e c t o r  difference of the objec t  
v e l o c i t y  and the wind v e l o c i t y .  Since t h e  force is p r o p o r t i o n a l  t o  the square 
of the relative wind speed, the drag force w i l l  decrease  as t h e  downwind speed 
of t h e  o b j e c t  increases and fa l l s  to  zero when the o b j e c t  moves downwind a t  
the speed of the wind. There will hence be some optimum speed f o r  the o b j e c t  
t o  move downwind t o  produce maximum power, and t h i s  occurs when the  o b j e c t  is 
moving downwind at one t h i r d  of t h e  wind speed. The analysis i n  Appendix C 
shows t h a t  the optimum average power output of the  drag o b j e c t  is  

4 
27 2 

P < - [" V3A)  , 

where A is t h e  active element area pro jec ted  normal t o  t h e  stream tube. Since 
only one third of t h e  power extracted from the  wind is  actually converted t o  
useful power when the drag device is operating at maximum power, t h e  actuator 
disk  analysis does not apply to a device that uses drag  elements as a funda- 
mental power extraction mechanism. 

Aerodynamic lift is  def ined  as the component of f a r c e  that i s  normal t o  the  
relative wind and is  produced by a device c a l l e d  an a i r f o i l .  Any device t h a t  
produces circulation i s  considered an a i r f o i l .  (For a detailed study of 
a i r fo i l s ,  see Abbott and Von Doenhoff 1959.) Most a i r f o i l s  are passive 
devices t h a t  produce l i f t  by means of t h e i r  shape and o r i e n t a t i o n  t o  t h e  rela- 
tive wind. Good passive a i r f o i l s  have a rounded leading  edge and a sharp 
trailing edge, as i l l u s t r a t e d  i n  Figure 3-2. The l ead ing  edge radius and the  
surface contours can be designed to give a range of aerodynamic charac- 
teristics. The distance between l e a d i n g  edge and t r a i l i n g  edge i s  called the 
chord length, and the line connecting these p o i n t s  i s  called the chord line. 
The angle between the chord line and the r e l a t i v e  wind is c a l l e d  the angle of 
attack. 

The aerodynamic l i f t  generated by a n  a i r f o i l  for u n i t  of span i s  

L = i V 2  C C L ,  2 R  

where the quantity % is the section lift coefficient. Toe l i f t  c o e f f i c i e n t  
is related t o  the a i r f o i l  angle of a t t a c k ,  as shown i n  Figure 3-3. The l i f t  
coefficient a t  zero angle of attack i s  a f u n c t i o n  of t h e  shape of the airfoil 
and increases at the rate of approximately 0.1 per degree until stall i s  
approached. A t  s t a l l  the flow no longer  adheres t o  the upper surface of t h e  
a i r f o i l ,  and the aerodynamic l i f t  can decrease r a p i d l y  wi th  increasing angle 
of attack. 

Ideal airfoils do n o t  produce a drag force ,  but all real airfoils do produce a 
drag. The aerodynamic drag on a good airfoil is  usually q u i t e  small until t he  
s t a l l  is approached. It then rises- r a p i d l y  with i n c r e a s i n g  angle of attack. 

If the  wind velocity has some component normal t o  the v e l o c i t y  of t h e  o b j e c t ,  
t h e  lift vectGr w i l l  be t i l t e d  t o  produce a component i n  the d i r e c t i o n  of 
motion, as shown i n  the vector diagram i n  Figure 3-4. Since power i s  the pro- 
duc t  of the  speed and the force i n  the d i r e c t i o n  of motion, the lifting object 
can produce a power output when there is a component of the wind speed  normal 
to its d i r e c t i o n  of motion and the device using aerodynamic lift can be  
defined as a l i f t i n g  device WECS. 
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Figure  3-2, Tgpical Passive Airfoil and Its Lift-to-Drag RelationsMp 

The ana lys i s  given i n  Appendix C shows t h a t  elements us ing  aerodynamic l i f t  
and moving at r e l a t i v e l y  high speeds across the wind can very effectively 
der ive  power from the wind. The lifting object--which we can c a l l  a wing--can 
be many times as e f f e c t i v e  a t  producing power from the wind as a drag o b j e c t  
(see Figure 3 - 4 ) .  In the idea l  case of an isolated high-aspect-ratio wing 
using a i r f o i l s  that have low drag coe f f i c i en t s ,  the lifting elements will 
approach the requirements f o r  the a c t u a t o r  d i s k  analysis. According to the 
isolated lifting wing analysis in Appendix C, an a i r f o i l  must have a maximum 
ratio C 3/CD2 to produce the maximum power from a given wing area, High lift 
coeffickents in themselves are not n e c e s s a r i l y  desirable unless accompanied by 
l o w  drag coefficients. It can also be shown that  the condition required to 
extract t h e  most power from a given d i s k  area is that CL/cD be a maximurn. 

Aerodynamic l i f t  can also be produced by active devices,  There are many d i f -  
ferent types o f  active a i r f o i l s ,  bu t  a l l  use  power t o  produce t h e  lift, One 
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example of a powered a i r fo i l  is the spinning c y l i n d e r  shown in Figure 3-5, 
which produces lift referred t o  a s  the magnus effect.  If a c y l i n d e r  has i t s  
axis a l igned  normal to the relative wind direction and is spun at a high rate 
of speed about its axis, it can produce a high l i f t  coefficient. Another type  
of active a i r f o i l  uses a jet of a i r  t o  cause circulation about the  airfoil and 
hence produce a high l i f t  coefficient. A f u r t h e r  type  uses suction to attach 
the boundary layer t o  the a i r f o i l  t o  delay flow separation and to produce a 
high l i f t  coefficient.  With all powered airfoils, the power required to pro- 
duce the l i f t  i s  considered an effective drag force as i t  detracts f rom per -  
formance; when this  effective drag is added to the aerodynamic d r a g ,  the r a t i o  
of Cz3/CD2 is usually not as high as that obtained w i t h  passive a i r f o i l s .  
Therefore the powered airfoil i s  usually less e f f e c t i v e  a t  producing  power 
from the wind than a passive a i r f o i l .  The powered airfoil l i f t  c o e f f i c i e n t  is 
also only weakly dependent upon angle of a t tack ,  and t h i s  can be a d i s -  
advantage. 

Another factor appa ren t  from the isolated l i f t i n g  wing analysis i n  
Appendix C is that  the wing is most effect ive when it is moving a t  a high  
speed, as shown i n  F igu re  3-6. At high speeds ,  the wing is moving i n  a d i r ec -  
t i o n  t h a t  is almost normal to the  l i f t  vector ,  I n t u i t i v e l y  one might expect 
t h a t  power would be  produced when moving i n  the d i r e c t i o n  of the  t h e  maximum 

26 







SP-1142 

l i f t  v e c t o r ,  This a p p a r e n t  anomaly is explained by t h e  f a c t  that  a t  a con- 
s t a n t  l i f t  c o e f f i c i e n t ,  t he  lifting force on t h e  wing i s  p r o p o r t i o n a l  t o  t h e  
square of the relative velocity, and w h i l e  the component of t h i s  force i n  t h e  
direction of motion r e l a t i v e  t o  t h e  lifting force is approximate ly  inversely 
p r o p o r t i o n a l  t o  the r a t i o  of relative wind speed t o  wing speed. Thus t h e  
magnitude of t h e  force i n  t h e  direction of motion a c t u a l l y  increases with wing 
speed.  

The actuator disk a n a l y s i s  shows that i n  order  t o  d e r i v e  power, a f o r c e  must 
be produced t o  act upon the wind and reduce i t s  speed. The wing shown i n  
F i g u r e  3-7 i s  moving a t  high speed  across t h e  wind and produces  a l i f t  fo rce  
t h a t  is e s s e n t i a l l y  a l igned w i t h  t h e  wind velocity. Hence, t h e  l i f t  on t h e  
wing is t h e  d r a g  force t h a t  t he  disk a p p l i e s  to t h e  wind. 

me concept of induced v e l o c i t y  vi i s  used t o  d e s c r i b e  the effect  of a force 
on t h e  wind (see Figure 3-7) .  It i s  a necessary r e s u l t  of t h e  force.  The 
induced v e l o c i t y  i s  p r o p o r t i o n a l  t o  t h e  force and inversely p r o p o r t i o n a l  t o  
t h e  mass f low rate of the a i r  a f f e c t e d  by the force. The induced v e l o c i t y  
cannot be eliminated, but i t s  magnitude can be dec reased  by increasing the 
mass of a i r  affected by t h e  f o r c e ,  One mathematical model used f o r  
calculating t h e  induced velocity i s  the shed v o r t e x  i l l u s t r a t e d  i n  Figure 
3-8. The induced v e l o c i t y  t h a t  i s  applicable t o  t h e  a c t u a t o r  disk can be 
c a l c u l a t e d  u s i n g  the  actuator disk a n a l y s i s .  

The concept of induced e f f e c t s  d e s c r i b e s  what a t h r e e  dimensional lifting wing 
does t o  t h e  wind, and how this reacts bo th  upon the  wing and upon any o t h e r  
d e v i c e s  that  are adjacent to it. For an i s o l a t e d  lifting wing, the induced 
angle  of attack i s  directly propor t iona l  t o  the  l i f t  coefficient and 
inverse ly  p r o p o r t i o n a l  t o  t h e  aspect ratio. The induced drag i s  e q u a l  t o  t he  

Power = FU 

Rgure 3-7. Forces Acting on an Airfoil Moving in Wind 
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l i f t  on the wing multiplied by t h e  induced angle of attack. The induced angle 
of attack always tends t o  reduce t h e  L i f t  on the  wing. If t h e  wing is fol- 
lowed by a second similar wing car ry ing  an equal  l i f t ,  the induced e f f e c t s  on 
t h i s  second wing w i l l  be three times as large as the f i r s t  wing. 

If the lifting wings t r a v e l  in other than a straight-line path,  the induced 
e f f e c t s  w i l l  be similar i n  character although different i n  magnitude from 
those experienced by the t r a n s l a t i n g  wing. It i s  the induced e f f e c t s  tha t  
limit the power output of a wind machine, and these effects  must be accurately 
accounted for i f  a reasonable prediction of the performance i s  t o  be obtained.  

3.1 s[IMMARp 

A comparison of the effectiveness of the lift and drag elements, i l l u s t r a t e d  
i n  Figure 3-9, shows t h a t  t h e  lifting element is far super ior  to the drag 
element f o r  each un i t  of area. However, the power o u t p u t  per u n i t  of area is 
not the only consideration. The amount of energy produced p e r  unit of c o s t  
for the complete system is important. Therefore it is necessary to evaluate  
the impact of each element on t h e  entire system. Thus, any type of device 
that appears inappropriate early in an evalua t ion  stage should not be dis- 
carded because this  eva lua t ion  stage might later t u rn  out t o  be largely 
i r r e l e v a n t .  

In a real system, the lift or drag elements cannot usually be treated as 
isolated elements, and t h e i r  effectiveness w i l l  therefore be reduced over  that 
of the i d e a l  case. For drag elements, t h e  effects are usually small unless 

/ / '\ 
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Figure 3-9. Force in the Direction of Motion Versus Speed Ratio for Typical 
Isolated Lift and Drag Devices of Equal Active Area 
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one element i s  ei ther  p a r t l y  or wholly downwind of another. For lift ele- 
ments,  t h e  concept of induced v e l o c i t y  is used. 
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SECTION 4.0 

SYSTEM CONPIGURATIONS 

Whether the  primary elements work on l i f t  or drag p r i n c i p l e s ,  they are likely 
t o  be constrained t o  move i n  some orbital path,  like the examples shown i n  
Figure 4-1. When selecting a conf igura t ion  for a wind energy converter  the 
orbital path must be considered. We are free to choose the shape, t h e  orien- 
tation, and the method of maintaining t h e  o r b i t a l  path. The shape of the  
orbital path can vary from c i r c u l a r ,  through e l l i p t i c  o r  race track, t o  
linear, as shown i n  Figure 4-2. With the circular o r  e l l i p t i c  conf igura t ion ,  
the primary element speed is usually a constant; but with t h e  linear path, t h e  
element usually is in simple harmonic motion. 

The orfentatfon of t he  path i s  partly determined by the  type of primary ele- 
ment. The drag device can only produce power when t r a v e l i n g  downwind, s o  the 
orbital path  should be or ien ted  accordingly t o  be most effective. As an  
example, an orbit in a vert ical  plane normal t o  t h e  wind d i r e c t i o n  cannot be 
used for t he  drag device because the  elements don ' t  move downwind (see 
Figure 4 - 3 ) ,  Another example is t h a t  i n  general, an o r b i t  in t he  v e r t i c a l  
plane requires orientation, and hence i t  needs a yawing mechanism. If t h e  
orbital path is in a hor i zon ta l  plane, then a yawing mechanism may no t  be 
necessary (see Figure 4-4) .  

Circular Elliptical Race Linear Figure 
Eight Track 

Figure 4-1, Tppical Orbital  Paths 
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Horizontal 

Yaw Device 
may not be 
Required 

Figure  4-4, Horizontal Orbital Path 

There are two distinct choices  when s e l e c t i n g  t h e  o r b i t a l  p a t h  of a l i f t i n g  
dev ice ,  The orientation of t h e  path as well as the orientation of t h e  l i f t i n g  
elements t o  t h e  o r b i t a l  plane can be chosen. The l i f t i n g  elements  can be 
w i t h i n  the o r b i t a l  p l a n e  or  essentially normal t o  it. If t h e  elements are 
w i t h i n  the o r b i t a l  p lane ,  t h e n  they  w i l l  on ly  e x t r a c t  power from winds normal 
t o  the plane (F igure  4 - 3 ) .  Hence, they w i l l  r e q u i r e  t h a t  t h e  o r b i t a l  p a t h  be 
i n  a ver t ical  plane normal t o  t h e  wind d i r e c t i o n  and will requi re .  a yawing 
mechanism, When the l i f t i n g  elements  are normal t o  t h e  o r b i t a l  plane, they 
cannot extract  power f rom any wind that i s  i n  the o r b i t a l  p lane .  The o r b i t a l  
p l a n e  could then  be e i t h e r  i n  a v e r t i c a l  p l a n e  aligned with  the  wind and 
r e q u i r e  a yawing mechanism o r  i n  a h o r i z o n t a l  plane r e q u i r i n g  no yawing mech- 
anism as shown in Figure 4-5. 

One example of a device w i t h  l i f t i n g  elements i n  the p l a n e  of t he  o r b i t a l  p a t h  
and t h e  o r b i t a l  p lane  normal t o  t h e  r e l a t i v e  wind i s  t h e  convent ional  horizon- 
tal axis  machine. General ly ,  the aerodynamic loads of these machines are 
e s s e n t i a l l y  constant t h roughou t  the orbital path while  gravitational l o a d s  a r e  
cyclical. The consequence of the c o n s t a n t  aerodynamic loads i s  t h a t  t h e  angle 
of attack i s  e s s e n t t a l l y  c o n s t a n t  throughout t h e  orb- l ta l  p a t h  and  hence, power 
control can be achieved by simple co l l ec t ive  blade p i t c h  c o n t r o l .  The e f f e c t  
of the  c y c l i c  g r a v i t a t i o n a l  loads becomes more a p p a r e n t  as size increases, and 
i t  can cause  f a t i g u e  problems on large machines. 

One v a r i a n t  of the orbital p a t h  i n  the h o r i z o n t a l  plane with l i f t i n g  elements 
normal t o  the p l a n e  i s  the convent ional  Vertical Axis Wind Turbine (VAWT). 
With t h i s  t y p e  of machine, the  aerodynamic l o a d s  a re  cyclical whi le  the g r a v i -  
tational loads a r e  cons t an t .  A consequence of t h e  cyclic aerodynamic loads i s  
t h a t  t h e  lifting elements will u s u a l l y  be s u b j e c t  t o  load r e v e r s a l  du r ing  t h e  
cyc le ;  t h i s  f a c t o r  limits t h e  choice o f  a i r f o i l  sections and i n t r o d u c e s  
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Figure 4-5, Orbit 

Orbital Path in a Horizontal Plane 

I Path in a Horizontal Plane with Lift in  
Wending Normal to the Plane 

Elements 

fatigue, Passive a ir fo i l s  will most l i k e l y  have some degree of symmetry while  
powered airfoils will most l i k e l y  be made t o  accommodate the change i n  power 
flow required t o  produce t h e  lift change. The cyclic aerodynamic l o a d i n g  a l s o  
means that power control u s u a l l y  requi res  cyclic blade p i t c h  control or 
controlled blade stall. The constant  gravity load eliminates fatigue problems 
due t o  gravity. Stresses r e s u l t i n g  from s t r u c t u r a l  size are t he re fo re  n o t  s o  
severe, and it is l i k e l y  that economic limits t o  s i z e  w i l l  occur before the 
structural l i m i t  i s  reached. 

The u l t ima te  cons idera t ion  when s e l e c t i n g  the shape f o r  t h e  o r b i t a l  pa th  is 
t he  ne t  energy output per u n i t  of cost .  The most effective shape aero- 
dynamically f o r  a drag device i s  a s t r a i g h t - l i n e  path downwind and for a lift 
device is  a s t r a i g h t - l i n e  path across the wind. But, i f  a straight-line path 
I s  used, the d i r e c t i o n  of motion must be reversed on some p a r t  o r  t h e  par t  
must be curved t o  br ing  the element back to t he  starting point .  

The linear path with the element reversing its direction of motion could be 
used with a drag device, but the a c t i v e  element would have t o  change i t s  drag 
characteristics depending on the direction of motion ( i . e . ,  high drag going 
downwind and low drag going upwind); this would necessitate a certain mechan- 
ical or structural complexity. Reversing t h e  direction of a linear p a t h  has  
been considered for lifting elements. The disadvantages are t h a t  t h e  l i f t i n g  
element must o p e r a t e  over a wide range of r e l a t i v e  wind speeds and angles of 
attack to s low down and reverse i t s  d i r ec t ion .  This resul ts  in the grea tes t  
acceleration on the  blade occurr ing  a t  the ends of the p a t h  when the relative 
wind speeds  are lowest: so that aerodynamic loads cannot be used t o  reduce the 
stresses of the lifting element. The wide range of angles of a t tack  neces- 
sitates t h e  use of cyclic pitch con t ro l  which can be complex; t he  acceleration 
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at the ends of the s t r a i g h t  path limits the maximum speed a t t a i n a b l e  r a t i o  
and, hence, t h e  e f f ec t iveness  of t h e  elements. 

The path cons i s t ing  of straight and curved sections has c e r t a i n  advantages 
over t he  single l inear path. For d rag  elements,  t h e  semic i r c l e  a t  each end of 
the s t r a i g h t  s ec t ions  reverses the o r i e n t a t i o n  of the  element,  and a f ixed  
shape of active element can be used. With l i f t  elements,  t h e  changes i n  t h e  
angle of attack are much smaller than when t h e  single linear path is used. I f  
the t ransverse  velocity of the  element is high enough, no blade p i t c h  change 
i s  required. However a t  speeds high enough to make l i f t i n g  elements effec- 
t i v e ,  the acce le ra t ion  on the  semic i rcu lar  ends of t he  pa th  can be high enough 
t o  cause problems. These deceleration problems can be reduced e i t h e r  by 
reducing t he  speed, and hence t he  effectiveness of the  l i f t i n g  element o r  by 
increasing the rad ius  of curvature  of the path. In t h e  limiting case for a 
given t o t a l  length of path, this acceleration w i l l  be at a minimum when t h e  
path is circular. 

While moving i n  an o r b i t a l  path however, the a c t i v e  elements will still be 
subjected to dynamic and aerodynamic loads, and the re fo re  some mechanism must 
s t i l l  be provided to support the loads and maintain the  path. Probably the  
simplest way of maintaining a path for an a c t i v e  element i s  t o  move i t  i n  a 
semicircular path  about an axis or flexure. In t h i s  type of system the struc- 
t u r a l ,  dynamic, and aerodynamic loads can be taken out  by the axis or flexure 
i n  a relatively simple manner, and t h e  power can be extracted by using some 
form of l inkage  t o  the a c t i v e  elements. 

For circular motion either a simple axis (Figure 4-6)  o r  a track (Figure 4-7) 
can be used t o  malntain t he  path. The axis is  a very convenient device 
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Figure  4-6. Devices Using Axes t o  Support the Active Elements 
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because it  can easi ly  be arranged t o  support  the structural, dynamic, and 
aerodynamic loads, and to transmit the power t o  a conversion device (see 
Figure 4-8). The axis i s  also a r e l a t i v e l y  low-cost structure t h a t  i s  r e a d i l y  
o r i e n t e d  i n t o  the wind i f  necessary and usually has l o w  f r i c t i o n  losses. Non- 
circular paths w i l l  usually require the use of a track, and t he  problems and 
advantages w i l l  then be similar t o  t h o s e  experienced on a circular  track (see 
Figure 4 - 9 ) .  

When the active elements r o t a t e  around an axis supported by a base tower,  t h e  
desirable height of the tower is an economic consideration. The increased 
average power output tha t  i s  obtained by raising the elevation of the active 
elements must be balanced aga ins t  the cost  of the base tower. The h e i g h t  t h a t  
is most cost-effective will be reached when the cost of increas ing  the average 
power output  by ra is ing the height is  equal t o  the cost of o b t a i n i n g  the same 
increase i n  average power by changing any o t h e r  machine parameter. 

With a track, the  support of the loads is more d i f f i c u l t  than with an axis.  
Generally the f r i c t i o n  and aerodynamic l o s s e s  are greater than  with an ax i s ,  
which results i n  t he  use of lower speeds  for the active elements  and hence i n  
lower effectiveness. The power transmission of a t r ack  system i s  usually 
arranged t o  take advantage of the  r e l a t i v e  motion between the t r a c k  and the 
c a r r i a g e  supporting t he  a c t i v e  element. The important  advantages claimed f o r  
the track concept are that very l a r g e  machines can be b u i l t  and that power 
conversions can be accomplished with r e l a t i v e l y  conventional devices.  

One other support  system that is worthy of n o t e  is t he  t e t h e r .  The tether can 
be used to overcome the  drag loads on a lifting system used  t o  increase t h e  

Axis for Supporting 
Lifting Elements  Within 
Vertical Plane (HAWT) 

(b)  Axis for Supporting Active 
Elements Moving in a 
Horizontal Plane (VAWT) 

Figure 4-8. Axis Systems Used in the ahws and the VAW 
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I h I r  I 

Figure 4-9, Noncirmlar Track 

elevation of a wind machine so t h a t  i t  i n c r e a s e s  t he  a v a i l a b l e  power density; 
o r  it can be used t o  support  an a c t i v e  l i f t i n g  device t h a t  i s  moving in an 
o r b i t a l  path downwind of an anchor point, with the shape of the  orbital p a t h  
being controlled aerodynamically.  The advantage of t h e  tether i s  t h a t  it 
provides a r e l a t i v e l y  low cost  way of al lowing the  a c t i v e  elements to t a k e  
advantage of the increased wind speeds a t  h i g h e r  a l t i t u d e s ,  a s  i l l u s t r a t e d  i n  
Figure 4-10. One disadvantage of the tether used t o  suppor t  an active l i f t i n g  
element is t h a t  the aerodynamic drag on the c a b l e  can cause severe  power 
l o s s e s  and increased  s t r u c t u r a l  costs .  See Figures  4-11 and 4-12 f o r  the 
e f f e c t s  of c y c l i c  g r a v i t a t i o n a l  loads and cyclic aerodynamic loading ,  
r e s p e c t i v e l y .  

Conventional WECS can be d e f i n e d  as those  t y p e s  of machines that have had some 
commercial success. They i n c l u d e  types that  have been available on t he  market 
and many of those t h a t  have been constructed for u s e  by t h e i r  builders. All 
conventional machines employ active elements  tha t  are suppor t ed  by an axis  and 
move i n  a circular path. The active elements  can o p e r a t e  either on aero- 
dynamic lift or drag. 

4.2.1 Differential Drap; Devices 

Differential drag devices are inefficient both  aerodynamically and struc- 
turally, as i l l u s t r a t e d  i n  Figures 4-13 and 4-14. Because of t h i s  ineffi- 
ciency, t h e  c o m e r c i a l  impact of the d i f f e r e n t i a l  drag devices  has been q u i t e  
l i m i t e d .  However, because of their rugged simplicity and h igh  s t a r t i n g  
torque, they are used i n  c e r t a i n  low power a p p l i c a t i o n s .  The most common 
types  of d i f f e r e n t i a l  drag WECS are the  Savonius r o t o r  and the d rag  cup 
anemometer. Many v a r i a n t s  of these models have been b u i l t )  by i n d i v i d u a l s  f o r  
t h e i r  own use. 
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The drag cup anemometer is not  s t r i c t l y  a WECS because the  constant  ratio of 
t i p  speed t o  wind speed is the important consideration, and t he  device 
develops very low torque. But i n  principle it can be used t o  extract power 
from the wind. Indeed, t he  early Asian WECS and many homebuilt machines can 
be considered var i an t s  of t he  drag cup anemometer. 

The opera t ing  p r i n c i p l e s  of the d i f f e r e n t i a l  drag WECS are shown i n  
Figure 4-15. The maximum tip-speed r a t i o  can be obtained when t he  r a t i o  of 
drag c o e f f i c i e n t s  of t he  a c t i v e  elements i n  both forward and reversed flow is  
at a maximum. If the drag c o e f f i c i e n t  i n  the  reversed flow is zero then t h e  
maximum free running t i p  speed w i l l  approach wind speed; when t h e  drag coe f f i -  
cients are similar, the maximum tip-speed r a t i o  w i l l  be near zero. Practical 
differential drag devices  with fixed geometry are unlikely t o  have a f ree  
running tip-speed ratio g r e a t e r  than 0.4. 

To achieve higher  tip-speed ratios and g rea t e r  power c o e f f i c i e n t s ,  v a r i a b l e  
geometry differential drag elements can be used. Some types of va r i ab le  
geometry elements are shown i n  Figure 4-16. The v a r i a b l e  geometry adds some 
complexity t o  t h e  WECS i n  exchange f o r  increased performance. With some types 
of variable geometry devices ,  the  WECS is  sensitive t o  wind direction and 
requi res  an or i en t ing  device. Even with the  var iab le  geometry the  maximum 
tip-speed i s  always less than wind speed.  

Another method f o r  increas ing  the  performance of the  d i f f e r e n t i a l  drag WECS i s  
t o  provide a shield t o  prevent the wind from impinging on the forward-moving 
drag elements. When the shield is used,  t he  WECS i s  s e n s i t i v e  t o  wind direc- 
t i o n  so that some o r i e n t i n g  device i s  required.  Figure 4-17 i l l u s t r a t e s  some 
types of sh i e lds .  

The Savonius rotor, i l lustrated in Figure 4-18, combines t he  high s t a r t i n g  
torque of t h e  d i f f e r e n t i a l  drag WECS with a higher  efficiency and higher  t i p -  
speed ratio. A properly designed Savonius rotor can have a free running t i p -  
speed of about twice wind speed.  The increased e f f i c i ency  and tip-speed make 
t h e  Savonfus rotor superior t o  t h e  differential drag device. However, i t  i s  
inferior t o  WECS with l i f t  elements because of the  l a r g e  quan t i ty  of struc- 
t u r a l  materials required and the large fo rces  t h a t  are generated in high 
winds. It i s  most o f t e n  used i n  small sizes where i t s  rugged simplicity and 
high s t a r t i n g  torque a r e  valuable.  

The aerodynamic performance of the  Savonius r o t o r  has been s t u d i e d  exten- 
s ive ly .  When the  r o t o r  i s  s t a r t e d ,  i t  operates e s s e n t i a l l y  as a drag  
device. When the  rotor i s  turn ing ,  t h e  f low i s  complex and unsteady,  and the  
maximum t ip-speed r a t i o  of about two suggests that  aerodynamic lift i s  being 
generated a t  higher  speeds. 

End plates are e s s e n t i a l  f o r  high performance. Without end p l a t e s ,  the  Eree 
running tip-speed r a t i o  is  about one, and the performance i s  reduced, There 
must also  be a gap between the two overlapping halves of t he  r o t o r  t o  achieve 
the  high perf armance. 
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Axis Horizontal 

Figure 4-17. Shielded Element WeCS 

4.2.2 Horizontal Axis WECS 

Horizontal-axis machines have received t h e  most developmental effort and have 
been the most success fu l  commercially. 

The hor i zon ta l  axis WECS with lifting elements  [horizontal axis wind t u r b i n e s  
(MWTs)] has a wide variety of a p p l i c a t i o n s ,  d a t i n g  as far back as early 
Persia, and sizes (from a few w a t t s  t o  a few megawatts). The system has been 
used to provide energy for water pumping, e lectr ical  g e n e r a t i o n ,  g r inding  
grain, and other  uses i n  many p a r t s  of the  world. Some h o r i z o n t a l  ax i s  
lifting element WECS des igns  are shown in Figure 4-19. 

The HAW has several essential features. It must have one o r  more lifting 
elements, o r  blades, attached t o  an axis t ha t  is aligned w i t h  the  wind. The 
HAW requires some mechanism to orient t h e  axis so t h a t  it is a l i g n e d  with t h e  
wind, also r equ i r e s  a support  structure t o  raise t he  ac t ive  elements i n t o  It 
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a reasonable wind regime, and t h i s  support s t r u c t u r e  must have sufficient 
strength to resist the aerodynamic loads that may be a p p l i e d .  An energy con- 
version system and a c o n t r o l  system are a l s o  r e q u i r e d .  Figure 4-20 
illustrates t he  essential features, 

A v a r i e t y  of performance characteristics can be obta ined  by u s i n g  a n  appro-  
p r i a t e  se lec t ion  of d e s i g n  parameters; i t  is not  difficult to des ign  an HAWT 
w i t h  r e l a t i v e l y  high aerodynamic and s t ruc tura l  efficiencies. However when 
cost  and r e l i a b i l i t y  are also important, the design process can be d i f -  
ficult. When designing r o t o r  blades, the choices that are a v a i l a b l e  i n c l u d e  
t h e  number, the shape ,  the a i r f o i l  s e c t i o n ,  the total s o l i d i t y ,  whether the 
b l a d e  p i t c h  i s  f i x e d  o r  no t ,  and the  structural materials. 

Ro to r s  have been b u i l t  with numbers of blades  ranging from one t o  several ,  
Machines wi th  two o r  three blades are the most  common. F o r  t h e  same t o t a l  
s o l i d i t y ,  it i s  usua l ly  less expensive and more s t r u c t u r a l l y  sound to minimize 
t h e  number of blades;  b u t  when fewer t h a n  three blades  are used  t h e  moment of 
i n e r t i a  of the r o t o r  is n o t  the  same about  two  mutually perpendicular axes in 
the p l a n e  of t h e  r o t o r .  This results i n  a cyc l i ca l  gyroscopic moment a p p l i e d  
t o  the s u p p o r t  structure when the  s p i n n i n g  rotor is yawed (as shown in 
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Figure 4-21) .  On one- o r  two-bladed machines, t h e  rate of yaw is sometimes 
limited i n  o r d e r  t o  minimize these effects.  With three b lades  o r  more there 
is no cyclical gyroscopic moment a p p l i e d  t o  t he  s h a f t .  There i s ,  however, a 
c y c l i c a l  gyroscopic moment a p p l i e d  t o  each blade root .  The choice of b l ade  
shape and a i r f o i l  section, some examples of which are shown i n  Figure 4 - 2 2 ,  
d e p e n d s  upon the particular a p p l i c a t i o n .  Fo r  high performance t he  airfoil 
should have a high value of C,/C,. 

The total solidity t h a t  is required depends upon the d e s i r a b l e  aerodynamic 
characteristics. A high solidity was necessary f o r  the r e l a t i v e l y  h i g h  
s t a r t i n g  torque  r e q u i r e d  by the  positive d i sp lacemen t  water pumps t h a t  were 
used with the American farm windmill. In a p p l i c a t i o n s  where a high starting 
t o r q u e  i s  not important b u t  overall performance and a high operating t i p - s p e e d  
are ,  a very low s o l i d i t y  is desirable (see Figure 4-23) .  

V a r i a b l e  p i t c h  can be used t o  o b t a i n  good performance over a greater range  of 
t i p - speed  ratios t han  f i x e d  p i t c h .  The v a r i a b l e  p i t c h  can  a l s o  be used  t o  
i n c r e a s e  t h e  starting t o r q u e  and t o  c o n t r o l  the power i n  high winds.  Agains t  
these desirable characteristics, the  designer  must weigh the  e x t r a  c a s t  and 
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Figure 4-22. Typical Blade Shapes for a H A .  

possible  problems wi th  reliability that may r e s u l t  from the  relatively complex 
pitch-control mechanism. Choosing the best structural materials for the 
blades is  very difficult. The most common materials are wood, steel, 
aluminum, and fiberglass, o r  other fiber-reinforced plastics. 

Various rotor-or ient ing mechanisms are available, ranging from the  direct 
application of an aerodynamic force on a free yawing rotor to the use of a yaw 
drive motor responding t o  signals f rom a sensing device. Figure 4-24 shows a 
variety of orienting mechanisms . 
The rotor support s t r u c t u r e  must hold the rotor at an appropriate  height ,  and 
most have the strength to resist the aerodynamic loads t h a t  will be imposed 
during operation and those that may occur in high winds. The supporting 
structure must also have enough r i g i d i t y  t o  enable i t  t o  resists the dynamic 
loads acting upon it. Figure 4-25 shows some support structures. 

The most camon power conversion equipment consists of a speedup mechanism 
driving an electrical generator. Many o the r  drive systems have been used, 
some of which are i l l u s t r a t e d  i n  F igu re  4 - 2 6 .  The ro tor  can be controlled to 
operate at a constant speed or at a var i ab le  speed. The constant speed 
machine allows the  WECS t o  be coupled t o  an AC electrical network with a 
simple interface. A constant speed system also imposes dynamic loads t ha t  
have a f ixed  frequency, so the structural design problem is simplified. Con- 
stant speed conversion equipment produces less energy than variable speed con- 
version equipment, but t h e  reduced complexity i s  o f t e n  sufficient 
compensation. 

Power cont ro l  can be achieved by changing the p i t c h  of the blades,  t u rn ing  the 
rotor  axis' out of alignment with t h e  wind, allowing the  blades t o  stall, o r  
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using aerodynamic spoi lers .  Figure  4-27 illustrates some of t he  power con t ro l  
methods, and Figure 4-28 shows some specific designs f o r  varying b l a d e  pitch, 

An inherent characteristic of the  HAWT is that t h e  gravitational loads on t h e  
blades vary c y c l i c a l l y  and that the stresses produced by these loads increase 
with size (see Figure 4-11). These cyclic gravitational stresses tend t o  
limit the maximum s i z e  of the  NAWT; however, rotors as large as 300 ft in 
diameter have been built and operated. 

4.2.3 Vertical Axis WECS 

In 1925, Darrieus patented a v a r i e t y  of vert ical  axis WECS models t ha t  used 
aerodynamic lift. Figure 4-29 shows the concept submitted in the  original 
patent. As with the UWT, t h e  vertical axis  wind t u r b i n e  (VAWT) uses one or 
more blades attached to an axis, its shown in the examples in Figure 4 - 3 0 .  
However, in the case of the VAWT, t h e  axis is aligned v e r t i c a l l y  across t h e  
wind. The operating p r i n c i p l e s  are shown in Figure 4-31. 

There are th ree  types of VAWT: t h e  fixed-pitch curved-blade machine, the 
fixed-pitch straight-blade machine and t h e  variable-picch straight-blade 
machine (Figure 4 - 3 2 ) .  A l l  VAWTs are subject t o  cycl ic  aerodynamic loads ,  and 
the lift force reverses direction re la t ive  to t h e  b l a d e s  du r ing  each t u r n  of 
the ro to r  so tha t  near ly  symmetrical a i r f o i l s  are required,  The straight- 
blade machines have the advantage of simple blade construction. However, the 
centrifugal bending moments on the  b lades ,  diagrammed in F i g u r e  4 - 3 3 ,  limit 
the  blade speed and t h e  allowable unsupported blade length.  The curved-blade 
machines have a blade shape t h a t  a flexible element would adop t  under the  
centrifugal load, so the blades are subjected to low bending stresses. 
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Figure 4-31. Operating Principles of a VAWT 

Fixed-pitch machines are insensitive to wind d i r e c t i o n  but have a very low 
starting torque unless a starting device,  such as t h e  one i l l u s t r a t e d  i n  
Figure 4 - 3 4 ,  is used, Variable-pi tch machines can develop higher starting 
to rque  and flatter power curves, but t hey  are more complex and are sensitive 
to wind direction. Therefore ,  they require devices  t o  orient t h e  pitch-change 
mechanisms 

Since t h e  aerodynamic loads on the blades are cyclic, the dynamic component of 
t h e  overall aerodynamic loads  and t h e  torque on t h e  ro to r  are functions of t he  
number of blades. The c y c l i c  n a t u r e  of t h e  loads i s  shown i n  F igure  4-35.  
With three blades, t h e  dynamic component oE the o v e r a l l  loads  i s  s m a l l ;  how- 
ever ,  the i n d i v i d u a l  blades are affected by t h e  f u l l  dynamic component. With 
one or  t w o  blades,  t h e  aerodynamic torque has a very large dynamic cow 
ponent. However, if a torsionally sof t  coupl ing is placed between the  r o t o r  
and the conversion device, the  dynamic component of t h e  torque simply causes a 
small c y c l i c  change in rotor speed and a small change in shaft torque. A s  
i l l u s t r a t e d  i n  Figure 4 - 3 6 ,  this means that the cyclic component oE b l a d e  
stress can also be small when one o r  two b lades  are used. The dynamic com- 
ponent of aerodynamic drag can a l s o  be reduced by using soft mounts on t h e  
rotor o r  by us ing  c e n t r i f u g a l  pendulums an the r o t o r  shaft as dynamic 
absorbers,  like those shown in Figure 4 - 3 6 .  

With three b l a d e s  and f ixed  p i t c h ,  t h e  r o t o r  must be designed t o  withstand the 
maximum wind loads t h a t  will exist when t h e  rotor i s  stopped i n  extreme wind 
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conditions with one blade upwind. With t h e  curved-blade machine, a critical 
design case occurs when the rotor is parked with one blade upwind, since it i s  
then  subjec ted  t o  a buckling load and the allowable buckling stress is  much 
less than the allowable t e n s i l e  stress (shown in Figure 4 - 3 7 ) .  

With two b lades ,  there can be a choice of automatically orienting the rotor 
i n t o  a low-drag configuration, l i k e  the  design shown i n  Figure 4-38, o r  
designing the blade t o  withstand the maximum buckling load.  

The single curved-blade rotor can  be o r i e n t e d  so  tha t  i t  is always under ten- 
si le  stress and hence presents a simpler design problem than a multiple-blade 
rotor. However, a counterweight is needed to balance the single b lade .  The 
torque characteristics of the stopped single-bladed r o t o r  are illustrated in 
Figure 4-39,  showing both the s t a b l e  and u n s t a b l e  equilibrium p o s i t i o n s .  

When two vertical-axis machines have t h e  same overall solidity, the one wi th  
the smaller number of blades  w t 1 1  have larger individual blade chords and 
therefore greater blaie strength, as shown in Figure 4-40. S o l i d i t y  for a 
VAWT i s  def ined  as n c / k ,  where n is the number of b l a d e s ,  c i s  the b lade  
chord, and Rm is the maximum rotor radius (see Figure 4-37 ) .  

The buckling s t r e n g t h  of the  curved blades can be i n c r e a s e d  by u s i n g  s t ru t s  
(like those shown in Figure 4-41) t ha t  also increase the axial  stiffness of 
the blades,  reducing fatigue problems with a rotor t h a t  i s  parked i n  a turbu- 
l e n t  wind. 

A 
Hgure 4-37. Buckling of the Upwind Blade of a Parked VAWT Rotor in an 

Extreme Wind 
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Wind 

Hgure 4-38. A -0-Blade VAWT Rotor Parked in a --Drag Orientation 

The power control for a variable-pitch machine can be accomplished by varying 
the blade pitch. With fixed-pgtch machines power c o n t r o l  can be accomplished 
either by using a driven unit that is sufficiently large to s t a l l  t h e  r o t o r  o r  
by using aerodynamic spoilers t h a t  reduce t he  power o u t p u t  of t h e  r o t o r .  

The r o t o r  can either be opera ted  a t  essent ia l ly  constant speed o r  a t  v a r i a b l e  
speed, Variable-speed designs can o p e r a t e  a t  near-maximum efficiency over a 
range of wind speeds .  A we31 designed cons tan t -speed  machine can produce 
energy at about 80% of the capacity of a variable-speed machine, and the 
decrease ic complexi ty  of t h e  constant-speed machine can j u s t i f y  the decrease 
i n  energy production. 

With m1tipI.e-blade rotors, the dynamic loads can e x c i t e  a blade lead-lag 
resonance t h a t  may cause fatigue problems. These dynamic problems can be 
g r e a t l y  reduced w i t h  a s ingle-b lade  ro tor .  

The most desirable blade s e c t i o n  c h a r a c t e r i s t i c s  have not been accurately 
determined, but they probably inc lude  a low drag coefficient, a l i m i t e d  max- 
imum l i f t  coefficient, a smooth stall, a th ick  s e c t i o n ,  and a shape t h a t  is 
easy t o  manufacture. 

Fo r  a specific blade section drag coefficient, the maximum power coefficient 
i s  almost d i r e c t l y  proportional t o  solidity. A t  very l o w  but  significant 
s o l i d i t i e s ,  t he  effect of increased solidity can be minimal and  can result in 
t h e  same power coefficient a t  a lower  t i p - s p e e d  r a t i o .  The v a r i a t i o n  of t h e  
power c o e f f i c i e n t  with solidity i s  graphed i n  F igure  4-42. When t h e  l i m i t i n g  
effects are reached, the main effect  of increas ing  s o l i d i t y  will he  t o  
increase power transmission problems because of the  low t ip - speed  ratio, For 
a given des ign  c o n d i t i o n ,  there w i l l  be a d n i m m  s o l i d i t y  p e r  b l a d e  that w i l l  
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Figure 4-42. Effect of Solidity on Some of the Importaut Botor Properties 

be structurally allowable. This minimum s o l i d i t y  will be a function of the 
size of the r o t o r ,  the maximum wind speed, the expected ice loading,  and 
similar factors. 

A decrease in the  zero-lift drag coefficient for t h e  blade is always 
beneficial to performance since the drag represents a parasitic power l o s s .  
For a given r o t o r ,  a decrease i n  the drag coefficient means an increase in the 
power coefficient and also an increase i n  the m a x i m u m  tip-speed ra t io .  The 
parasitic power l o s s  is approximately p r o p o r t i o n a l  to the  cube of the t i p  
speed. When there are discontinuities in t h e  ro tor  shape-at t h e  strut 
junctions or the ends of straight blades, f o r  example--there is some evidence 
that t he  discontinuities result in losses that reduce the power coefficient 
and that the losses are greater than would be expected intuitively. 

An increased maximum lift coefficient results in an increased power coeffi- 
c i e n t  at low tip-speed ratios.  It does not  necessarily increase the maximum 
power coefficient, but fur a constant-speed r o t o r  it causes the  power o u t p u t  
to continue to increase with wind speed, making it necessary t o  increase the 
s i z e  of the driven device o r ,  alternatively, to decrease t h e  r o t o r  speed t o  
ob ta in  the same maximum power, The decreased speed causes increased power 
transmission problems. High blade section lift coefficients are rarely 
desirable. In €act, efforts are being made to tailor VAWT aerodynamic pro- 
perties t o  l i m i t  the power output. 

The ro to r  height-to-diameter (H/D)  ratio is another parameter under the con- 
t r o l  of t he  designer. For curved-blade machines with an upper bearing sup- 
ported by guy wires, a ro tor  B/D of 1.5 is reasonable. On t he  o t h e r  hand, if 
the rotor is cantilevered from a bearing at the  base of the rotor, an H/D of  
less than one might be more acceptable €or structural reasons.  

The gravitational loads on the blades of a VAWT are constant, unl ike  those 
imposed on HAWT blades, but the aerodynamic loads are cyclic,  i n  con t r a s t  t o  
the  nearly constant loads affecting an MWT. Since t h e  VAWT rotates about  
only one axis, there are no gyroscopic moments to contend with; and since the 

j 
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f ixed pi tch  ro tor  can accept winds from any d i r e c t i o n ,  its response t o  
changing wind direction should be essentially instantaneous,  
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SECTION 5.0 

P L O W  AUGMEWATION 

One problem faced by t h e  des igner  of a wind energy converter  i s  t h e  diffuse 
n a t u r e  of t h e  resource. Natural wind has a l o w  power d e n s i t y  per u n i t  of 
area. With an average wind speed of 5 m / s  and a value of $0.05 per kWh f o r  
the energy, an e f f i c i e n t  wind energy converter would extract $15 worth of 
energy per square meter of swept area per year  (as i l l u s t r a t e d  i n  
Figure 5-1)* Although i t  i s  t r u e  that a t  h igher  wind speeds t h i s  value would 
be cons iderably  h igher ,  i t  should also be noted tha t  regions with high average 
wind speeds are not too common. I n  reg ions  with  lower wind speeds,  i t  would 
seem desirable t o  concentrate the power i n  t h e  wind t o  make i t  more economical 
to convert. This c o n c e n t r a t i o n  of power is commonly called flow augmentation. 

I n  streamline f low,  t h e  maximum amount of energy t h a t  can be e x t r a c t e d  from a 
given mass of wind is equal t o  i t s  k i n e t i c  energy i n  the free stream. Hence, 
the power augmentation t h a t  can be achieved i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
i n c r e a s e  i n  mass flow through the device and t h e r e f o r e  t o  t h e  increase i n  t h e  
speed of the flow. In real f l u i d  flow, t h e  wake downstream of the wind energy 
converter can mix with the e x t e r n a l  f low and increase the change i n  t o t a l  
pressure that can be achieved. 

V (m/s) 

F i g u r e  5-1. Annual Value o f  a WECS 
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Increasing the f l o w  causes an increase i n  the dynamic pressure and a cor- 
responding decrease i n  t he  static pressure (as shown in F i g u r e  5-2). Since 
d i s c o n t i n u i t i e s  i n  the s t a t i c  pressure  are not  physically p o s s i b l e ,  i t  i s  
necessary  t o  provide some p h y s i c a l  boundary between the accelerated flow and 
the  external flow o r  to create some f l o w  condition that prov ides  a s t a b l e  
s tat ic  pressure g r a d i e n t ,  S t a b l e  s t a t i c  pressure gradients can e x i s t  where 
the re  is a curvature i n  the flow, as t h e r e  is i n  a vortex. 

The elementary axial flow augmentor shown i n  Figure 5-3 consists of a mech- 
anism t o  accelerate the  flow, a power extraction device ,  and a diffuser t o  
decelerate t he  flow and raise t h e  s t a t i c  pressure t o  the free stream condi- 
tion. The analysis given in Appendix D shows t h a t  the ax ia l  f low augmentor 
must carry a s i g n i f i c a n t  axial load,  and t h i s  impl ies  that  i t  must have a ' 

significant axial  exten t .  If pressure loading on t h e  augmentor i s  similar t o  
that on the actuator disk, the diameter of t h e  diffuser ex i t  must be s i m i l a r  
t o  that of the unaugmented a c t u a t o r  d i s k  t h a t  i t  replaces. 

It is easy t o  exchange s t a t i c  pressure f o r  dynamic pressure o r  t o  accelerate 
the f l o w ,  but it is quite difficult to reverse the  process, A d i f f u s e r  is 
considered to be any form of duct that increases i n  cross-sectional area in a 
downstream direct ion.  In  order f o r  the re  t o  be a significant s t a t i c  pressure 
recovery f o r  a d i f f u s e r ,  the flow must remain a t t a c h e d  to t h e  walls, '&en a 
flow enters a zone of adverse pressure--where t h e  static pressure increases in 
a downstream direction--there i s  a tendency f o r  t h e  boundary layer t o  s e p a r a t e  
from the walls and fo r  the diffuser t o  become i n e f f e c t i v e  due t o  the energy 
losses associated with t h i s  t u r b u l e n t  f l o w .  One of the most important factors 
i n f l u e n c f n g  the tendency f o r  the flow t o  separate i s  t h e  rate of change of 
s tat fc  p r e s s u r e  or adverse pres su re  g r a d i e n t .  The t r a c i n g  of a n  actual water 

Figure 5-2, Beduction of Static Pressure in the Flaw Associated with an 
Increase of  Speed 
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v + v, 
With Augmentation VD > 

Diffuser 

0 

d rn 

0 

Figure 5-3. An Elementary Axial Flow Augmentor 

tunnel experiment shown in Figure 5-4 illustrates such a flow s e p a r a t i o n .  
Diffusers can be made t o  operate by ensuring that the adverse p r e s s u r e  gra- 
dient is not severe. However, t h i s  approach results i n  a very long di f fuser ,  
and the  additional materials costs are usually not economically acceptable on 
a wind machine. 

The external walls of the diffuser are not  the only surfaces in a diffuser 
t h a t  are exposed to an adverse pressure g r a d i e n t  in a diffuser. Usually t h e r e  
w i l l  be a nace l l e  o r  a t a i l  cone associated with the wind turbine, and the  
flow can separate from these surfaces i f  the adverse pressure g r a d i e n t  i s  
severe enough. This type of sepa ra t ion  is shown diagrammatically i n  
Figure 5-5, and an actual situation is shown i n  the t r ac ing  i n  Figure 5-4. 

The diffuser walls can either be passive or active surfaces. Examples of each 
are shown in ‘Figure 5-7. I f  a pass ive  surface is used, t h e  d i f f u s e r  wall must 
be essentially continuous, whi le  ac t ive  surfaces can have a much smaller sur- 
face area. 

The axial flow augmentor can produce a secondary benefit by reducing the t i p  
losses t h a t  normally e x i s t  on an open wind turb ine  and hence improving the 
performance by a greater amount than that a t t r i b u t a b l e  t o  augmentation alone. 

P lac ing  two actuator disks i n  series (see Figure  5-8) i n  a duct  i s  o€ ten  con- 
s idered  a means fo r  augmenting a WECS. I n  t h i s  concept ,  one d i s k  is used t o  
pump an increased amount of flow through the other  d i s k .  The analysis g i v e n  
i n  Appendix D shows t h a t  the sun of t he  change i n  total pressure across both 
disks cannot exceed the free stream dynamic p r e s s u r e ,  and the mass Elow r a t e  
depends only upon the  properties of the  duc t  and i s  unaffected by the  pumping 
d i s k .  Since the  pumping disk  will p u t  power i n t o  t h e  stream t h a t  must be 
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Figure 5-6. Water T U M ~  Flow Visualization of the Flow Separation from a 
Simulated Nacelle in a Diffuser 

suppl i ed  by the second disk, t h e r e  is an i n c r e a s e  in t h e  overall power l e v e l ,  
but not  i n  the power output.  The losses i n  the  system are l i k e l y  to be 
related t o  t h e  overall power level, and t h e  net power output of t h e  system 
w i l l  be reduced by using the  pumping d isk .  

Another type of axial  f low augmentor has a wind t u r b i n e  submerged i n  a vortex 
t h a t  has been c r e a t e d  by some device. The i d e a  behind this concept i s  t h a t  
the t u rb ine  could extract a s i g n i f i c a n t  amount of power from t h e  high v e l o c i t y  
s w i r l i n g  flow i n  a vortex, The device shown in Figure 5-9 operates i n  this 
manner. The major problem with t h i s  type  of augmentor i s  t h a t  the vortex i s  a 
very d e l i c a t e  phenomenon and can burst when disturbed. If t h e  s w i r l  v e l o c i t y  
is decreased by the wind turbine, then the radial  s t a t i c  pressure  g r a d i e n t  
behind the turbine w i l l  decrease,  and hence the s ta t ic  pressure  on the axis 
behind t h e  t u r b i n e  w i l l  increase. The increased  s ta t ic  pressure  behind the 
t u r b i n e  w i l l  prevent the flow through tu rb ine .  So fa r ,  there is no known 
experimental evidence of an open v o r t e x  augmentor producing a power 
coefficient higher than those obtained by convent ional ,  unaugmented wind 
t u r b i n e s  . 
The low-pressure region i n  the core of a vortex can a l s o  be used t o  draw air 
through a wind turbine. One d e v i c e  designed t o  perform i n  t h i s  way is  shown 
i n  F igure  5-9. I n  t h i s  des ign  the vortex flow is not d i r e c t l y  acted upon by 
the wind t u r b i n e ,  but the secondary flow that passes through the  t u r b i n e  is 
exhaus ted  i n t o  the vortex core. The change i n  t o t a l  p ressure  t h a t  can occur 
across  t h e  turbine d i s k  is a function of t h e  f low rate through the disk. A t  
very low flow rates the vor tex is undisturbed, and the pressure  drop can 
approach t h e  difference between t h e  external f low and the  pressure i n  the 
undisturbed core. However t o  extract power, t h e  flow ra te  m u s t  be s i g n i f -  
i c a n t ,  and then t h e  presence of t h e  secondary flow modifies the core and can 
greatly increase the static pressure ,  s i g n i f i c a n t l y  reducing i t s  ability t o  
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Actuator Disc 

draw a i r  through the tu rb ine .  The 
drop in total pressure that can 
exist in a vortex augmentor of this 
type can be g r e a t e r  than t h e  free 
stream dynamic p r e s s u r e ,  because the 
stable vortex can e x i s t  for a con- 
siderable distance downstream of t h e  
turbine and in this distance, energy 
can diffuse to the core to raise its 
t o t a l  pressure above the free stream 
s ta t ic  pressure. A simplified anal- 
ysis of a vortex augmentor i s  given 
i n  Appendix D, and this analysis 
suggests the  important parameters. 

With either of the vortex flow de- 
v i c e s  shown in Figures 5-9 and 5-10, 
it may be possible to obtain very 
high power coefficients when these 
coefficients are based on the  d i sk  
area of a very small turbine. But 
when the coefficient is based upon 

Figure 5-8. Bugmentor Using Two the more realistic system frontal 
Actuator Msks in area, t h e  power coefficient i s  
Series likely t o  be q u i t e  small. 

Core of 
Primary Vor 'tex 

SOURCE. U.S. Energy Research and Development 
Administration 

Figure 5-9. Turbines Placed in the Accelerated Plow of a Vortex Produced by a 
Delta Wfng 

\ 
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I 

tied Vanes 

Figure 5-10, U s e  of a Vortex to Draw a Secondary Air Flow Through a Turbine 

The theoretical analysis i n  Appendix D suggests t h a t  the amount of power t h a t  
can be extracted is  p r o p o r t i o n a l  t o  the square of the vortex s t r e n g t h ,  and 
hence the most productive research area might be directed toward increasing 
t he  vortex s t r e n g t h .  One method of increasing the v o r t e x  strength i s  t o  use 
powered a i r fo i l s .  For example the  tower could be converted t o  a h igh  lift 
airfoil as shown in Figure 5-11. 

The moving ac tua to r  disk augmentor is another device f o r  increasing the mass 
flow through the disk. An example of such a system is shown i n  Figure 5-12, 
and conceptua l ly  diagrammed i n  Figure 5-13. This  t y p e  of device has been 
studied in the past because of its a p p l i c a t i o n  to early a i r c ra f t ,  which often 
used electrical  generation powered by wind. The analysis given in Appendix D 
shows that if t h e  actuator disk is moved in still air, the  power output of the 
ideal  system will always be less than t h e  power i n p u t .  However, when the  disk 
is moved i n t o  a wind there will be a power augmentation in the idea l  system. 
In a real system, t he  inefficiencies i n  t h e  various components w i l l  seriously 
l i m i t  the amount of augmentation t h a t  i s  available. 
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ning C yjinder 

Figure 5-11. U s e  of a Hgh L i f t  Airfoil to Increase the Strength of a Vortex 
that Is Used to Draw a Secondary Flow Through a Turbine 

4.0 19.828 
Apr. 26. 1977 

Figure 5-12. AMoving Actuator 
Disk Augmentor 

Placing wind t u r b i n e s  i n  the ac- 
celerated flow that occurs  around an 
o b s t r u c t i o n  is often proposed as a 
method fo r  augmenting the  power out- 
put, as in the  examples shown i n  
Figure 5-14. 1.f the  wind t u r b i n e  i s  
small compared with the  size of the 
obstruction (e.g., a w h d  turbine is 
placed on the  t o p  of  a rounded h i l l ,  
as shown in Figure 2-10), aupenta- 
t i o n  can be significant because t h e  
r e l a t i v e l y  small wake of the WECS 
can mix with external f low t o  g e t  
sufficient energy to enter the re- 
g i o n  of i n c r e a s e d  static pressure 
that exists downwind of the obstruc- 
t i o n  ( F i g u r e  5-15), Under these 
circumstances, t h e  power output cac 
be propor t iona l  to the  cube of t h e  
wind speed. I f  t h e  o b s t r u c t i o n  i s  
n o t  large when compared with the 
WECS, there i s  l i t t l e  mixing of the 
wake w i t h  t h e  external f low,  and the 
presence of t h e  WECS can cause flow 
s e p a r a t i o n  over  the obstruction i f  
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t h e r e  is a s i g n i f i c a n t  s ta t ic  pressure change through the WECSe With separa- 
tion, t h e  flow over the  obs t ruc t ion  below the  WECS can be q u i t e  d i f f e r e n t  from 
the  flow over the obs t ruc t ion  above, r e s u l t i n g  in a reduced speed-up of t h e  
flow. When the  obs t ruc t ion  is  not l a r g e  compared with t he  WECS, i t  w i l l  pro- 
bably be impossible to support a t o t a l  pressure decrease across the WECS t h a t  
is as l a r g e  as t he  free stream dynamic pressure, Under these circumstances, 
t he  inc rease  i n  power output i s  likely to be more near ly  d i r e c t l y  propor t iona l  
t o  the speed than to its cube. 
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SECTION 6.0 

WECS OPTIMIZATION 

The process of optimizing a wind energy c o n v e r s i o n  sys tem i s  very complex. It 
involves selecting t h e  combina t ion  of pa rame te r s  that  will g i v e  the  greatest 
b e n e f i t - t o - c o s t  ratio. Since v a r y i n g  almost any parameter  will have b o t h  neg- 
ative and posit ive e f f e c t s  on the  sys t em,  o p t i m i z a t i o n  i s  a p r o c e s s  of t r a d e -  
o f f s .  Apart from the  obvious  requi rement  t h a t  t h e  WECS perform r e a s o n a b l y  
well f o r  l o n g  p e r i o d s ,  i t  must a l so  be  capable of w i t h s t a n d i n g  storm l oads ,  
must not have a s i g n i f i c a n t  env i ronmen ta l  impac t ,  and must be  safe. 

T h e o r e t i c a l l y  i t  i s  easy t o  write t h e  expression f o r  t h e  optimum c o n f i g u r a t i o n  
of a WECS and t o  show that a g iven  system will be op t imized  when t h e  r a t i o  
between i n c r e m e n t a l  b e n e f i t s  and i n c r e m e n t a l  c o s t s  i s  the same, regardless of 
which parameter is v a r i e d .  Th i s  ratio h a s  t h e  same va lue  as t h e  o v e r a l l  ben- 
e f i t - t o - c o s t  r a t i o  of the system, I n  p r a c t i c e ,  t h e  s i t u a t i o n  may be s o  com- 
plex that  o p t i m i z a t i o n  t echn iques  can be used only  as gu ides  t o  e n s u r e  t h a t  
any p a r t i c u l a r  parameter is n o t  overemphasized, 

The D a r r i e u s  type  curved-blade high-speed VAW i l l u s t r a t e s  t h e  problem of  
optimization. Even t h e  choice o f  this b a s i c  configuration presupposes  some 
s e l e c t i v e  process  t h a t  we must ignore t o  make a comparison between the o p t i -  
mized c o n f i g u r a t i o n  and o t h e r  types  of machines. The t y p e s  of bas ic  c h o i c e s  
i n c l u d e  the type  of r o t o r  suppor t  ( c a n t i l e v e r ,  r i g i d  external f rame,  guy 
wire, f ixed base ,  r o t a t i n g  base s u p p o r t ) ;  ratio of r o t o r  h e i g h t  t o  d i a m e t e r ;  
number of b l a d e s ;  airfoil section; s o l i d i t y ;  c o n s t r u c t i o n  materials; height  
above ground; i n s t a l l e d  power r a t i n g ;  and o v e r a l l  s i z e ,  

The des i r ab le  r o t o r  H/D r a t i o  i s  i n f l u e n c e d  by the t y p e  of r o t o r  s u p p o r t ,  For 
example, an H/D of - 1 , 5  i s  u s e f u l  f o r  guy-supported structures w h i l e  H / D  < 1 
is more a p p r o p r i a t e  f o r  a cant i levered  s t r u c t u r e .  Among o t h e r  f ac to r s ,  t h e  
increased H/D usually i n c r e a s e s  r o t o r  rpm f o r  the  same swept area and power,  
hence it  reduces  power transmission problems.  At the same t i m e  i t  i n c r e a s e s  
b l a d e  root stresses. The increased height of t he  c e n t r a l  column i n  t h e  r o t o r  
and t h e  i n c r e a s e d  rpm r e q u i r e s  greater s t i f f n e s s  i n  t h i s  column t o  prevent  
dynamic problems. The i n c r e a s e d  h e i g h t  a l s o  d e c r e a s e s  the r e s i s t a n c e  of t h e  
blades t o  buck l ing  when t h e  r o t o r  i s  stopped with a b l a d e  upwind i n  a severe 
storm,  One o t h e r  advantage t o  a g r e a t e r  H / D  r a t i o  i s  that w i t h  t h e  same base 
tower ,  t h e  i n c r e a s e d  r o t o r  h e i g h t  br ings the  device  i n t o  a slightly higher  
wind regime r e s u l t i n g  i n  s l i g h t l y  increased energy produc t ion ,  

Choosing t h e  best number of blades is a c o n t r o v e r s i a l  issue. It seems 
unnecessary t o  use more than t h r e e  b l a d e s  b u t  t h e r e  a re  arguments  f o r  u s i n g  
one,  two, o r  three b lades .  S ince  the aerodynamic loads on the  blades a re  
approximate ly  s i n u s o i d a l ,  us ing  three b l a d e s  makes t he  aerodynamic t o r q u e  and 
d rag  approx ima te ly  c o n s t a n t ,  A price must be p a i d  f o r  t he  approx ima te ly  con- 
s t a n t  aerodynamic l o a d s ,  inc luding  i n c r e a s e d  b l a d e  r o o t  dynamic s tresses and a 
greater possibility o f  b lade  lead-lag resonance .  In a d d i t i o n ,  a machine of 
t h e  same t o t a l  s o l i d i t y  w i l l  have a smaller b l a d e  chord and hence a weaker 
b l a d e ,  and i t  w i l l  be necessa ry  t o  d e s i g n  the  b l a d e  t o  wi ths t and  a buckl ing 
load when i t  is  upwind i n  high winds.  With a th ree -b lade  machine o p e r a t i n g  a t  
h i g h e r  f r e q u e n c i e s ,  t h e r e  i s  also a reduced ampl i tude  i n  t h e  cycl ing force 
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that is a p p l i e d  to the support structure and d r i v e  train, compared with one- 
and two-blade rotors, 

With the two-blade rotor, t h e  aerodynamic torque moments and drag forces are 
approximately sinusoidal, The effects o f  the dynamic components of both  
t o r q u e  and drag can be e s s e n t i a l l y  e l i m i n a t e d  by using fairly s i m p l e  low- 
frequency dynamic i n s u l a t o r s  and dynamic absorbers;  therefore, they do not  
constitute a real problem. The use of a soft dr ive  t r a i n  can greatly reduce 
the dynamic stresses on the b l a d e  roo t s  caused by cyclic aerodynamic torque.  
There i s  still the possibility of blade lead-lag resonance, but damping can be 
introduced outside the rotor. With the s a m e  total solidity, the blades are  
s t ronge r  than for the three-blade ro tor .  When using two blades,  i t  i s  pos- 
s i b l e  t o  align the rotor across the wind during extreme storms, i n  o r d e r  t o  
reduce the buckl ing  load, 

The single-blade ro tor  is the oddest and y e t  probably the  most interesting 
configuration, As with t h e  two-blade rotor, t he  aerodynamic to rque  and drag 
are sinusoidal but  t he  e f f e c t s  can be reduced i n  t h e  same way. There is an 
unbalanced centrifugal force t ha t  must be e i ther  counterbalanced o r  sup- 
ported. The possibility of blade lead-lag resonance can be eliminated. The 
s i n g l e  blade is the s t ronges t  f o r  the same t o t a l  s o l i d i t y ,  and i t  can be 
arranged so t h a t  it is not subjected t o  severe buckling loads when parked, 
With the  single blade it  is possible t o  ser ious ly  c o n s i d e r  r o t o r s  with low 
to ta l  s o l i d i t y .  

The choice of airfoil s e c t i o n  depends upon performance, s t r u c t u r a l  r e q u i r e -  
ments, manufacturing techniques, and cost. A l o w  section drag coefficient i s  
always beneficial to aerodynamic performance if it can be obtained a t  a 
reasonable cost ;  very high l i f t  coefficients are r a r e l y  desirable. The low 
drag coefficient reduces the f ixed losses and allows t h e  machine t o  o p e r a t e  a t  
a higher t ip-speed ra t io  and lower s o l i d i t y ,  while the higher maximum l i f t  
c o e f f i c i e n t  r e s u l t s  i n  t h e  r o t o r  extracting approximately the same power a t  a 
reduced t ip-speed r a t i o  and higher torque, causing increased power t r ans -  
mission problems. The airfoil section must have sufficient d e p t h  to meet 
structural requirements and it must be easy t o  manufacture. 

Increasing t he  s o l i d i t y  usually results in an increased power c o e f f i c i e n t  a t  a 
reduced tip-speed r a t i o  and lower rpm. The increased solidity per blade gives 
greater strength. The optimum s o l i d i t y  would probably be between 0,075 and 
0,15. 

When choosing cons t ruc t ion  materials, t h e  d e s i g n e r  has the widest range of 
v a r i a b l e s  with no s i m p l e  way of deciding which materials are the b e s t .  One 
interesting combination uses aluminum f o r  the v e r t i c a l  members and steel guy 
wires with a guyed ro to r .  If the guy wires have a s lope  of 45' ,  then the 
tension will remain approximately constant regardless of temperature.  

The height above the ground must also be chosen by t h e  WECS designer. A s  the 
e l e v a t i o n  i s  increased ,  t h e  wind speed i n c r e a s e s  and s o  does t h e  average power 
output. The economic he ight  i s  reached when the  incremental increase in bea- 
e f i t  obtained from an incrementa l  increase i n  investment t o  raise t he  height  
of the WECS i s  the  same as that obta ined  by varying any other parameter. 
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The i n s t a l l e d  power i s  s t i l l  a n o t h e r  v a r i a b l e .  A s  shown i n  Figure 6-1, the 
ave rage  power tends t o  increase with i n s t a l l e d  power up t o  some l i m i t .  Like 
any o the r  parameter, t h e  i n s t a l l e d  power i s  a t  an optimum when t h e  i n c r e m e n t a l  
g a i n  i n  b e n e f i t  f o r  incremental  rise in c o s t  is the same as f o r  t h e  o t h e r  
parame t e r s . 
In summary, WECS optimization i s  a complex process r e q u i r i n g  a n a l y s i s  of t h e  
tradeoffs between many interrelated performance, s t r u c t u r a l ,  and c o s t  
pa rame te r s .  The maximum benef i t - t o - c o s t  r a t i o  i s  g e n e r a l l y  achieved by 
minimizing t h e  c o s t  of ene rgy  (COE). L i f e  cycle c o s t i n g ,  which i n c o r p o r a t e s  
capital, installation, o p e r a t i o n  and main tenance  (O&M), and component 
rep lacement  cos t s ,  should be used i n  the a n a l y s i s .  The replacement  cos ts  w i l l  
be dependent  on the design lifetime of each component i n  t he  sys tem.  

2.0 I 
1 

Average Power l.o 
Power at Average 

Wind Speed 

Ideal Machine w i th  No Fixed Losses 

Fixed Losses 

1 2 3 4 - Rated Power 
Power at  Average Wind Speed 

Figure 6-1. Typical Relationship Between Average Puwer and Rated Pmer for a 
WeCS Eaving Some Fixed Losses 
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SECTION 7.0 

TYPES OF SYSTEMS 

Advances and innovations i n  WECS models may be difficult t o  compare t o  con- 
ventional systems. If new systems are classified accurately as advanced or 
innovative, they will necessarily be quite d i f f e r e n t  from conventional sys- 
tems. Advances and innovations generally occur in t ransmission systems, 
generator systems, support structures and yaw mechanisms, and wind energy 
extraction mechanisms. The major i ty  oE the  earlier innovat ions have been con- 
centrated in the last category, with major emphasis on the configuration of 
those mechanisms. This concentration has of ten obscured innovations i n  the  
other areas (McConnell 1980; South and Jacobs 1980). 

Often an advanced or innovative concept is s o  d i f f e r e n t  from conventional sys- 
tems that it is not considered a modification of a conventional system. The 
Enf ie ld  Andreau machine, shown in Figure 7-1,  is an example of a system t h a t  
may have several classifications. From one viewpoint, this machine i s  a 
horizontal-axis rotor system used as an augmentor for  a small, high-efficiency 
turbine in the hollow tower. However, it may be more accurately descr ibed as 
a conventional HAW with an unconventional power transmission. Instead of 
having a mechanical drive from the rotor shaft to the  generator, i t  has a 
pneumatic drive. The c e n t r i f u g a l  force I n  the  rotating blades is used t o  pump 
air out of the b lades  and draw air through the hollow tower p a s t  a relatively 
small diameter turbine that drives the  generator. T h i s  technica l ly  
interesting machine was, however, not commercially successful due t o  l o w  effi- 
ciency and high c o s t s .  

Air Met 

Cen trif igal 1 1 Air Flow 

Bfades 

High 
Tur 

Speed 
bine 

Figure 7-1, The Enffeld Andreau Machid 

8 9  



SP-1142 

Confusion o f t en  arises when designers  try t o  descr ibe  advanced s y s t e m  i n  
terms of well-known conventional systems . Even grouping by advances i n  t r ans -  
mission, generator, support ,  and yaw adjustment s y s t e m  may be d i f f i c u l t  t o  
apply t o  a p a r t i c u l a r  concept. However, t h e  e x e r c i s e  i s  va luable  t o  a n  expert 
who is  attempting t o  understand and evaluate an advanced concept;  i t  p rov ides  
an important perspec t ive  and f requent ly  illuminates aspec ts  of an advanced o r  
innovative concept that would not  otherwise be apparent.  Therefore, t h e  fol- 
lowing discussion treats the majority of the advanced and innovat ive wind 
energy concepts from a perspective of t h e  classifications mentioned. 

7.1 TUMSMISSION SYSTEMS 

Changes i n  a conventional WECS transmission system are usually undertaken t o  
improve the cost of the ent i re  system. Available transmissions and d r i v e  
train assemblies may be too massive, may be situated i n  an inefficient loca- 
tion, or may not be designed t o  perform e f f i c i e n t l y  i n  a s p e c i f i c  WECS 
(Thornblad 1979; Whitford e t  al. 1979). Designers t ry ing  t o  improve these  
features of conventional WECS may address the engineer ing p o s s i b i l i t i e s  by 
proposing new transmission and d r ive  t r a i n  assemblies t ha t  alter both the 
transmission l o c a t i o n  (reducing s t r u c t u r a l  support  c o s t s )  and the transmission 
itself A designer may even completely e l imina te  the physical transmission, 
as with the Enfield Andreau machine. Several  f l u i d  d r i v e  transmissions have 
also been suggested. Many of these m y  be promising while others  w i l l  s u f f e r  
from t h e  same cost  and e f f i c i e n c y  problems encountered by the Enfield Andreau 
machine. 

7.2 GENERATOR SYSTEM3 

Another area of possible innovation i s  t h e  generator system (Crosno 1977; 
Wnrichsen 1979; Menzies and Mathar 1980). This area has a long h i s t o r y  of  
i n v e s t i g a t i o n  independent of i t s  WECS a p p l i c a t i o n s ;  bu t  several concepts have 
also been proposed t h a t  could improve o r  e l imina te  the genera tor  and/or  t r ans -  
mission systems i n  a WECS (Proceedings 1979; Proceedings 1980). One such con- 
cept  i s  the loop generator. 

The loop generator  is a conducting loop rotating i n  a magnetic f i e l d  so t h a t  
it will cut the  l i n e s  of magnetic force, This induces a cur ren t  t o  flow i n  
the loop. A Darrieus-type VAWT with two curved blades can be used as a con- 
ducting loop r o t a t i n g  i n  the e a r t h ' s  magnetic f i e l d .  This field i s  far t o o  
weak t o  produce a significant amount of power. However, i f  the  idea i s  
carried one s t e p  further and a much s t ronge r  magnetic f i e l d  i s  generated by a 
large coil surrounding the rotor, t h e  loop  generator  may be possible .  A 
practical conf igura t ion  might be a two-bladed r o t o r  with an imbedded super-  
conductor that c i r c u l a t e s  an e l e c t r i c a l  current t o  produce a magnetic f i e l d ;  
this f i e l d  then r o t a t e s  within a set of t h r e e  f ixed  coils that are used t o  
generate power. These f ixed  c o i l s  would a l so  need t o  use superconductors  t o  
be e f f e c t i v e .  The low-frequency, three-phase power could be converted t o  con- 
ven t iona l  60 Hz f o r  connection t o  the commerical grid. The use of super- 
conductors requi res  a ref  rigeration p l a n t  and hence would p robab ly  r equ i r e  a 
large i n s t a l l a t ion - -a  condi t ion  t h a t  may be p roh ib i t i ve ,  
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Other generator  systems have been sugges t ed  t h a t  e l i m i n a t e  the transmission by 
increasing the number of the generator poles and the genera tor  diameter, as i n  
the system i l l u s t r a t e d  i n  Figure 7-2. The modification reduces the need t o  
convert WECS shaft rpm f rom a low ra te  t o  a higher one in order  to run a con- 
vent iona l  genera tor  efficiently. Still another  group of innovations uses t he  
drag on an aerosol. in t h e  atmosphere t o  extract power from the wind and 
eliminates t he  need for both transmissions and conventional generators. (The 
atmosphere may either be natural or a r t i f i c i a l . )  Two such concepts ,  shown i n  
Figures 7-3 and 7-4, r e s p e c t i v e l y ,  are the  Charged Aerosol Wind Driven 
Generator by Marks Polarized Corporation (Proceedings 1979; Proceeding 1980) 
and the Elec t ro f lu id  Dynamic Wind Driven Generator by the Universi ty  of Dayton 
(Minardi e t  al. 1980). These systems charge different types o f  aerosols and 
let the wind drag these aerosols aga ins t  an induced electrical potential, up a 
potential h i l l ,  where they are c o l l e c t e d .  They are basically drag  d e v i c e s  
that use aerosols as the active element t r ave l ing  in a linear path t h a t  i s  
o r i en ted  in the direction of the wind. These systems have no moving p a r t s  but 
they would probably require a large-scale pumping system for the a e r o s o l s ,  and 
their cons t ruc t ion  might require numerous materials. 

7.3 SUPPOBT SYs- 

Concepts f a r  advanced o r  innovat ive support  structures may e i ther  be aimed at 
increasing performance or reducing costs .  Some of the concepts involve the 
trade-off of increased material requirements (higher  tower st ructures)  for an 
increase in available power (higher wind velocities a t  greater heights  1. 
Tethered systems are examples of designs based on t h i s  general approach 
(Furuya and Mackawa 1981; Baily et al. 1982). 

Figure 7-2. A Direct-Drive Generator 
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The t e t h e r  i s  an i n t e r e s t i n g  method for r a i s i n g  the a c t i v e  p a r t  of a wind 
energy converter  t o  an a l t i t u d e  where t h e  power density i n  t he  wind i s  much 
greater than a t  surface levels,  This power density d i f f e rence  may come from 
either a geographic augmentation, a wind shear phenomenon, o r  from t h e  jet 
stream. The tethered system must inc lude  a l i f t i n g  device ,  a power conversion 
device,  a means of t r ansmi t t i ng  the power t o  the ground, and a t e t h e r  t o  over-  
come the  system drag load t h a t  is necessary for t h e  power conversion. The 
l i f t i n g  device can be a balloon, a f ixed  wing, a lifting r o t o r  t h a t  can com- 
b ine  t h e  functions of both l i f t  and power genera t ion ,  o r  any combination of 
these.  Balloons are stable and very simple,  and they provide the required 
lifting fo rces  independent of the wind, but they are costly t o  fill with gas 
and are quite  vulnerable.  Fixed wings provide l i f t  and s t a b i l i t y  (and in some 
cases augmentation), but they r equ i r e  a l o t  of materials. The l i f t i n g  r o t o r  
is advantageous because it can use a single element f o r  b o t h  power e x t r a c t i o n  
and l i f t i n g  force. Rowever, it also requi res  a more complicated control sys-  
tem. Some example of te thered  systems a r e  shown in F i g u r e  7-5. In order f o r  
a tethered concept t o  be viable, increased power produc t ion  must overcome t h e  
increased cost  of t h e  t e the r ing ,  t h e  power t ransmission devices ,  and t he  sup- 
port structures. 

At t h e  o t h e r  extreme of design innovat ions i n  support  structures,  tracked sys-  
tems are o f t en  suggested because they would permi t  a l a r g e  increase  i n  t h e  
number and area of extraction elements and would r equ i r e  only a small increase 
i n  supporting structures (see Figure 7-6) .  This would provide good scale-up 
potential ,  These concepts ca l l  f o r  r e l a t i v e l y  low support  he ight  f o r  a large 
number of WECS models, [such as t racked a i r f o i l s  o r  magnus-effect rotors 
(mitford e t  a L  1979)] like those shown in Figure 7-7. Unfor tuna te ly ,  t h e  
track support  structure usual ly  requires a l o t  of materials; and the 
extraction elements are i n  a high wind shear  region of t he  e a r t h ' s  boundary 
layer, causing lower average yearly power output per square meter of swept 
area, 

Another method suggested t o  reduce support  s t r u c t u r e  c o s t s  i s  mul t ip le  WECS 
machines. In th is  concept, several WECS machines are a t tached  t o  t h e  same 
support s t ruc tu re .  This type of design can simplify support s t r u c t u r e s ,  but 
it may cause mutual i n t e r f e rence ,  increased s t r u c t u r a l  loads, and higher  
t ransmission c o s t s .  As with  o the r  innovative systems, t o  be successful, t h e  
entire system must result i n  reduced costs  p e r  ki lowat t  generated,  The WECS 
shown i n  Figure 7-8 gives an idea  of t he  v a r i e t y  of t h e s e  s t r u c t u r e s  t h a t  have 
been proposed. 

7.4 DRAG DEVICE SYSTEMS 

Innovations suggested f o r  drag devices  are u s u a l l y  either a s s o c i a t e d  with the 
sh i e ld ing  of the re turn ing  drag element,  o r  changing i t s  drag c o e f f i c i e n t  on 
the upwind or  downwind por t ion  of t h e  path i t  t r a v e l s .  This may involve 
increased cost and must always be outweighed by a s u f f i c i e n t  increase i n  power 
output.  

Many methods have been proposed f o r  modifying the  drag coefficients (C,) of 
the a c t i v e  elements. Some of the simpler systems, such as the cupped system 
shown in Figure  7-9 and the Savonius r o t o r ,  have constant  shapes t h a t  allow 
d i f f e r e n t  CD's OR the  upwind path than on t h e  downwind path.  Others, l i k e  
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Figure 7-7. The Madaras System Using &gnus-Effect Rotors Moving on a Track 

those in Figure 7-10, use hinged o r  flexible devices as a c t i v e  elements. 
These d e v i c e s  may be actuated by e i t h e r  pitch schedul ing  o r  t h e  h r c e  of t he  
mind so that t hey  take on d i f f e r e n t  shapes when t r a v e l i n g  upwind than when 
moving downwind, t he reby  changing the CD of the  ac t ive  element. 

Shielding the a c t i v e  element i s  also often suggested t o  reduce the aerodynamic 
drag during the upwind motion of t h e  system. Two examples of t h i s  concept are 
illustrated in Figure 7-11. This concept  may also be used t o  design f low 
augmentation devices  under c e r t a i n  c i r cums tances ,  

The charged part ic le  systems d i s c u s s e d  in Section 7.2  can also be considered 
s h i e l d e d  drag systems because t hey  extract energy from t h e  wind due t o  drag on 
active elements (aerosols) that are then  n o t  s u b j e c t  t o  drag f o r c e s  necessary 
to r e t u r n  them t o  t h e  downwind p a t h  s t a r t i n g  p o i n t  (water pumping).  

7.S LIFTING DEVICE SYSTEMS 

A number of advanced and innovative concepts  have been suggested t o  improve o r  
b e t t e r  u t i l i z e  lifting elements .  A l i f t i n g  system may be oriented t o  use a 
vertical axis, h o r i z o n t a l  ax i s ,  linear pa th  (Bielawa SSSO), or oval  p a t h ,  as 
i l l u s t r a t e d  I n  the examples in Figures 7-12 through 7-18. 

The largest area of Innovation f o r  lifting systems is i n  the power coefficient 
( c  ) modifications. The maximizing of t h e  l i f t  c o e f f i c i e n t  (C,) by 
ciyculation control has  been sugges t ed  by West V i r g i n i a  University 
(Proceedings  1979; P r o c e e d i n g s  1980; Walters e t  al. 1979; Walters e t  al. 
n.d.L; Mig l io re  and WoIfe 1980; Walters e t  a l ,  n , d , 2 )  as one  method, but it 
has some drawbacks and u s u a l l y  r e su l t s  in l i t t l e  o r  no increase in t h e  
ef f ectivr! maximum power c o e f f i c i e n t  ove r  that o b t a i n e d  with good c o n v e n t i o n a l  
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a i r f o i l s .  The maximum power c o e f f i -  
cient i s  obtained at a lower t i p -  
speed ratio when h i g h  lift is used. 
The higher torque associated w i t h  
the lower speeds increases the power 
transmission problems; unless t h i s  
cost is Compensated by some reduced 
costs  in o t h e r  areas, i t  i s  not ben- 
eficial. 

P i t c h i n g  schedules and rotor orien- 
t a t i o n  (yawing), ei ther  to a d j u s t  
ro to r  loads o r  t o  maximize a i r f o i l  
angle of attack, have been a p p l i e d  
in many ways, such as  the  Washington 
University Passive Cyclic Pitch Con- 
cept  shown i n  F i g u r e  7-15 
(Hohenemser et al. 1979; Hohenemser 
and S w i f t  1981). Mechanically actu- 
ated cyc l ic  or collective pitch may 
be a p p l i e d  t o  both VAWT and HAWT 
systems. Power a i r f o i l s  are also 
used t o  ad jus t  the CL o f  systems 
either co l l ec t ive ly  or c y c l i c a l l y  
co l l ec t ive ly  o r  c y c l i c a l l y  ( s e e  
Figure  7-16), as in t h e  West Vir 
g l n i a  University system and the 
Madaras system. 

3.743.848 
. I l l l \  3 .  IY73 

z a 4.0 15.9 I I 

F€gure 7-10. Some Proposals that Eave Been Made for Vaxiabldeometry Drag 
Type WECS 
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4,124.182 
Now. 7. 1978 

Figure 7-10. Some Proposals that Bave Been Made far Variabldeometry Drag 
Type WECS (Concluded) 

The lift translator, an example of which i s  shown i n  Figure 7-17, is a tracked 
airfoil system t h a t  is oriented i n  a horizontal plane with t h e  axis  of rota- 
tion perpendicular t o  the wind. The orbital path is essentially a race 
track. The l i f t i n g  elements move i n  the direction of t h e  l i f t i n g  force. 
Although based on the analysis in Appendix C i t  i n i t i a l l y  appears t o  optimize 
the force, the l i f t  translator provides  less power per unit of wing area than 
other lifting devices due t o  blade speed l i m i t a t i o n s .  The system also has a 
much more material-intensive o r b i t a l  cons t r a in t  system because of t h e  track 
shape than o t h e r  more simple o r b i t a l  conf igura t ions .  

The Passive Cyclic P i t c h  concept (Hohenemser et al. 1979; Kohenemser and Swift 
1981>, shown i n  Figure 7-19, has two l i f t i n g  a i r f o i l s  t r a v e l i n g  i n  a circular 
path w i t h  the axis normal t o  the wind. The a i r f o i l s  are t e e t e r e d  on a f ixed  
hub about a hinge t h a t  i s  o r i en ted  23 degrees  ahead of the  chord l i n e  of the 
blades.  This angle al lows any movement of the blades  out  of the plane of 
ro t a t ion  (blade flap) t o  be translated i n to  a change in the angle of attack of 
both blades.  The r e s u l t  is  t h a t  a r e s to r ing  aerodynamic force i s  appl ied  t o  
the ro to r  d i s c  u n t i l  it i s  evenly loaded.  

The Madaras system, i l l u s t r a t e d  i n  Figure 7-19, is a va r i an t  of the VAWT 
(Whitford et al. 1979). In t h i s  system, the magnus-effect c y l i n d r i c a l  air- 
foils are mounted v e r t i c a l l y  on ra i l  cars that move around a track and e x t r a c t  
power from the wind whenever they  move across the  wind. The power conversion 
i s  accomplished through g e n e r a t o r s  d r iven  by the wheels on the r a i l  cars. The 
a i r f o i l s  proposed f o r  the Madaras system are spinning cylinders, and the  
d i r e c t i o n  of s p i n  must be reversed f o r  each h a l f  of the track (see Figure  8-6)  
t o  change the  d i r e c t i o n  of t h e  lifting force on the c y l i n d e r .  S t u d i e s  suggest  
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Figure 7-13. Low Solidity/€Iigh Tip-Speed Ratio WECS 

that the Madaras system would be more expensive than conventional WECS and 
would also have l i m i t e d  a p p l i c a b i l i t y .  

One of t h e  many other innovative conf igura t ions  f o r  maximizing C i s  t h e  

r o t o r  system shown i n  Figure 7-20. The concept e x t r a c t s  a por t ion  of t h e  
energy still i n  the stream tube a f t e r  i t  passes through the  f i r s t  r o t o r .  Con- 
c e p t s  o f  this type can i nc rease  t h e  power output  of the rotor system but the  
cost of t h e  additional rotors are usual ly  not compensated f o r  by the  low p e r -  
centage of power increase available (see Appendix B). 

mult ip le  in l i n e  wind energy e x t r a c t i o n  system, such as the  cont ra - ro ta t ing  P 

Tethered a i r f o i l s  have also been proposed t ha t  both modify conventional sup- 
port structures, as previously discussed, and change t h e  orbi ta l  path of t he  
extraction elements. These system usua l ly  have a l i n e a r  path:  back and 
forth, from side t o  side--similar to the  o s c i l l a t i n g  vane WECS (see 
Figure 7-21); up and down l i k e  the  l i f t  translator (see Figure 7-22); and 
traveling back and f o r t h  along the axis  of t h e  tethering cable  ( s e e  
Figure 7-10). When, as i n  most cases, t h e  power extraction i s  to be prov ided  
by the  a i r f o i l  i t s e l f ,  the transmission of this power is accomplished by the  
cable. This approach is o f t e n  prohibitive because of system losses from d r a g  
on t h e  cab le  and l o s s e s  i n  extraction e f f i c i e n c y  a t  the  ends of t he  o r b i t a l  
path. When the  motion of the  airfoil i s  t o  augment the inflow velocity of t h e  
wind f o r  o t h e r  e x t r a c t i o n  devices,  t h e  system usually encounters large drag 
losses on the support  cable .  The most useful  method is, however, a conven- 
tional extraction element supported on a platform, l i k e  the  one shown i n  
Figure 7-23. Regardless of the conf igura t ion ,  these concepts must p rov ide  a 
significant i nc rease  in t he  power output  t o  make up f o r  t h e  increased drag 
losses and increased material requirements they impose, 
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7.6 LIFT AND DRAG SYSTEMS 

Figure 7-19. 

rnents must be 

The Madaras System 

Special consideration should be 
given to innovat ive  concepts t h a t ,  
a t  various times, use active ele- 
ments of lift and drag. A t  low t i p -  
speed ra t ios ,  the devices o p e r a t e  as 
drag devices .  But a t  higher t i p -  
speed ra t ios ,  some aerodynamic lift 
comes into use. The measured per- 
formance of a split savonius rotor 
(shown in Figure  7-24)  illustrates 
that it must use some aerodynamic 
lift since its maximum power c o e f f i -  
c i en t  i s  t oo  high Eor a simple drag 
device, and also a t  t ip -speed  ra t ios  
greater than one, the outermost 
p a r t s  of the rotor would see only a 
r e t a r d i n g  flow. 

If the  devices use different ele- 
ments t o  produce l i f t  and drag o r  
different orientations of t h e  same 
elements, the effective area and 
operating radius of t h e  drag ele- 

t least  as g r e a t  as tho e of the lifting elements if t hey  a re  
t o  produce a power output that is significant compared with t h a t  of t h e  lift 
elements. While the lift elements are not  l i k e l y  t o  have a s e r i o u s  impact on 
the  drag elements, the  presence of the drag elements can have a serious 
adverse impact on the performance of the  lift elements unless some geometric 
changes can be made t o  reduce t h e  parasitic losses of the drag elements. In 
genera l ,  mixed systems do not per fo rm well in the l i f t  regime and are 
relatively complex devices. However t h e r e  are certain applications where h i g h  
torque at l a w  tip-speed ratios and higher  free running tip-speed ratios are  
more important than the differential drag devices and outweigh other 
considerations . These systems must be evaluated f o r  t h e  benefit-to-cost 
ratio that is obtained in t h e  particular a p p l i c a t i o n .  The WECS shown in 
Figure 7-25 illustrates a combined lift and drag machine designed fo r  a 
special application. 

7.7 AUWNTATfON SYSTEMS 

The area of advanced and innovative wind energy concepts addressing augmenta- 
tion i s  probab ly  more a c t i v e  than any o t h e r  area. These concepts are usually 
designed around rather conventional WECS machines w i t h  the idea t h a t  a natural 
o r  manmade structure can induce a higher mass flow ra te  through a wind energy 
conversion device. To be pract ical ,  these concepts must have lower cost than 
that of a larger capacity system, whether this system would be a larger WECS 
or a larger number of WECS machines. I n  o t h e r  words,  the convent ional  WECS 
and augmentor together must have an improved benefit-to-cost r a t i o .  
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Several ducted augmentor concepts 
augrnentors which redirect  t h e  a i r  
c e n t r a t o r  ducts (see Figure 7-26) 
section is not  present .  There 

have been investigated. These are static 
flow through the  conversion system. Con- 
have little augmentation when a diffuser 
is a l so  l i t t l e  difference in performance 

between a diffuser section and a concentrator with a d i f f u s e r .  

A diffuser creates a low subatmospheric pressure behind a t u r b i n e  r o t o r .  A 
consequence of this suction is the capture o f  significantly more wind through 
a diffuser-augmented wind turbine than a conventional wind turbine.  The re- 
sulting increased mass flow increases the  output power and has the potential 
to reduce the busbar cost. One diffuser concept has been under investigation 
at Grumman Aerospace [Gi lber t  and Foreman 1979; Lissaman e t  al. 1979 (May); 

Proceedings 19801. 
Proceedings 1979; Tetra Tech, Inc. 1979; Foreman and Gilbert 1979; 

Figure 7-25. WECS Using Both Lift and Drag Elements to Extract Power from 
Wind 
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These s tudies  have indicated t h a t  a 
conventional diffuser system would 
not be cost-effective i f  t h e  
diffuser section was l ong  enough t o  
prevent flow s e p a r a t i o n  ( s e e  Figure 
7-27) The Grumman Diffuser 
Augmented Wind Turbine (DAWT) has 
reduced t h i s  problem by shortening 
the diffuser and by reenergizing the 
boundary layer (see Figure 7 - 2 8 ) .  
These modifications should improve 
t h e  cost-effective p r o j e c t i o n s  o f  
the DAWT over the prohibitive c o s t s  
of conventional d i f f u s e r s  

Diffusing and Cow 
centrating Ducts 

Another method of c r e a t i n g  the d i f -  
fusion effect is to develop t h e  de- 
sired stream tube expansion aero- 
dynamically rather than with a stat- 
ic shroud. This concept has been 
inves t iga ted  by the Delft Research 
Institute and AeroVfxonment, Inc. 
[Proceedings 1979; Lissaman et al. 
1979 (May); Lissama e t  aL. 1979 - 
( A p r i l ) ;  Tetra Tech, Inc. 1979; - Pro 
ceedings 1980; Lissaman e t  al. 1981; 
Gyatt e t  al. 19821 using the Dynamic 

Figure 7-29). This  concept has the same effect as the  DAWT with 
a significant reduction i n  material requirements. However, the t i p  vane 
a i r f o i l s  create a parasitic drag which reduces the system power output  
significantly. Vortex augmentation concepts similar to those of the  Grumman 
Aerospace tornado-type WECS (Figure 7-31) (Kornreich et al. 1980; Yen 1980;  
Ayad 1981) and the Polytechnic  Institute of New York (PINY) vortex systems 
(see Figure 7-32) (Proceedings 1979; Proceedings 1980; Kornreich e t  a l .  1980) 
are shown in Figure 7-30. This power can then be extracted by a small t u rb ine  
(see Figure 7-33). S t u d i e s  have ind ica ted  t h a t  unconfined vortices may be 
difficult to c o n t r o l  and would probably be d ispersed  by a rotor placed in them 
as i n  the PINY concept. In g e n e r a l ,  it is material-intensive to generate 
v o r t i c e s ,  whether confined or unconfined. 

The best reported power coefficients based on tower frontal area f o r  t h e  
symmetrical tornado concept has been about 0.1; and f o r  the vor tex  augmentor 
concept, about 0.27 based on tu rb ine  disk area. Figure 7-34 shows the  
required relative sizes of these  devices compared w i t h  a conventional HAWT. 
The data used in this  f i g u r e  do not necessarily represent  t he  bes t  t h a t  can be 
obtained but do illustrate j u s t  how much these devices must be improved to 
become as effective as conventional devices. 

7.8 lXE3lMi COLUMNS 

The thermal column is bes t  considered not as a wind machine but as a heat  
engine. It operates  on the p r i n c i p l e  t h a t  if a column of air has  a d i f f e r e n t  
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density than the surrounding atmosphere, a flow w i l l  occur,  and energy can be 
ex t r ac t ed  from this flow. The dens i ty  of t h e  column can be changed, e i t h e r  by 
hea t ing  o r  by cooling the column. In t h e  atmosphere, temperature normally 
decreases with he ight ,  and t h e  rate of change of temperatures with he ight  i s  
c a l l e d  the  lapse rate. If the a l t i t u d e  of a mass of dry a i r  i s  changed and no 
hea t  is added o r  s u b t r a c t e d ,  t he  change i n  pressure  w i l l  cause a change i n  
temperature of t he  a i r  mass, I f  the atmospheric temperature lapse rate i s  
such that the change i n  temperature with a l t i t u d e  of a given mass of a i r  i s  
the same as the atmospheric lapse rate,  the atmosphere has  a dry  a d i a b a t i c  
lapse rate and is  neu t r a l ly  s t ab le .  The dry a d i a b a t i c  lapse rate i s  the 
maximum stable lapse rate. I n  a n e u t r a l l y  stable  atmosphere, t he  temperature 
of a mass of air t h a t  is heated w i l l  continue t o  rise and w i l l  always remain 
h o t t e r  than the surrounding air unless heat  i s  l o s t  through conduction, 
r a d i a t i o n ,  o r  convection; and if i t  is cooled, t h e  temperature w i l l  continue 
t o  f a l l  and stay cooler than the surroundings unless heat i s  gained through 
conduction, absorption, o r  other means. In a n e u t r a l  atmosphere, the i d e a l  
efficiency of converting heat energy to mechanical energy is a heated column 
of a i r  i s  about 1% per 1000 f t .  If t h e  atmospheric temperature grad ien t  i s  
stable, then t he  column temperature w i l l  not rise u n t i l  i t  i s  heated above 
some threshold temperature and then only 1% per 1000 ft of t h e  a d d i t i o n a l  heat 
w i l l  be converted. I€ the  atmosphere is uns tab le ,  then no hea t  need be added 
t o  cause t h e  flow. In t h e  n e u t r a l  atmosphere low-grade heat  can be used, and 
hence the  heated column appears t o  be an a t t r a c t i v e  method f o r  e x t r a c t i n g  
high-grade energy from low-grade heat. 

The cooled column i s  similar i n  function t o  t h e  heated column but uses  t h e  
evaporation of water droplets  t o  extract heat  from the  air f o r  cooling. As 
the temperature rises in a descending column of air, t he  r e l a t i v e  humidity 
decreases and allows the column t o  evaporate more moisture; t he re fo re  t h e  
relative cooling process can be continued f o r  t h e  f u l l  l eng th  of t he  column. 
As the column temperature descends, t he  absolute temperature rises but the 
evaporat ion of t he  water causes the rise i n  temperature t o  be slower than i n  
the dry air .  As with the  heated column, the  idea l  conversion e f f i c i ency  of 
the heat ex t r ac t ed  i s  1% p e r  1000 ft. The power output  is also dependent an 
ambient r e l a t i v e  humidity and a ir  temperature and is  a f f e c t e d  by atmospheric 
s t a b i l i t y .  The amount of water consumed would be about 100 lb/kWh f o r  a 
column 10,000 f t  high and about 1000 lb/kWh f o r  a column 1000 f t  high. Hence 
t h e  cooled-column energy converter  would need to be placed i n  a h o t ,  dry area 
adjacent t o  an abundant source of water, 

The cooled column does not  necessa r i ly  need phys ica l  boundaries as long as i t s  
cross-sectional area i s  s u f f i c i e n t l y  l a rge  so t h a t  t he  effects of missing t h e  
edges are insignificant. The cooled f l o w  could be d i r e c t e d  down a s loping  
va l l ey  o r  down a mountainside. 

The humid a ir  system of the South Dakota School of Mines and Technology 
(Oliver et al. 1982), shown in Figure 7-35 i s  an example of a thermal column 
and a hea t  engine t h a t  is driven by t h e  wind--it e x t r a c t s  energy from the  
humidity i n  the air. The low s t a t i c  pressure  i n  a contracted vortex is used 
t o  condense water vapor and extract the l a t e n t  hea t  of condensation. Power i s  
then ex t r ac t ed ,  and the  static pressure is increased as t h e  vortex expands. 
The vortex expansion is  accompanied by a spray  of cool  water. The change f rom 
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Flgure  7-35, Device fur Extracting Energy from Fhlnrid Air (South Dakota 
School of Mines) 

i n l e t  t o  outlet humidity causes a small pressure difference across the tu rb ine  
and, along with the pressure drop associated wi th  the air f low,  accounts for 
the power extracted. The humid a i r  concept therefore requires a source of 
cold water in a region where the a i r  is hot  and humid. 

Both the heated and the  cooled column are f a s c i n a t i n g  devices, but t h e r e  are 
enormous technical problems to overcome before these devices become practical .  

7,9  REFERENCES 

Ayad, S . ,  1981, A Numerical Model fur t h e  Flow Within t he  Tower of Tornado- 
Type Wind System, TP-635-1188, Golden, CO: Solar Energy Research I n s t i t u t e .  

Baily,  D, Z., M. I). Ham, 3,  L. Ki r t ley ,  Jr., R. B. No l l ,  and J. Zvara, 
January 1982, Gyroturbine Tethered Wind Energy System Assessment, 
SERI/TR-9172-01, Golden, CO: Solar Energy Research I n s t i t u t e .  

Bfelawa, R. L., December 1980, Development of an Oscillating Vane Concept as 
an Innovative Wind Energy Conversion System, United Technologies Research 
Center. 

Crosno, D., F a l l  1977, "The Induct ion Generator for Wind Energy Conversion," 
Wind Technology Journal ,  Vol. 1, No. 3. 

119 



SP-I 142 

Foreman, K. M., and 3 .  L. G i l b e r t ,  July 1979, Further  Investigations of D i f -  
fuser Augmented Wind Turbines, Parts I and IT--Technical R e p o r t ,  COO-2616-2. 

Furuya, 0. ,, and S. Maekawa, August 1981, Technical  and Economic Assessment on 
Tethered Wind Energy Systems (TWES). 

G i l b e r t ,  B. L., and K. M. Foreman, 1979, "Technical Development of the D i f -  
fuser Augmented Wind Turbine (DAWT) Concept," Wind Engineering, Val. 3, 
No. 3. 

Goldfng, E, W., The Generation of Electricity by Wind Power. 

Gyatt, G, W., A. D. Zalay, and B.  Hibbs, May 1982, Optimization of the Dynadc 
Inducer Wind Energy System, SERI/TR-lll67-1, Golden, CO: S o l a r  Energy 
Research Ins t i  t u t  e. 

Hinrichsen, E. N., June 1979, Induction and Synchronous Machines f o r  Vertical 
A x i s  Wind Turbines, SAND-79-7017, available through NTZS. 

Hohenemser, K. H. and A, H, P. Swift, December 1981, The Inves t iga t ion  of Pas- 
sive Blade Cyclic Pi tch  Variation Using an Automatic Yaw Control System, 
SERI/TR-1052-10, Golden, CO: Solar  Energy Research I n s t i t u t e .  

Hohenemer, K. He, A. €3. P. S w i f t ,  and D, A. Peters, October 1979, A 
Def in i t i ve  Generic Study for Sailwing Wind Energy Sys terns TR-98003-05T 
Golden, CO: Solar Energy Research Institute. 

Hohenemser, K. H., A. H, S w i f t ,  and D. A. Peters, December 1980, The Yawing 
of Wind Turbines with  Blade Cyclic Pitch Varia t ion ,  TR-9-8085-3a, Golden, 
CO: Solar Energy Research I n s t i t u t e .  

Jayadev, T. S. July 3 0 ,  1976, Novel Electric Generation Schemes f o r  Wind 
Power Plants, ACCG and DOIG, Part 1: Executive Summary, PB80-190838, avail- 
able through NTIS. 

McConnell, R., March 1980, A Screening Method f o r  Wind Energy Conversion 
Systems, TP-731-649, Golden, CO: Solar Energy Research I n s t i t u t e .  

Migliore, P, G., and W. P. Wolfe, July 1980, The Effects  of Flow Curvature on 
t h e  Aerodynamics of Darrieus Wind Turbines, ORO-5153-77/7, 

Minardi, J. E., M. 0. Lawon, F. L. Wattendorf, November 1980, Fourth Annual 
Progress Report an the E l e c t r o f l u i d  Dynamic Wind Generator,  TR-9-8074-1, 
Gulden, CO: Solar Energy Research I n s t i t u t e .  

Noll ,  R. B.,  N. D. b m ,  and J .  
Innovative System Assessment, 
Research Ins t i t u t e .  

Ol iver ,  T. K, N. N. Groves, and 
- Air, Golden, CO: Solar Energy 

Zvara, November 1981, F l e x r o t o r  Wind Energy 
SERI/TR-09173-2, Golden, . CO: S o l a r  Energy 

C. L, Gruber, January 1982, Energy f rom Humid 
Research Institute. 

120 



SP-1142 

Proceedings of the  Wind Energy Innovatfve Systems Conference, December 1979, 
ed i t ed  by Irwin E. Vas, TP-245-184, Golden, CO: Solar Energy Research 
Ins  t i  t u t  e. 

Proceedings of the Second Wind Energy Innovation Systems Conference, December 
1980, ed i t ed  by Richard Mitchell, CP-635-938, Golden, CO: Solar Energy 
Research I n s t i t u t e .  

Reddoch, T, W., April 1978, Generator Costs f o r  Wind Power App l i ca t ion ,  
TID-28678, available through NTIS. 

South, P. and E. Jacobs, December 1980, "The Evaluation of Innovative Wind 
Energy Concepts ,I' Proceedings of t h e  Second Wind Energy Innovative Systems 
Conference, Vol. I, e d i t e d  by Richard M i t c h e l l ,  CP-635-938, Golden, CO: 
Solar Energy Research I n s t i t u t e .  

Tetra Tech, Inc,, December 1979, Augmented Horizontal  Axis Wind Energy Systems 
Assessment, TR-98003-3, Golden, CO: Solar  Energy Research I n s t i t u t e .  

Thornblad, P., 1979, "Gears for Wind Power Plants," 2nd International 
Symposium on Wind Energy Systems, C6/89-106, Cranf ie ld ,  England: BWRA. 

Vadot, L., "A Synopt ic  Study of t he  D i f f e r e n t  Types of Windmills," La Houil le  
Blanche, no. 2,  March-April 1957, pp. 204-212 ( t r a n s l a t e d  by E. W, Golding). 

Walters, R. E., et al., July 1979, Vertical Axis Wind Turbine Development, 
ORO/5134-77/5. 

Walters, R, E, , P, G. MiEl iore ,  and W. P. Wolfe. n.d. 1 Innovative Wind Tur- 
b ines :  The Circula t ion  Control Vertical Axis Wind Turbine,  ORO/5135-80/1 
WVU AE/TR-66, 

Walters, R. E. ,  W. Squire, J. 3 .  Fanucci, K. D. Kuhlke, P, G. Mgliore ,  and 
W, P. Wolfe, n.d.2, Vertical Axis Wind Turbine Experiments and Results, 
OR0/5135-78/1, West Virginia Universi ty .  

Whitford, D. II., J, E. Minardi, 3 .  S. West, and R. J. Dominic, June 1979, An 
Analysis of the Madaras Rotor Power Plant-An Alternative Method f z  
Ext rac t ing  Large' Amounts of Power  from t h e  Wind, Vol. 1 and 2, 
DSE-2554-78/2. 

Yen, J. T., May 1980, Inves t iga t ions  of t he  Tornado Wind Energy System, 
SERI/TR-11052-1, Golden, CO: Solar Energy Research I n s t i t u t e ,  

1 2 1  



122 



SP-1142 

APPENDIX A 

THE LANCEESTER-BET2 LIMIT 

In Section 2.0 the power a v a i l a b l e  i n  the wind was expressed as the volume 
flow rate through an ideal  actuator d i s k  m l t i p l i e d  by t h e  change i n  total 
(dynamic) p r e s s u r e  (i.e. change i n  k i n e t i c  energy per unit volume). 

2 2 
P = (AD VD) (V - V1 ) / 2  . 

An analysis of Equation A-1 shows a trade-off between the  volume flow rate and 
t h e  change i n  t o t a l  p r e s s u r e ;  i n c r e a s i n g  the magnitude of one will decrease 
the other .  Thus the i d e a l  maximum power c o e f f i c i e n t ,  t he  rat io  of wind power 
extracted t o  wind power available, i s  given by t h e  combination of volume flow 
rate and tota l  p r e s s u r e  change t h a t  maximizes the  product of the  two f o r  a 
g iven  upstream wind v e l o c i t y  V. 

To determine t h e  i d e a l  power c o e f f i c i e n t ,  'i.e. t h e  Lanchester-Betz l i m i t  V 
the wind v e l o c i t y  through the a c t u a t o r  d i s k  must be determined. This can 8; 
achieved by us ing  the laws of conservation of mass, momentum, and energy. The 
analysis  is known as the classical  ac tua to r  disk o r  axial  momentum theory.  

Upstream of t he  a c t u a t o r  d i s k ,  t h e  t o t a l  pressure i n  t h e  a i r  flow i s  equal t o  
t h e  sum of the  free stream s t a t i c  and dynamic pressures; i .e., 

'total - - 's tatiic 4- p v02/2 a (A-2)  

By conservation of mass there can be no discontinuity of velocity in t h e  air 
flowing through the d i s k ,  and therefore t h e  drag on the disk i s  proportional 
t o  the change i n  s t a t i c  pressure  across t h e  d isk .  However, a t  some d i s t ance  
downstream of the  a c t u a t o r ,  the  s t a t i c  pressure i s  c o n s t r a i n e d  t o  return t o  
its f r e e  stream value. Hence from the Bernoul l i  equat ion ( i .e. ,  conservation 
of energy), the change i n  s t a t i c  p r e s s u r e  i s  equal  t o  t he  d i f f e rence  i n  
dynamic pressures  upwind and downwind of the d i s k .  

The power output  of an a c t u a t o r  d i s k  i s  also equal t o  t h e  product  of the d r a g  
force on t h e  di k and t h e  wind v e l o c i t y  through t h e  d i s k .  Thus from 

actuator can be expresses as 
P = (ADVD) x p(Vq - V 2 ) / 2  and the B e r n o u l l i  equa t ion ,  t h e  drag on t h e  

(A-3) D = p AD (VD 2 - V I 2 > / 2  . 
To satisfy t h e  l a w  of conservation of momentum, t h e  drag force must also equal  
the product  of t h e  mass flow rate and the overall change i n  v e l o c i t y  from that 
of freestream t o  t h a t  of t h e  actuator's wake, o r  

D = P ADV, (vo  - v1) 
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Equating Equations A-4 and A-5 shows t h a t  the  wind velocity through t h e  
actuator d i s k  must be the average of t h e  freestream (upwind) velocities, or 

Thus Equation A-6 can be substituted in Equation A-1 t o  give  

The Lanchester-Betz limit can be found by differentiating 
respect to V2: 

(A-5)  

(A-6) 

Equat ion  A-7 with 

(A-7) 

Setting Equat ion A-8 equal t o  zero to find t he  maximum power yields 

(7702 - V12) = 2v1 (VO + V1) , 

or 

v1 = 1 /3  vo 

Thus the  maximum power is 

- PADv03 (1 +*1/3 ) (I. - 1 / 9 1  = ( 1 6 / 2 7 )  (A-10) 2 Pmax - 2 

From this r e s u l t  it follows that the Lanchester-Betz limit o r  ideal power 
coefficient based on classical actuator disk theory is 

Note t h a t  at maximum power, the wind velocity through the ac tua tor  d i s k  is 
VD = 2 / 3  Vo. Hence at m a x i m u m  efficiency, the disk extracts 8/9 of the energy 
available in a stream t ube  that originally was 2/3  of t h e  cross-sect ional  area 
OF the  disk. 
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APPENDIX B 

LANCHESTER-BETZ LIMIT APPLIED TO TWO ACTUATOR DISKS IN SERIES 

The a c t u a t o r  disk theory can be used t o  determine t h e  ideal g a i n  in power 
output t h a t  can be achieved by adding a second a c t u a t o r  d i s k  i n  a series or 
tandem configuration wi th  t h e  one previously analyzed. This  configuration is 
shown i n  Figure B-1. 

Assuming streamline flow and sufficient distance between d i s k s ,  ac tua to r  disk 
theory gives the t o t a l  power output as: 

Differentiating Equation B-l w i th  respect to velocity, VIs and setting the 
derivative equal  t o  ze ro  y i e l d s  the m a x i m u m  power f o r  a given Vo and V2. 

Solving f o r  V1 provides  the result: 

Figure B-1. The Series or Tandem Configuratioa for Actuator Disks 

1 2 7  
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Substituting V1 f o r  Equation B-1 and differentiating with respect t o  V2 we 
obtain V2 = 0.2 Vo and VI = 0.6 Vo, and 

Pmax = 0.64 7 P A Vo3 03-3) 

or 

C = 0 . 6 4 .  m - 4 )  
Pmax 

Thus adding a second actuator d i s k  in series only increases the  maximum o r  
ideal power coefficient from 0.593 to 0.64, 

1, McCoy, H. , and J, L, Loth, 1981, " Up- and Down-Wind Rotor Half Inter-  
ference Model f o r  VAWT," AIAA 2nd Terrestrial Energy System Conference, 
December 1-3, 1981, Colorado Springs,  CO. 
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APPENDIX c 

DRAG DJWfCRS AND LIFT DEVICES 

Normally power coefficients are based upon the actuator disk area o r ,  i n  o t h e r  
words, t he  area i n  which the active elements operate. Since the  amount of 
material i n  the  actuator d i s k  is more c lose ly  related t o  the  area of t h e  
active elements than t o  t h e  area i n  which they opera te ,  i t  is  instructive to 
use a power coefficient based on the active area of t he  elements when corn- 
p a r i n g  d i f f e r e n t  types of a c t i v e  elements. 

C-1 DRAG DEVICES 

The aerodynamic drag is the force on an object t h a t  tends to move i t  down- 
wind. This force can be used to extract  power f rom the wind. The drag force 
is proportional t o  t h e  dens i ty  of t he  a i r  and t o  t he  square of the r e l a t i v e  
wind speed. The power output fs equal t o  the product of the  drag force and 
the speed downwind of the objec t .  

Aerodynamic drag,  i s  

where the  power output 

D = $ -  (Vg - U ) 2  A CD 

= D x U and 

p (Vo - U ) 2  U A CD 2 

The power will obviously be zero when e i t h e r  U = 0 o r  U = V ;  hence, there must 
be some speed U a t  which the  power output will be a maximum. If we d i f -  
ferentiate the power with respect to 
maximum when U = V / 3 .  Subs t i t u t ing  V / 3  

P = $ ( v g  - 

U, we f i n d  that t he  power will be a 
f o r  U i n  the equat ion for power: 

p)2 p ADC 

In any practical wind machine, t h e  d r a g  
half the time moving downwind; t he re fo re  
the  maximum. 

o b j e c t  will not spend more than one 
the  average power will be one ha l f  of 

The maximum drag coefficient based on f r o n t  area might reach a va lue  of 2. 
The average power output w i l l  then be 

1 
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Xf we put the power in coefficient form by d i v i d i n g  it by the power flowing 
through a stream tube with t he  same f r o n t a l  area as the ob jec t ,  we g e t  

4 = -  P 
3 27 c =  

'W -$ Vo A 

The power extracted from the wind by an ideal  drag element is 

p E -  P (Vg - U ) 2  VACD 2 

Hence, the r a t i o  of i t s  ideal power output t o  the power extracted 

5 (Vo - U ) 2  UACD U 

Since P is maximized when IJ = V0/3, 2/3  of the power extracted from the wind 
by an ideal drag device is d i s s i p a t e d .  

C.2 LIFT DEVICES 

L i f t  is defined as the force normal to t h e  relative wind. If the ob jec t  upon 
which the force acts  is allowed to move, and if some component of its v e l o c i t y  
is i n  the d i rec t ion  of the lift force,  it will produce power, The power pro-  
duced by an isolated lifting device moving across the wind is 

since 

P =  ( L - g D ) p U  V 

and L = 5 V ~ A C L  , 
P D = -z V ~ A C D  

VR 2 1/2 - = (l+[i)) V 

T y p i c a l l y  U >> V; therefore,  
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Hence, 

P u 2  U 
P = 7 V3A (v) (CL - CD y] 

and 

It is easy t o  show that 

and at optimum (v) u , 

4 CL3 
+w = i7 q 

We can write CD as a function of CL and C where C i s  the section drag 
coefficient at zero lift. DO ’ Do 

If  we use t h e  general  expression,  we can  show t h a t  the maximum power c o e f f i -  
c i e n t  t h a t  can be obtained from the  i s o l a t e d  lifting d e v i c e  is 

For an i s o l a t e d  wing with an  aspect ratio of 10, typical values  might be  

K = 1/30 

n = 2  

= 0.01 
cDO 
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Hence, a moderately good lifting device has the potential f o r  extracting 500 
times the power that  can be extracted by a drag  device with the  same charac- 
t e r i s t i c  area. (That i s ,  the p r o j e c t e d  area of t h e  lifting blades cou ld  be 
about 1/500 times the area o€ the  drag surfaces f o r  the same lower o u t p u t . )  
Pract ical  lift devices do not have power coefficients that approach t h i s  level 
( p o s s i b l y  one half  as much), but even their power extracting capacity vastly 
exceeds t h a t  of a drag dev ice .  

I32  
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APPENDIX D 

AITGMEKTORS 

If we use the classical actuator disk theory for the  wind machine we obtain 
the  following results: 

frr 

4 
c 
cy 

?i 

Figure D-1. 

From conservation of energy, the power extracted from the  wind will be 

The power must a lso  equal the  force on the d i s k  D times the velocity through 
the disk VD: 

P = DVD 

Hence 

( V 0 2  - V?)* 
2 D = PA e 

To conserve momentum, 

Hence 
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If 

L 

Hence, achieving an increase in mass flow through an actuator d i s k  o p e r a t i n g  
at zero power does not indicate that output  power augmentation can be 
achieved. 

A necessary characteristic of an augmentor can be determined by applying t h e  
l a w  of conservation of energy. The power output of the  disk is 

and the power extracted from the wind is 

Since the  power output of the  disk must be less than the power ex t r ac t ed  from 
t h e  wind, the resultant streamwise force on the wind produced by the power 
augmentation requires that the resultant force on the wind be greater than the 
force on t he  disk .  However an augmentor must have some device t ha t  produces a 
streamwise force on the wind as well as the actuator disk. The generalized 
device is then the contraction diffusion augmentor. 

D.l C O ~ C T I O N  DIFFUSION AUGMENTOR 

An actuator d i s k  with an area A acts on an augmented flow velocity VDA. In 
general  there will be a force on the disk  T and ax ia l  forces on the augmentor 
R. There w i l l  also be a radial  force FR on t h e  augmentor. 

The equations for power 

P = PV,AA 

and force then become: 

Hence 

A T = 9 (Yo2 - V12) as with the classical actuator disk .  

For conservatLon o f  momentum, 

(T + R) = ~ V D A A  (Vo - V1) . 
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Let 

then 

(T + R) = pAa 2 - v1) 9 

= aT ; 

hence, 

R = (.a - l ) T  

This r e s u l t  shows that the augmentor must carry an ax ia l  load equal t o  t h e  
ratio of the increase in the area of the stream tube intercepted t o  t h e  
original area, mult ip l ied  by t h e  axial f o r c e  on the a c t u a t o r  disk .  

Since axial force can only be produced by physical elements with some r a d i a l  
ex ten t ,  the augmentor must i n c r e a s e  t h e  d i ame te r  of t h e  rotor. This result 
has interesting i m p l i c a t i o n s  f o r  t h e  t i p  vane augmentor. If the e f f e c t i v e  
d i s k  loading of the tip vanes is the same as t ha t  o f  the  a c t u a t o r  d i s k ,  t he  
diameter of the augmented rotor plus t i p  vanes must be equal t o  t h a t  of the 
unaugmented rotor that e x t r a c t s  the same power from t h e  wind. 

A second s t y l e  of augmentor uses high velocity and low s t a t i c  p r e s s u r e  i n  t h e  
core of a vortex t o  augment t h e  flow t h rough  a n  actuator d i s k .  In one general. 
type of vortex augmentor, t h e  actuator d i s k  i s  submerged i n  a vor tex  and power 
augmentation is  potentially achieved by acting upon the h i g h  s p e e d s  near the 
vortex core. Since the v o r t e x  i s  a d e l i c a t e  phenemenon that can b u r s t  if 
subjected t o  an adverse pressure like t h a t  e x i s t i n g  across an actuator d i s k ,  
an analysis is  quite difficult. However while a number of experiments have 
been performed, there is no known ev idence  of an actuator d i s k  submerged i n  a 
vor tex  core producing a lower coef f ic ien t  g r e a t e r  t h a n  can be achieved  by an 
augmented d i s k .  

I n  another general. t ype  of vortex augmentor the  low pressure i n  t h e  v o r t e x  
core can be used t o  pump flow th rough an a c t u a t o r  d i s k .  The fo l lowing  a n a l -  
ysis examines t h e  v o r t e x  pump augmentor t o  determine t h e  impor t an t  para- 
meters. The limitations have no t  been considered due to the vortex's burst 
phenomenon. 
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D.3 VORTEX FLOW 

In general, a vortex of s t r eng th  r w i l l  exit from a cy l inder  of rad ius  Re i n t o  
a flow. In the outer p a r t  of t h e  v o r t e x ,  the  flow will be i r r o t a t i o n a l  and i n  
this region, t he  tangential velocity w i l l  be equal t o  r/27tr, where r is the 
l o c a l  radius. This o u t e r  flow will surround a r o t a t i o n a l  cure i n  which the 
t a n g e n t i a l  ve loc i ty  i s  rw, where w i s  a 

The flow properties of the i r r o t a t i o n a l  

At the edge of t h e  core, 

c o n s t a n t  

vortex w i l l  

= p + P v 2  
2 

be 

4 

I’ 
Psco = P + $  [v2 - v*2 - ( 5 ) 2 ]  ; 

and inside the  r o t a t i o n a l  core, 

- - P ,2 (rc2 - ‘2) 
Psc = Psc, 2 

The total pressure in the core is 

where VAc i s  t h e  local axial v e l o c i t y  in the core, 

The maximum power that could have been extracted from the f l o w  is equal t o  the 
t o t a l  pressure d e f i c i t  multiplied by the volume flow rate:  

Differentiating power wi th  
gives 

2 1 
vAc o p t  = 7 

+ V A ~  -+ r c 2 w 2  - 2r2w2 - v ~ ~ ~ ]  21~r VAcdr 

respect to VAc to f i n d  optimum d i s t r i b u t i o n  of VAc 

The integrated power then  becomes 
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The concept of power coefficient based upon exit area Cpg is u s e f u l  f o r  
characterizing the limiting power t h a t  could have been extracted from a vor tex  
that exits from a tube: 

cPE 

r 1  (cr)3 2- 
15 J3 % CJ 

2 

P = 
f v3 IT rg 

where 

For 0 < C, < 1, 

v A 2 r c 2  I For most applications, (c) (c) - 
CP2 

Therefore, 

cPE 

The average 

2 re =-cI-3 - a  

3n =C 

d e f i c i t  of t o t a l  pressure in the vor tex  ,cone AFT is given by t h e  
following expression: 

f o r  
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or 

3 
'zp CT 

1 - 
Cr 

This result suggests t h a t  circulation is t h e  most important parameter t h a t  
influences the amount of power extracted by a vo r tex  augmentor. It should be 
noted that for a two-dimensional lifting body, t h e  circulation coefficient is 
related t o  t h e  l i f t  coefficient by the expression 

Since 

L = pvr 

The vortex augmentor problem has been examined by Loth (1978) and h i s  calcula- 
tions suggest: some l i m i t s  to t he  amount of augmentation that can be achieved+ 

D.4 DEAL ACTUATOR DISK MOVING 'WTO WIND 

A third style of augmentor moves t h e  a c t u a t o r  disk into the wind t o  increase 
the mass flow through t h e  disk. Moving the ac tua to r  d i s k  into the wind w i l l  
obviously increase the wind speed seen by the ac tua to r ;  however moving the 
d i s k  upwind will require a power input, and this must be subtracted from the 
gross power to give the net power output. The fo l lowing  analysis examines t h e  
ideal frictionless actuator disk moving into the  wind. 

Gross power output of 

d I 

VDA 

- - 

disk = (PO Pi) VDA 

(V + U) + (U + Vl) A 
2 

(2U + v 4. Vl) 
A 9 2 

Actuator Disk 

-%--- 
, Figure  D-2. 
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= $ ( 2 U  -t- v + Vl) (v  - Vl) ; 

Gross power output  = A (ZU 4- V + V1)* ( V  - V l ) ,  4 

Power input  = (PO - Pi) A U 

= $ A  (2U + V + V1) (V - Vl) U . 
Net power = $ A  (2U + V + Vl) (V - Vl) ( V  + Vl) 

To relate t o  power i n  o r i g i n a l  wind stream, 

cP 
I net power 
d 

*1 k V 3  A V1 
(22;+ 1 +F) (1 --) V ( 1  

Ee m a p t t u m  value of the power coefficient €08 the idea l  machine can vary from 
In practice, there will be - at - = Q to 27 v v '  some inefficiencies t ha t  severely l i m i t  t h e  amount of power augmentation that 

can be obtained. 

U [v +O . 5 )  at  large va lues  of - 

D.5  OUCTED DISKS 

A fourth type of augmentor t h a t  i s  often proposed is the ducted disk augmen- 
t o r .  In t h i s  type of augmentor some of t h e  power is  e x t r a c t e d  from the  actua- 
t o r  d i s k  to drive a second actuator  d i s k  t h a t  is arranged t o  increase t h e  mass 
flow through the f i r s t  disk. The fol lowing analysis examines the ideal ducted 
d i s k  augmentor, 

Power = change in total pressure  x volume flow rate. 

By continuity, VnlADl = V & D ~  

According t o  Bernoul l i ,  
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F i g u r e  D-3. 

Therefore, the presence of the second disk does n o t  affect the power output of 
the ideal system. As with the single d i s k ,  the power is equal to the  change 
i n  total  pressure m u l t i p l i e d  i n  the volume flow rate. The volume flow rate is 
controlled by the total pressure change and the duct prope r t i e s .  

Reduction of Streamwise Force on a WECS 

It is of ten  considered desirable to t r y  to reduce t h e  streamwise force that 
exists on a WECS. One method that is o€ten proposed is to use some of the 
power output t o  d r i v e  a t h r u s t e r  arranged t o  reduce the net streamwise load on 
the WECS. 

Consider two actuator d i s k s ,  with one disk arranged to extract  power from the  
wind while  the other uses some of the power output of t h e  f i r s t  ac tua to r  d i s k  
t o  produce a t h r u s t :  

---I+-- 

Power Flow Output 
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Net S t r e a m w i s e  Force = D - T 
(V1- p 2  + V )  

2 N e t  Power = D 

N e t  Power v1 v) - (vz + v ) T  
Net Streamwise Force = D' 2( D-T) 

I 

(D - T )(V1 + V) - (V2 - V l ) T  - 
2( D-T) 

Since V2 > V1 for D Positive, t h e  ratio of Ne Net Dr Power will be a maximum when 
T = 0; hence it is not poss ib le  t o  reduce tke tf&g of a WECS by us ing  a 
thruster. While the analysis was performed for a simple actuator disk, i t  is 
equally v a l i d  when augmentors are used. 

This result is also obvious from the l a w  of conservation of energy because if 
the streamwise force could be sufficiently reduced it would be possible t o  
obtain s u f f i c i e n t  power from the a c t u a t o r  t o  d r ive  i t  i n  still a i r  and create 
perpetual motion. 
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