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ABSTRACT 

A t h e o r e t i c a l  and experimental inves t iga t ion  was conducted 

which c l e a r l y  showed t h e  e f f e c t s  of flow curvature t o  be s ign i f i can t  

determinants of Darrieus tu rb ine  blade aerodynamics; q u a l i t a t i v e l y ,  

t hese  r e su l to  apply equally t o  s t r a i g h t  o r  curved bladed machines. 

Unusually l a rge  boundary l aye r  r a d i a l  pressure gradients  and 

v i r t u a l l y  a l t e r e d  camber and incidence a r e  t h e  phenomena of primary 

importance. Conformal mapping techniques were developed which 

transform t h e  geometric tu rb ine  a i r f o i l s  i n  curved flow t o  t h e i r  

v i r t u a l  equivalents  i n  r e c t i l i n e a r  flow, thereby permit t ing t h e  

more accurate se l ec t ion  of a i r f o i l  aerodynamic coe f f i c i en t s  from 

published sec t iona l  data.  It i s  demonstrated t h a t  once t h e  flow 

idiosyncracies  a r e  f u l l y  understood, they may be used t o  advantage 

t o  improve t h e  wind energy ext rac t ion  ef f ic iency of these  machines. 
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SYMBOLS AND NOMENCLATURE 

ROMAN 
LETTERS 

METRIC ENGLISH . 
UNITS UNITS 

TSR 

DEFINITION 

Turbine blade aspect r a t i o ;  R = b/C 

Turbine blade span 

Turbine blade chord 

Flow curvature index 

Drag coe f f i c i en t  

Effec t ive  drag coe f f i c i en t  

Minimum drag coe f f i c i en t  

L i f t  coe f f i c i en t  

Moment coe f f i c i en t  

Power coe f f i c i en t ;  Cp = Tu/pvm3 bR 

2 
Drag per  u n i t  span; D = %PVR CDC 

Oswald's planform ef f ic iency fac to r  

Froude number 

2 
L i f t  per  u n i t  span; L = &pVR CLC N/m l b f  / f t  

2 2 
Moment per u n i t  span; M = kpVR CMC N l b f  

Number of tu rb ine  blades 

Turbine radius  m f t  

Reynolds number 

Time 8 s 

Turbine ro to r  torque Nan ft l b f  

Turbine blade torque N*m ft  * l b f  

Turbine ro to r  support s t ruc tu re  torque N * m  f t  * l b f  

Turbine blade t i p  speed r a t i o  



ROMAN 
LETTERS DEFINITION 

v~ Relat ive inflow velocity 

vm Freestream wind velocity 

c  Maximum camber; i. e. , t h e  maximum 
dis tance  from the  a i r f o i l  chord t o  
t h e  mean camber l i n e  

GREEK LETTERS 

METRIC ENGLISH 
UNITS UNITS 

Blade angle of a t tack with respect t o  
r e l a t i v e  inflow velocity deg 

a~ Blade p i t ch  angle measured from 
turbine  radius vector deg 

0 Angle between the  freestream wind 
and a perpendiciilar t o  the rttPtiLlve 
inflow veloci ty  deg 

u "Geometric','. slngle of attack; t h e  angle 
Q between t h e  r e l a t i ve  inflow velocity 

and t h e  blade chord a t  the  reference 
blade mounting point fo r  t he  rota t ing 
blade deg 

Effect ive  angle of incidence resul t ing 
f ~ o m  flow ourvat.ure deg 

"Virtual" angle of a t tack;  t h e  angle 
between t h e  r e l a t i ve  inflow velocity 
and t h e  blade chord f o r  t he  trans'formed 
a i r f o i l  i n  r e c t i l i nea r  flow: av = a  + ai deg 

g 

Inverse of t he  t i p  speed r a t i o  

Angle between f ree  strearh wind and 
rndiua vcctor de8 deg 

Fluid mass density assumed everywhere 
equal t o  t h a t  of t he  f r e e  stream i n  
t he  f a r  f i e l d  kg/m3 aluga/ft 

3 

Turbine so l i d i t y ;  nb / (2C/R) 

l b b i n e  ro ta t iona l  speed rad/s rad/ B 

x i i  



1. Introduction 

Since 1975, t h e  Department of Aerospace Engineering a t  West 

Virginia University (WW) has conducted pa ra l l e l  experimental and 

analyt ical  studies on s t ra ight  bladed Darrieus wind turbines. This 

research, which was sponsored by the  National Science Foundation, 

the  Energy Research and Development Administration and. the  Depart- 

ment of Energy (DOE), had as  i t s  primary objective the  evaluation 

of c irculat ion controlled a i r f o i l s  f o r  more cost effect ive wind 

energy extraction. A prerequisite t o  t h a t  e f fo r t  was a be t t e r  

understanding of the  fundamental aerodynamics of Darrieus turbines,  

and the  preliminary research directed toward t h a t  end revealed an 

aerodynamic complexity beyond i n i t i a l  expectations. The or iginal  

research was t o  be purely analyt ical  and directed toward developing 

r e l i ab le  cost and performance models. But the dearth of r e l i ab le  

data f a r  comparison became apparent rather  quickly, and it was 

decided t o  construct t he  outdoor t e s t  model, shown i n  Figure 1, 

which would provide f i r s t  hand cost and performance data. 

The WW turbine was not intended t o  be a prototypeemschine, 

but simply an aerodynamic t e s t  device which would permit the  
I 

deduction of turbine blade drag coeff ic ient ,  CD, and wind energy 

extraction efficiency (power coeff ic ient ,  
CP) 

. I n  addition t o  the  

blade pi tch achcdulc and turbinc t i p  speed ra*t;io ( T O R ) ,  it was known 

tha t  the blade aerodynamio drag and rotor  ool idi ty  (a)  were primary 

determinants of C By tes t ing  blades of different  chord t o  turbine 
P 



Figure 1, The WW atraight bladed Darrleus turbine outdoor test model. 



radius r a t i o  both u and C/R could b e  varied and t h e  e f f e c t s  ob- 

served (since CD va r i e s  with R e  and R e  is a function of CIR). 

Therefore, two d i f fe ren t  sets of blades, both of NACA 0015 a i r f o i l  

sec t ion ,  were tested.  The f i r s t ,  nominally ca l led  t h e  "small" 

blades, had a chord of 17.4 cm and C/R of 0.114; the  second, ca l led  

the  "large" blades, had a chord of 39.7 cm and C/R = 0.260. Deta i l s  

of turbine  design, test procedures and analys is  of r e s u l t s  appear . 

in References 1, 2 and 3 respectively.  

2. Experimental Teste . . 

The small blade t e s t s ,  designed t o  determine C f o r  aB - 90°, 
P 

gave t h e  r e s u l t s  shown in Figure 2. It was expected t h a t  d i f f e r e n t  

C curves would r e s u l t  f o r  the  d i f f e r e n t  turbine  r o t a t i o n a l  speeds, 
P 

s ince  C is etrcmgly dependent on CD, which i n  turn depends on R e  
P 

and w. However, no d iscernib le  pa t tern  was obvious from Figure'2, 

and i t  was hoped t h a t  de ta i l ed  drag inves t iga t ions  would o f f e r  
I 

addi t ional  ins ight .  Test procedures had been developed which per- 

mitted deduction of blade CD from measurements of torque f o r  condi- 

t ions  of zero wind speed and no induced.veloci t ies .  Figure 3 shows 

that with thaee aseumptlmo the blade l i f t  aata along the  turbine  

radius arm and produces no torque. The drag and moment, i f  it 

e x i s t s ,  produce countertorque which w i l l  depend upon w and a. 

The s i t u a t i o n  is mathematically modeled a s  follows. (Refer t o  

Figure 3.a f o r  de ta i led  geometry.) 

The instantaneous torque, TB, prodiced by a s i n g l e  turbine  

blade depends upon i ts  o r b i t a l  pos i t ion ,  0 ,  and is given by 



TIP SPEED RATIO, TSR ' \ 

Figure 2. Experimentally determined power coefficient for 
small blades(C/R = .114, AR = 18.7) 





Eigure 3 , a ,  Ce.omp.t+y for mathematical, analysis of turbine 



The d i f f e rence ,  0 - B,  i s  t h e  angle of  i n c l i n a t i o n  of t h e  l i f t  

vec tor  t o  t h e  tu rb ine  r ad ius  arm, and f o r  t h e  assumed condit ions is 

always equal  t o  zero. CM i s  t h e  blade aerodynamic moment coe f f i -  

c i e n t  about t h e  poin t  0f:attachment t o  t h e  support arm. VR i s  t h e  

blade r e l a t i v e  inf low ve loc i ty ,  which f o r  zero wind i s  constant  

and equal t o  w R. Since VR and a a r e  cons tan t ,  so i s  T~(B), and 

Equation 1 m a y  be w r i t t e n  a s  

Since t h e  WW tu rb ine  has two blades t h e  t o t a l  to rque  produced i s  

2 3 where k = pw R Cb ( 4 )  

i s  a f'unction only of atmospheric condi t ions  and t h e  t u r b i n e  RPM. 

Since t h e  t u r b i n e  blades were mounted a t  t h e i r  qua r t e r  chord, and 

f o r  symmetrical a i r f o i l s  CM about t h i s  po in t  i s  zero,  t h e  blade 

drag c o e f f i c i e n t  from Equation 3 i s  



The blade torque,  TB. i s  deduced [2,31 from t h e  measured turbine  

torque T and t h e  known support s t ruc tu re  t a r e  torque,  TT, under t h e  

previously assumed conditione. That is, 

and w i l l  of course always be negative. In the  general case where 

C i s  not zero,  Equation 3 f o r  t h e  blade drag becomes more compli- M 

cated ,  a s  shown i n  Equation 7: 

In  order  t o  deduce CD from t h i s  equation, C must be 'known, and M 

t h i s  i s  uiilikely. It 1s u ~ c h  ~uoi-e usefui  t o  define an cfYCcr.lvc 

drag coef f i c i en t ,  CD,, which combines t h e  net detrimental e f f e c t s  

of aerodynamic drag and moment t o  produce countertorque. By 

d e f i n i t i o n  and analogy t o  Equation 5 t h i s ' e f f e c t i v e  drag i s  given by 

CDe w i l l  always be g rea te r  than CD i f  t h e  turbine  blade produces a 

nose out  p i tching moment. I n  t h i s  r epor t ,  CD and CDe will be useU 

interchangeably unless t h e r e  i s  some reason t o  d is t inguish  t h e  two. 

Applying t h e  above analys is  t o  t h e  t e s t  r e s u l t s  f o r  t h e  small 

blades gives the  e f f e c t i v e  drag curves of Figure 4. These are 

r e fe r red  t o  a s  drag po la r s  although they p lo t  CD versus a, instead 

of versus C The p l o t s  r e s u l t  from torque da ta  a t  d i f f e ren t  blade L ' 

p i t c h  s e t t i n g s  where a i s  known, but CL i s  not known since t e s t  in- 

st;rumentation was not designed t o  measure C The a versus C .curves  
L D 



Figure 4.  Experimentally determined drag polare(CD va a ) for 
emall b l a d e s ( C / ~  = .114, AR 18.7) e 8 



provide t h e  same q u a l i t a t i v e  information a s  CT, versus C s ince  t h e  D 

CL-a r e l a t i o n s h i p  i s  nea r ly  l i n e a r  i n  t h e  t e s t  range. There were 

two cur ious  f e a t u r e s  noted when Figure 4 was p l o t t e d .  F i r s t ,  a t  

a = 0 (which presumably corresponds t o  C = 0 ) ,  CD increases  with L 

increas ing  Reynolds number. This i s  cont ra ry  t o  t h e  normally'ob- 

served t r e n d  over t h e  range of  t e s t  Re. Secondly, t h e  minimum drag 

c o e f f i c i e n t  , C D , ~ ~ , ,  appeared t o  occur a t  negat ive angle of a t t a c k ,  

a g ,  a c h a r a c t e r i s t i c  i n d i c a t i v e  of non-zero a i r f o i l  incidence,  cam- 

b e r ,  o r  both.  These two observat ions were perplexing and prompted 

var ious  e f f o r t s  t o  more adequately i n t e r p r e t  t h e  phenomena. 

A t h e o r e t i c a l  boundary l a y e r  a n a l y s i s  [4,5]  by Fanucci showed 

t h a t  t h e  o r b i t a l  motion of t h e  t u r b i n e  blades r e s u l t e d  i n  extra-  

opdinary normal preeeure gradien ts  which could BppYeCIRbly in f luence  

both l i f t  and drag. I n  t h e  cont inuing d iscuss ion ,  t h e s e  boundary 

l a y e r  p r o p e r t i e s  a r e  r e f e r r e d  t o  a s  "cen t r i fuga l  e f f e c t s . "  A t  t h e  

same t ime,  some unpublished research  at WW and t h e  more formal 

s t u d i e s  o f  WoLfe [3,6] showed t h a t  t h e  uaual assumptiions of constant  

VR and a over  t h e  e n t i r e  blade chord could introduce s u b s t a n t i a l  

e r r o r  i n  b lade  aerodynamic ana lys i s .  These f ind ings  d i f f e r e d  from 

those  of Muraca [7] a t  NASA, who concluded t h a t  t h e  e f f e c t s  of  t ' low 

curvature aould be neglected f o r  ( sma l l )  C / R  on t h e  order  of 0.10. 

For tuna te ly ,  t h e  experimental t e s t  progrem a t  WW of fe red  t h e  

opportuni ty t o  s u b s t a n t i a t e  t h e  predic ted  o v e r a l l  de t r imenta l  

e f f e c t s  of  flow cusv&tuse. Analysis showed t h a t  t h e s e  e f f e c t s  



'Figure 5 ?  Experimentally determined power coefficient for . 
large blade8 (C/R - ,260, .AR - 8.2) 

i 



should be  even more pronounced f o r  t h e  l a rge  blades of C/R = .26. Indeed, 

t h e  l a r g e  blade test r e s u l t s  (Figure 5) show a marked decrease i n  power 

coef f i c ien t  compared t o  t h e  small blade r e s u l t s  (Figure 2).  Similarly, the  

l a r g e  blade drag coef f i c ien t  analys is  (Figure 6) , shows accentuated dis tor-  

t i o n  of the  drag polar  a s  compared t o  the  small blade r e s u l t s  (Figure 4). 

Before meaningful conclusions c& be drawn from the  data  of Figures 4 

and 6, the  i n i t i a l  assumption of no induced v e l o c i t i e s  must be examined. 

For f i n i t e  span blades, v e l o c i t i e s  w i l l  be lrlduced as a by-product of l i f t  

production analogous t o  a i r c r a f t  wind downwash. The e f f e c t s  w i l l  be s i m -  

ilar, i.e., the t r u e  l i f t  vector w i l l ,  be displaced from the blade support 

arm by an hducsd angle and the  measured drag w i l l  contain a l i f t  component. 

Without d e t & d n a t i o n  of t h e  l i f t  component magnitude, t h e  measured CD 
. . . . e 
d a t a  l o s e  quan t i t a t ive  meaning. Meaningful quoli takive conclul imb m?y be 

drawn, however, by considering general aerodynamic. charac te r i s t i c s  of . 

symmetrical and cambered a i r f o i l s .  

For a symmetrical a i r f o i l  sec t ion,  C occurs a t  a = 0 and CL = 0. 
Dmin 

Therefore, for any symmetrical blade, there  w i l l  be no induced ve loc i t i e s  

a t  a - 0  and C w i l l  remain unchanged. For a cambered a i r f o i l  sect ion,  
Dmin 

c~ occurs a t  a s 0 and posi t ive  CL. Therefore, the re  w i l l  be induced 
min 

v e l o c i t i e s  at  C and an increase i n  drag. This combination w i l l  tend 
Dmin 

t o  s h i f t  C t o  a more negative angle where the re  is a smaller CL md 
Dmin 

less induced drag. 

From t h i s  analys is  it is  c lea r  tha r  i f  t h e  VAWT blades were behaving 

a s  symmetrical a i r f o i l s ,  there  would be no s h i f t  of C away from a. = 0. 
Dmin G 

The f a c t  t h a t  the re  is a s h i f t  is  conclusive proof t h a t  t h e  VAWT blades 

are exhibit ing cambered properties. 

These r e s u l t s  supported t h e  hypothesis t h a t  flow curvature e f f e c t s  

a r e  important determinants of Darrieus turbine aerodynamics. The remainder 

of t h i s  report  considere flow curvature i n  some d e t a i l .  



Figure 6.  Experimentally determined. drag ~ o l a r e  (C ve a ) for 
large bladeis(C/~ 0 .260, AR 0 8.2) 'e 8 



3. Some Important Flow Curvature Considerations 

3.1 Dimensional Analysis 

It is of interest to examine the relevant parameters which 

characterize the fluid dynamics of Darrieus turbines. The parameters 

that characterize the 'effects of external forces, viscosity, com- 

pressibility and heat transfer may be determined by dimensional 

analysis [81. Compressibility and heat transfer are neglected and 

it is assumed that the aerodynamic force experienced by the turbine 

blades will depend on the following parameters*: 

where the symbols and their dimensions are as tabulated. 

Symbol Name 

F k'orce 

P Density 

Dimensions*" 

MLT-* 
m ~ * 3  

V Blade relative inflow velocity, VR LT-A 

C Characteristic length of the body L 
(the blade chord) 

C o e f f i c i e ~ t  of viscosity ML-lT-l 
I' 

B Gravitational force on fluid element LT'~ 

R Characteristic length of the turbine L 
(the turbine radius) 

"The blade rotational speed, o, could also have been choaen, but it 
can be shown that the  additional^ product which results is super- 
f 1uous. 

"*M = mass, L = length, T = time 



Equation 9 is written in the following form: 

h ( F , p , V , C , u , g , R ) = O *  

There are seven variables and three fundamental dimensions. There- 

fore, there are four dimensionless n products. Choosing (0, V ,  C) 

as an arbitrary set, the n products which'result are 

Tl = f l ( F ,  P ,  V ,  C )  , 

= £ * ( u s  P ,  V ,  C)  , 

IT3 = f 3 ( g ,  P ,  V ,  C )  , 

and n 4  = f 4 ( R ,  P ,  V ,  C)  . 
The dimensionless combinations of variables far the above n product0 

and n4 - C / R  . 

are found to be 

(15) 

(16 

(17) 

(18 

Then Equation 10 may be written as 



The first term i n  t h e  bracke t  of  Equation 19 i s  t h e  r a t i o  of  t h e  

t o t a l  body fo rce  t o  t h e  i n e r t i a l  f o r c e ' ( t h e  r a t e  of change of momen- 

tum of  a f l u i d  element) .  The parameter i s  c h a r a c t e r i s t i c  of a l l  

aerodynamic problems. The second term i s  t h e  Reynolds number, Re, 

t h e  r a t i o  of  i n e r t i a l  f o r c e  t o  viscous force .  Re inf luences  

t u r b i n e  blade l i f t  and drag. The t h i r d  term i s  t h e  Froude number, 

F r ,  t h e  r a t i o  of i n e r t i a l  fo rce  t o '  ex t e rna l  ( g r a v i t a t i o n a l )  force .  

The fou r th  term,  C / R ,  may be unique ' t o  f l u i d  dynamic problems where 

t h e  body o r b i t s  a f i x e d  poin t  i n  space and t h e  r e l a t i v e  inflow 

v e l o c i t y  depends on t h e  rad ius  R .  The authors  have not encountered 

t h i s  term elsewhere i n  t h e  l i t e r a t u r e ,  and f o r  d i scuss ion  purposes 

it i s  defined here  a s  t h e  "curvature index". 

The impor,l;tulce ur Fib and t h e  cui-vaturc indcx w i l l  be noted i n  

Sec t ions  3 .2 ,  3 . 3 ,  and 3 . 4 ,  r e spec t ive ly .  

3.2 C e n t r i f w a l  E f f e c t s  

Fanucci [ 5 ]  has shown t h a t  f o r  ~ a r r i e u s  wind t u r b i n e s ,  t h e  

normal pressure  g rad ien t  through t h e  blade boundary layer i s  aL 

l e a s t  an o rde r  of magnitude larger Lllw ,I;liat aoimally acgCflCllced 

i n  curved flows. I n  f a c t ,  t h e  pressure  gradien t  normal t o  t h e  

blade sur face  is propor t iona l  t o  t h e  square of t h e  t i p  speed r a t i o ,  

2 TSR . I n t u i t i v e l y ,  one concludes t h a t  t h i s  s t rong  r a d i a l  p ressure  

gradien t  may l e a d  t o  premature laminar boundary l a y e r  separa t ion  

wi th  an a t tendant  l o s s  of l i f ' t  and inc rease  i n  drag. But t h e  low 



pressure surface of t h e  a i r f o i l  va r i e s  cyc l i ca l ly  with blade rota- 

t i o n ,  s ince  a cyc l i ca l ly  changes sign. Therefore, on t h e  upstream 

s ide  of t h e  turbine ,  cent r i fugal  e f f e c t s  might delay separat ion,  

while on t h e  downstream s ide  they ' w i l l  almost ce r t a in ly  accelera te  

separation. A t  t h e  present ,  one can only speculate regarding t h e  

' net  e f f e c t  on turbine  performance. 

An a l t e r n a t e  approach t o  considering t h e  importance of cent r i -  

fugal  e f f e c t s  i s  by examination of t h e  relevant  flow parameters Re 

and Fr. Re charac ter izes  viscous e f f e c t s  which a r e  obviously 

important. Froude number, F r ,  charac ter izes  external  forces ,  t h e  

neglect of which a r e  not obviously j u s t i f i a b l e .  Normally, gravi ty  

forces a r e  t h e  only external  forces ac t ing  on t h e  f l u i d .  A f l u i d  

elemenk of volume (dv) experiences a g rav i t a t iona l  force of pg(dv), 

where g i s  t h e  accelera t ion  of gravi ty .  But owing t o  v i scos i ty  

and t h e  o r b i t a l  motion of t h e  blades,  an addi t ional  "pseudo- 

2 
gravi ta t ional"  ( cen t r i fuga l )  force of approximately pw ~ ( d v )  i s  

experienced, which can e a s i l y  be an order  of magnitude g rea te r  than 

P g(dv).  Froude number i s  given by t h e  equation 

where t h e  ve loci ty  V i s  t e e n  t o  be t h e  mean value of t h e  blade 

r e l a t i v e  inflow veloci ty ,  V = wR,  and t h e  cha rac te r i s t i c  length 11 

i s  t h e  blade chord, C .  Considering t h e  cen t r i fuga l  accelera t ion  

2 
w R ,  a s  being analogous t o  t h e  g rav i t a t iona l  accelera t ion ,  g ,  and 

subs t i tu t ing  i n  Equation 20 gives 



The conditions for neglecting the effects of external forces 191 

in comparison with inertial effects is that ~r~ >> 1. Since C / R  is 

typically small, this condition is satisfied. The condition for 

neglecting the effects of external forces in comparison with viscous 

2 effects is that Fr /Re >> 1, a condition which is clearly not met. 

Thus, there is further evidence that centrifugal effects must be 

considered in turbine aerodynamic analysis. It is difficult to 

see how these might be investigated analytically, and the present 

research does not consider them further. This decision was made on 

the basis of expediency, since time and money were scarce comrnodi- 

ties. However, the authors have conceptually developed an experi- 

mental test program to investigate centrifugal effects. The method 

will be discussed in later sections of this report. 

3.3 Kinematics 

One of the simplifying assumptions in the analysis of Darrieus 

turbines has been that an average instantaneoug blade relarive 

inflow velocity and angle sf attack could be accurately defined. 

These are normally assumed to be the values calculated at the point 

of attachment of the turbine blade to its support arm, a distance R 

from the turbine axis of rotation. Upon closer examination, however, 

it is found that this assumption may lead to errors. The question 



a r i s e s ,  "Under what condi t ions  a r e  t h e s e  e r r o r s  negl ig ib le?"  

The r a d i a l  d i s t ance  from t h e  tu rb ine  a x i s  of r o t a t i o n  t o  any 

poin t  on t h e  blade sur face  ( o r  chord) i s  unique. Taking t h i s  

r ad ius  i n t o  proper cons idera t ion  when def in ing  t h e  tu rb ine  geometry 

l eads  t o  a  mathematical expression f o r  t h e  " loca l"  angle  of a t t a c k ,  

a ,  and r e l a t i v e  inflow veloc'i ty,  VR. These a r e  der ived i n  Appendix 

A. A t y p i c a l  chordwise v a r i a t i o n  of VR and a i s  i l l u s t r a t e d  i n  

Figure 7 f o r  t h e  a i r f o i l  used f o r  t h e  l a r g e  blades t e s t e d  on t h e  WW 

t u rb ine .  I n  t h i s  case t h e  blade mounting poin t  was a t  t h e  qua r t e r  

chord. Analysis shows t h a t  VR changes along t h e  chord, but  only 

by a  few percent .  Figure 8 shows t h e  change i n  a t o  be very l a r g e  

( a t  8=90°), proceeding from -5O a t  t h e  leading  edge t o  +15O a t  

t h e  t r a i l i n g  edge. This V and a v a r i a t i o n  depends on t h e  blade 
R 

l oca t ion  r e l a t i v e  t o  t h e  f r e e  stream wind, 8, t h e  t i p  speed r a t i o ,  TSR, 

and t h e  curvature index, C / R .  The c y c l i c  v a r i a t i o n  of a wi th  0 

i s  i l l u s t r a t e d  i n  Figure 9 f o r  a  TSR t y p i c a l  of t h e  optimum value 

f o r  a s t r a i g h t  bladed Darrieus t u rb ine .  The increment i n  a from 

leading  t o  t r a i l i n g  edge v a r i e s  somewhat, but  i s  s u b s t a n t i a l  over 

t h e  e n t i r e  o r b i t .  It can a l s o  be shown t h a t  t h e  e f f e c t  becomes 

more pronounced a s  C/R  increases .  

From t h i s  simple kinematic ana lys i s  it i s  apparent t h a t  flow 

curvature markedly a l t e r s  t h e  r e l a t i v e  ve loc i ty  and angle of a t t a c k  

of t h e  t u r b i n e  blades.  It i s  l o g i c a l  t o  conclude t h a t  t h e  r e s u l t i n g  

aerodynamic p rope r t i e s  w i l l  d i f f e r  from ' those of blades i n  r e c t i -  

l i n e a r  flow. The v a r i a t i o n  i n  VR and a i s  analogous t o  t h a t  
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Figure 7. Example of -,he instantaneous local relative velocity distribution along the ck-ord 
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NACA 0015 AIRFOIL 
MOUNTED AT C/4 

180 360° 
BLADE ORBITAL 

ANGLE - 0 

Figure 9.  m i e a l  variation o:c' the local angle of attack on 
th.2 blade chord. 



experienced by cambered a i r f o i l s .  This observation l e d  t o  specula- 

t i o n  t h a t  perhaps t h e  symmetrical a i r f o i l s  i n  cu rv i l inea r  flow 

would exhibi t  t h e  aerodynamics of cambered a i r f o i l s  i n  r e c t i l i n e a r  

flow. This phenomenon had been noted by Muraca [7] and received sub- 

sequent review by Ashley [ lo]  , but was dismissed a s  ins igni f fcant  

fo r  blades of s m a l l  C / R .  The WW researchers were not s imi lar ly  

convinced, however, and so proceeded with the  more de ta i l ed  con- 

formal mapping analys is  which follows. 

3 . 4  Conformal Mapping Analysis 

The curvi l inear  flow f i e l d  of Darrieus turbines  m a y  be 

examined with t h e  a id  of conformal mapping techniques. By t h i s  

method [31,  t h e  ac tua l  (geometric) a i r f o i l  i n  t h e  curved flow m a y  

be transformed t o  an equivalent (v i r tua l* )  a i r f o i l  i n  a r e c t i l i n e a r  

flow. By t h i s  approach, l o c a l  velocities and angles of a t t a c k  a r e  

preserved, so t h a t  t h e  v i r t u a l  a i r f o i l  should exh ib i t  t h e  aerody- 

namic behavior of t h e  geometric a i r f o i l  i n  o r b i t .  Sect ional  a i r -  

f o i l  da ta  i s  then applicable t o  t h e  v i r t u a l  a i r f o i l .  

Derivation of t h e  transformation equations appears i n  Appendix 

B. The comguter codes which implement the  method a r e  found i n  

Appendix C. The influence of v i r t u a l  camber on a i r f o i l  geometry i s  

discussed i n  t h i s  sec t ion ,  while t h e  impact on aerodynamics i s  

t r e a t e d  i n  Section 4 .  

*This process e f f e c t s  a change i n  camber; thus t h e  terminology "v i r tua l  
camber" i s  applied t o  t h e  a i r f o i l s  which have a p a r t i c u l a r  camber i n  
essence but not i n  f a c t .  



Figure 1 0  i l l u s t r a t e s  t h e  transformation procedure f o r  an NACA 

0015 a i r f o i l  t y p i c a l  of those chosen f o r  Darrieus turbines.  Pro- 

p e r t i e s  of t h e  v i r t u a l  a i r f o i l  vary with t h e  assumed C / R ,  8, and 

TSR. For t h e  present case ,  t h e  symmetrical a i r f o i l  was assumed t o  

be mounted at i t s  quar ter  chord a t  zero angle of incidence (a = 90') B 

t o  t h e  r e c t i l i n e a r  blade veloci ty  vector .  It was fu r the r  assumed t h a t  

t h e  f r e e  stream wind was zero (TSR = a), and thus ,  dependence on 

o r b i t a l  pos i t ion ,  8, was removed. This r a the r  s impl is t ic  assumption 

i n  no way inval idates  t h e  qua l i t a t ive  i l l u s t r a t i o n  of v i r t u a l  camber 

e f f e c t s .  Analysis shows t h a t  flow curvature introduces an e f fec t ive  

ahgle of incidence i n  addit ion t o  t h e  normal blade angle of a t tack;  

a i r f o i l  camber i s  a l s o  s l t e r e a .  Since t h e  mtyr;l~l;rlde of bath a rc  

strongly dependent on C / R ,  Figure 11 r e f l e c t s  t h i s  functional  re la-  

t ionship .  O f  p a r t i c u l a r  i n t e r e s t  a r e  t h e  r e s u l t s  fo r  t h e  s m a l l  and 

l a r g e  blades t e s t e d  on t h e  WW turbine.  It was found t h a t  t h e  small 

blades ( C / R  = . ~ l l i )  tranSf'6m t o  a i r f o i l s  h t t v l ~ l ~  1.4% cmbei- and 

1 . 6 O  incidence, and t h e  l a rge  blades ( C / R  = 0.260) transform t o  a i r -  

f o i l s  having 3.2% camber and 3.7 .  incidence. 

3.5 Cyclic Reynolds Number Variation 

A t  low and moderate Re, where Darrieus turbines typ ica l ly  operate,  

blade aerodynamics a re  strongly influenced by Re. L i f t  curve slope,  

stall angle, and mlnimW drag coefficienL , Cumin,  es-• a l l  acnoit ive 

t o  Re. Owing t o  t h e  va r ia t ion  of V with o r b i t a l  pos i t ion ,  a cycl ic  R 



NACA 0015 AIRFOIL 
MOUNTED AT c/4 

CIR-. 260 
TSR= a (NO WIND) 

Figure 10. Geometric airfoils incurved~flav transform'to equivalent virtual 
,akrfoils in recttlinear flow. 
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Figure 11. Camber and hcidenoe resulting from , . 
f l ow  curvatme vary linearly with C/R. 



variation in Re results. Strictly speaking, this Re variation is 

not a flow curvature effect. But its influence is inextricably 

linked to the unique aerodynamics of ~arrieus turbines. Therefore, 

the Re variation phenomenon will be briefly treated here 'in order 

to present a qualitative view of its significance. 

Reynolds number is given by 

where V is the fluid velocity, 'R is the body characteristic length 

(the blade chord C), and v is the kinemati'c viscosity. For 

simplicity, V is normally taken to be the blade rectilinear velocity 

at the distance R, so that a nominal Re can be defined as 

Then the' aerodynamic coefficients assunied for blade analysis are 

those for the chosen airfoil shape at the Re calculated from.Equation 

23. 

In fact, V depends upon 8  and is given by 

where 6 is the 'iaveii6e 'Lip speed ratio. Then the, instantaneous Re 

is 

Re' - * (1 + c2 - 2 0  s i n e )  4 
V 



The angle of a t t a c k  defined a t  t h e  blade mounting point i s  

a = a f. 8 - arc tan  ( s i n  0-8 
B case - a/2 , 

and f o r  90 blade p i t c h ,  q = n/2, and 

s i n  8-E 
cx = 8 - arc tan  ( cos e 1 

From Equations 25 and 27 it can be seen t h a t  both Re arid a depend 

on blade locat ion and t i p  speed r a t i o .  For i l l u s t r a t i v e  purposes 

it i s  convenient t o  def ine  a r e l a t i v e  Reynolds number as t he  r a t i o  

of t h e  instantaneous Rer t o  t h e  nominal Re and p l o t  t h i s  paramater 

V P ~ F I I I F I  a. The result i s  shown i n  Figure 12 f o r  a range of TSR. 

It i s  apparent from Figure 12 t h a t  t h e  o rb i t ing  blades exper- 

ience a l a rge  f luc tua t ion  i n  Reynolds nilmher reluLlvt %o %hc nominal 

value. Assumption of t h e  nominal value a s  t h e  bas i s  f o r  aerodynamic 

coef f i c ien t s  i s  a tenuous proposition a t  bes t .  What time l a g  may 

e x i s t  between t h e  achievement of a given Re and t h e  exhibit ion of 

aerodynamic proper t ies  associated wi th  steady flow a t  t h a t  Re i s  

unknown. Perhaps t h e  best way t o  t r e a t  t h i s  Re va r ia t ion  i s  t o  

simply consider it a s  p a r t  of t h e  aggregate e f f e c t s  of flow unstead- 

iness.  In  any case it i s  ce r t a in ly  f'urther evidence UP Lllc atrady- 

namic complexity of Darrieus turbines.  

3.6 Summary 

Teot date. fnr t h e  WW outdoor turbine  suggested t h a t  blade 

aerodynamics were a typ ica l  of t h e  symmetrical a i r f o i l s  used and 
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t h a t  s e r ious  performance degradation r e s u l t e d  f o r  l a r g e  C/R. 

Analysis of t h e  id iosync ras i e s  of curved flow revealed seve ra l  

poss ib le  explanat ions.  F i r s t ,  t h e  r a d i a l  p ressure  gradien t  i n  t h e  

blade boundary l a y e r  i s  an order  of magnitude g r e a t e r  than normal 

f o r  curved flows. It i s  suspected t h a t  t h i s  w i l l  r e s u l t  i n  pre- 

mature flow sepa ra t ion  over  a t  l e a s t  p a r t  of t h e  blade o r b i t  with 

a t tendant  l o s s  of  l i f t  and increased drag. Second, t h e  o r b i t a l  

blade motion produces c i r c u l a r  s t reamlines from t h e  blade poin t  of 

reference.  Thus, t h e  l o c a l  ve loc i ty  and angle of a t t a c k  change a t  

every chordwise l o c a t i o n  on t h e  blade,  a s  i s  t h e  s i t u a t i o n  f o r  cam- 

bered a i r f o i l s .  Conformal mapping transforms t h e  geometric a i r f o i l  

t o  some equivalent  v i r t u a l  a i r f o i l  having add i t i ona l  camber and 

incidence. Turbine performance rulluwv Lhe aer.odyaauics of t h e  

v i r t u a l  a i r f o i l  and w i l l  d i f f e r  markedly from t h a t  expected on t h e  

b a s i s  of t h e  aerodynamics of t h e  geometric a i r f o i l .  F ina l ly ,  owing 

t o  t h e  c y c l i c  v a r i a t i o n  of r e l a t i v e  inflow ve loc i ty ,  Reynolds 

number v a r i e s  with blade o r b i t a l  pos i t i on .  A t  moderate TSR t h e s e  

Re excursions can be q u i t e  l a rge .  For t u rb ines  opera t ing  a t  low 

Re ( say  Re below 600,000) both l i f t  and drag w i l l  be s e n s i t i v e  t o  

8 ,  It i s  unce r t a in  what e f f e c t  t h i s  w i l l  have on ne t  t u rb ine  

performance. 

Apparently, flow curva ture  e f f e c t s  a r e  s i g n i f i c a n t  determinants 

01' Darrieuu tu rb ine  aerodynernicu and performance. O f  t;he three 

phenomena noted,  v i r t u a l  camber seems t o  be t h e  most important,  



Fortunately,  . i t s  ana lys i s  can proceed wi th  t h e  a i d  of  simple 

experimental t e s t s  and published s e c t i o n a l  a i r f o i l  data .  The 

inves t iga t ion  of c e n t r i f u g a l  e f f e c t s  and Re v a r i a t i o n  must be 

deferred.  

4. The Ef fec t s  of V i r tua l  Camber on A i r f o i l  Aerodynamics 

4.1 D r a g  from Turbine Tes ts  Compared t o  Sec t iona l  A i r f o i l  Data 

The experimental drag curves of Figures  13 ,  1 4  and 1 5  were 

derived from t e s t  d a t a  as ou t l i ned  i n  Sect ion 2 and d e t a i l e d  i n  

Reference 3 .  NACA 0015 a i r f o i l  s e c t i o n a l  da t a  [ l l ]  used f o r  com- 

parison were cor rec ted  f o r  f i n i t e  span e f f e c t s .  For t h e  s m a l l  

b lades ,  Figure 13 ,  t h e  drag a t  p o s i t i v e  a compares we l l  except a t  

t h e  l a r g e  a corresponding t o  high l i f t  c o e f f i c i e n t s .  This  could 

only be explained by t h e  l o s s  of  planform e f f i c i e n c y  i n  t h e  noted 

range. This may r e s u l t  from premature flow separa t ion  assoc ia ted  

with cen t r i fuga l  e f f e c t s .  For t h e  l a r g e  b lades ,  Figure 1 4 ,  t h e  

experimental drag agrees  poorly wi th  t h e  s e c t i o n a l  da ta .  C h i n  

i s  approximately 75% g r e a t e r  than  expected and it occurs  a t  a l a r g e  

negat ive a ( about -5' ) . Recal l  t h a t  t h e  conformal t ransformation 

procedure p r e d i c t s  an induced ang1.e of incidence of  3.7' whfch 

would i n  l a r g e  p a r t  account for t h e  a s h i f t .  A s  with t h e  amall 

b lades ,  a much reduced planform e f f i c i ency  i s  ind ica t ed  f o r  t h e  

l a r g e  blades.  Figure 1 5  compares t h e  small and l a r g e  blades and 

c l e a r l y  i l l u s t r a t e s  t h e  d i spa ra t e  drag c h a r a c t e r i s t i c s .  
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It was thought t h a t  t h i s  drag discrepancy might r e s u l t  from 

a i r f o i l  shape o r  sur face  roughness d i f f e r ences .  Sect ions of each 

blade were t e s t e d  i n  t h e  WW low speed wind tunnel  [ 5 ] .  The re -  

sults i n  Figure 16  show only minor d i f f e r ences  i n  drag c o e f f i c i e n t s  

when t h e  a i r f o i l s  a r e  i n  r e c t i l i n e a r  flow ( t h e  wind t u n n e l ) ,  but  

t h e  experimentally v e r i f i e d  l a r g e  d i f f e r ences  i n  drag c o e f f i c i e n t s  

obtained i n  t h e  outdoor t u r b i n e  t e s t s  a r e  undeniable. 1% i s  un l ike ly  

t h a t  t h e  aforementioned Reynolds number v a r i a t i o n  i s  respons ib le ,  

s ince  both l a r g e  and small blades experience t h e  same r e l a t i v e  cyc l i c  

changes. Note a l s o  i n  Figure 16 t h a t  C h i n  f o r  t h e  tu rb ine  blades 

does not decrease with increas ing  Re as i s  wel l  documented i n  t h e  

l i t e r a t u r e  and demonstrated by t h e  wind tunne l  da t a .  One must con- 

clude then  t h a t  t hese  unusual drag c h a r a c t e r i s t i c s  r e s u l t  from t h e  

flow curva ture ,  c e n t r i f u g a l ,  and v i r t u a l  camber e f f e c t s .  

4 . 2  Lift-Drag Relat ionships f o r  t h e  Vi r tua l  A i r f o i l s  

The WW tu rb ine  was instrumented t o  provide torque da t a  from 

which t h e . e f f e c t i v e  drag could be deduced. Though it was not  

poss ib le  t o  determine t h e  l i f t  c h a r a c t e r i s t i c s  d i r e c t l y ,  an , 

aypi-oxiulation t o  t h e  C -C r e l a t i o n s h i p  was ubtetiiied by ~ ~ i l a l y s l s .  L D 

This information i s  use fu l  i n  comparing t h e  aerodyriamics of t h e  

v i r t u a l  and geometric a i r f o i l s .  

On t h e  bas i s  of published d a t a  [1.1, 121 &ad numerical vortex 

model s t u d i e s  [13],  a  sectional l i f t  curve slope of 0.10 per degree 

i s  assumed for the NACA 0015 a i r f o i l  i n  the linear range. Also the 

virtual  camber and incidence predicted by the conformal analysis i s  assumed to 
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Figure 16. Comparison of minimum drag coef fi'icient - f  r o m  .wind tunnel and outdoor 
turbine t e s t s  



be correc t .  The e f fec t ive  angle of incidence which r e s u l t s  from 

flow curvature i s  defined by t h e  symbol a . The geometric angle i 

of a t t ack  a t  t h e  reference point  on t h e  blade chord i s  given t h e  

symbol a The combination of t h e  two i s  t h e  v i r t u a l  angle of 
g ' 

a t t ack  av, which i s  defined as  t h e  angle between t h e  r e l a t i v e  inflow 

veloci ty  and t h e  chord a t  t h e  reference point .  Therefore, 

OY = Og + ai 

For a i r f o i l s  i n  r e c t i l i n e a r  flow, av = a . 
g 

Examination of sec t ion  lift data  shows an upward s h i f t  i n  CL 

at aV = O 0  of 0.10 f o r  every 1% of camber. Thus, t h e  s m a l l  blades 

.with v i r t u a l  camber -of 1.4% have C = 0.14 a t  aV = 0°,  and t h e  
L 

l a r g e  blades with v i r t u a l  camber of 3.2% have C = 0.32 a t  a v  = 0'. L 

Vir tua l  incidence causes a s h i f t  i n  t h e  angle of a t t ack  axis  of 

1.6' f o r  t h e  s m a l l  blades and 3 . 7 O  f o r  t h e  l a rge  blades. These 

cha rac te r i s t i c s  a r e  r e f l ec ted  i n  t h e  CL - a curve8 of Figure 17. It 

i s  of immediate i n t e r e s t  t o  note t h e  e r r o r  r e su l t ing  from neglecting 

v i r t u a l  incidence and camber. For example, at a = 0" one would 
Q 

expect CL = 0, where ac tua l ly  C = 0.30 f o r t h e  small blades and 
L 

CL = 0.69 f o r  the  l a rge  blades 

From t h e  t e s t  da ta  a versus CD i s  known, and from Figure 17 

C versus a i s  obtained. The combination gives the  C -C polars  
L L D 

of Figures 18  and 19. These a r e  compared t o  sec t ional  da ta  
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corrected fo r  f i n i t e  span e f f e c t s  and assuming a planform eff ic iency 

of 100%. The sectiontil  data give a polar shape t y p i c a l  of 

symmetrical a i r f o i l s ,  t h a t  i s ,  CDmin occurs a t  CL = 0. However, 

t h e  v i r t u a l  a i r f o i l s  have Chin a t  some non zero l i f t  and t h i s  shape 

t y p i f i e s  cambered a i r f o i l s .  The influence of t h e  curvature index 

on v i r t u a l  aerodynamics i s  demonstrated by comparing CL-CD f o r  

t h e  large  and s m a l l  blades as  shown i n  Figure 20. Recall t h a t  t h e  

two blades exhibited essen t i a l ly  t h e  same drag coeff ic ients  i n  wind 

tunnel t e s t s ,  but note t h e  discrepancy i n  C -C curves when mounted L B 

on t h e  turbine.  

The preceeding discussion i l l u s t r a t e s  t h e  e f f e c t s  of flow 

curvature on the  l i f t  and drag of a i r f o i l s .  However, examination 

of t h e  C -a or  CL-CD curves by themselves does not demonstrate t h e  
L 

impact of flow curvature on turbine performance, s ince t h e  two ac t  i n  

combination t o  produce torque. The following sect ion considers t h e  

mechanism of torque production and t h e  manner i n  which it i s  

affected by v i r t u a l  aerodynamics. 

4 . 3  Influence of Vir tual  Aerodynamics on Turbine Torque 

Besides the  boundary layer  cent r i fugal  e f f e c t s ,  flow curvature 

i nt.roduccs v i r t u a l  camber sbnd inoidence. Vir tual  camber influences 

a i r f o i l  aerodynamics i n  two important ways: firs$, it causes an up- 

ward s h i f t  i n  t h e  lift curve, and second, it introduces a moment 

coeff ic ient  whidh produces counter torque over t h e  e n t i r e  blade 

o r b i t .  Virtual  incidence a c t s  t o  s h i f t  t h e  lift curve t o  t h e  l e f t  
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on t h e  a- a x i s  of  t h e  C -a curve. The manner i n  which these  pro- 
L 

p e r t i e s  a l t e r  to rque  production can be observed with t h e  a i d  of  t h e  

equation f o r  instantaneous torque.. Recal l ing t h a t  t h e  countertorque 

produced by t h e  drag and moment can be charac te r ized  by an e f f e c t i v e  

drag c o e f f i c i e n t ,  CD,, t h e  expression f o r  t h e  instantaneous blade 

torque i s  

2 TB(8) = 4pVR CbR [ cL sin(8-8) - CD cos(8-B)'] . ( 2 9 )  
e 

From t h e  l i f t -drag-angle  of a t t a c k  r e l a t i o n s h i p s ,  Equation 24 f o r  

VR, and Equation 27 f o r  a ,  TB( 8) can be ca lcu la ted  a s  a f'unction 

of o r b i t a l  pos i t i on ,  8. A p l o t  of ~ ~ ( 8 )  versus 8 w i l l  i l l u s t r a t e  

t h e  manner of  power ex t r ac t ion  s ince  C i s  propor t iona l  t o  TB(8) .  
P 

A more convenient parameter i s  obtained by not ing  t h a t  t h e  instantan-  

eous power c o e f f i c i e n t  f o r  t h e  blade i s  

Using Equation 29 f o r  TB(8) ,  Equation 24 f o r  VR, and not ing t h a t  

TSR = wR/Voo, Equation 30 becomes . 

2 Cp (8) = (TSR)~(&)  (14% - 2 ~ s i n ~ ) [ ~ ~ s i n ( 8 - ~ )  - CD cos (8-8) 1. (31)  
e 

Since comparisons of a i r f o i l s  must be made at p a r t i c u l a r  values of 

T8R and C / R ,  terms containing only t h e s e  parameters may be moved t o  

t h e  left hand sSde of Equation 31. An instantaneous measure of  mer i t  

f o r  t h e  a i r f o i l  i s  thus  defined a s  



Note t h a t  t h e  term (1 + e2 - 2 ~ s i n 0 )  i s  simp1.y the square of t h e  

r e l a t i v e  inflow ve loc i ty  a t  0 nondimensionalized by t h e  nominal 

blade r e c t i l i n e a r  ve loc i ty ,  oH. That i s ,  

2 "R 2 
(1 + E - i n )  = ( )  . 

In tegra t ing  p(0)  over t h e  e n t i r e  o r b i t  gives a ne t  a i r f o i l  

measure of meri t  defined by 

360 
p = so p(0)dB (34 ) 

The s igni f icance  of t h i s  parameter i s  shown by t h e  following 

Consider t h e  l a r g e  blades of  C/R  = .260 i n  f ixed p i t c h  operation 

a t  ag = 90° and TSR = 5 . 5 ,  and assume t h e  blade mounting point  

i s  t h e  quar ter  chord. Using t h e  conformal transformation procedures 

out l ined i n  Section 2.4 t h e  v i r t u a l  camber and incidence a r e  deter-  

mined as functions of o r b i t a l  pos i t ion ,  8. These a r e  shown i n  

F i ( l ~ e  21. Although yc/C and ai vary with 0 ,  it can be shown t h a t  

t h e i r  mean value i s  t h a t  determined by t h e  conformal transformation 

a t  TSR = and 0 = 0'. Therefore, i n  order  t o  simplify t h e  analys is ,  

t hese  mean values w i l l  be assumed constant over t h e  e n t i r e  o r b i t .  A s  

noted previously, f o r  t h e  l a rge  blades,  yc/C i s  0.032 (3.2%) and ai 

i s  3.7'. Thus, t h e  v i r t u a l  aerodynamics of the  l a r g e  blades may be 

obtained by applying t h e  proper aspect r a t i o  correct ions t o  the  CT, - a 

curve 6f Figure 17 ,  and from t h e  CL-CD curve of Figure 19. 
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Applying t h e  conformal t ransformation procedures t o  t h e  problem, 

wi th  geometry a s  def ined above, g ives  t h e  a versus 0 p lo t*  of 
v 

Figure 22. This f i g u r e  provides considerable  i n s igh t  regarding 

torque  production and power ex t r ac t ion .  Consider s p e c i f i c a l l y  

t h e  regions l a b e l l e d  (1) i n  Figure 22. Neglecting v i r t u a l  incidence,  

t h e  maximum angle of  a t t a c k  reached a t  TSR = 5 . 5  i s  assumed t o  be 

a = 1C.5'. But v i r t u a l  incidence causes an increase  i n  t h i s  
Q 

value t o  a = 13.8'  and t h e  s t a l l  angle  i s  exceeded. Associated 
v 

wi th  blade s t a l l  a r e  l a r g e  drag increases  which diminish torque 

production. Thus i n  regions ( l ) ,  even though v i r t u a l  camber might 

r e s u l t  i n  higher  than  expected l i f t  c o e f f i c i e n t s ,  it i s  probable 

t h a t  reduced torque  and a lower C w i l l  r e s u l t .  Regions (1) a r e  
P 

thereyore  a r e a s  of diminished e f f i c i ency  compared t o  the  pruperlles 

expected of  t h e  geometric a i r f o i l .  Consider next t h e  a reas  l a b e l l e d  

(2). It can be shown t h a t  p o s i t i v e  torque r e s u l t s  from a combina- 

t i o n  of  p o s i t i v e  C and p o s i t i v e  a on t h e  upstream s i d e  of t h e  t u r -  L 

b i i i e  (90'>t)227~"), o r  from t h e  combination o~ r lugtr -~i ,ve  cL t ~ ~ l d  11egtl- 

t i v e  a on t h e  downstream s i d e  of t h e  t u r b i n e  ( 9 0 ~ < 8 < 2 7 0 ~ ) .  These 

condit ions a r e  v i o l a t e d  i n  regions ( 2 ) .  For example, between 90' 

and 1 1 0 ~ , a ~  and CL a r e  p o s i t i v e  and between 110' and 129' even 

though av i s  now negat ive C i s  s t i l l  p o s i t i v e .  Even though l i t t l e  
L 

power i s  normally ex t r ac t ed  i n  t hese  0 regions (owing t o  low CL a t  

low a ) ,  v i r t u a l  aerodynamics make t h e  s i t u a t i o n  much worse s ince  

couiitertorqiie resul ts .  Regions ( 2 )  , t h e r e f o r e ,  aluu d ln~ln luh  tu rb ine  

*Consistent with t h e  assumption of t h e  constant  mean a t  value,  r i g i d  
adherence t o  t h e  a v  schedule of Figure 22 was not maintained. Rather 
it was assumed t h a t  t h e  r e l a t i onsh ip  U,, .=ag+cli  was su f f i c i en t ly .  accurate .  

46 
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Figure 22. Comparison of virtual  and geometric angles of attack 



eff ic iency.  Region ( 3 )  i s  s imi lar ly  an area  of diminished ef f ic iency,  

s ince  a i s  much l e s s  than a here,  and a l so  because t h e  v i r t u a l l y  v Q 

cambered a i r f o i l s  have very low C a t  negative angles of a t tack .  L 

From t h e  preceeding analysis  it can be seen t h a t  i f  one does 

not properly compensate f o r  v i r t u a l  aerodynamics, s ign i f i can t  

performance degradation may occur. This conclusion i s  supported 

by t h e  r e s u l t s  of  Figure 23  where p ( 8 )  i s  p lo t t ed  f o r  t h e  v i r t u a l  

a i r f o i l  and compared t o  p ( 8 )  f o r  t h e  geometric a i r f o i l .  The 

areas  of diminished power follow c lose ly  those predicted from 

analys is  of Figure 22. Note t h e  sharp drop i n  P  (0 ) a t  approxfmately 

50° and 330° where blade s t a l l  occurs. And on t h e  downstream s ide  

of  t h e  turbine  p ( 8 )  i s  everywhere reduced since t h e  v i r t u a l  a i r f o i l  

produces very l i t t l e  l i f t  a t  negative angles of a t tack .  In tegra t ing  

t h e  curves of  Figure 23 shows t h a t  t h e  a i r f o i l  measure of merit  P 

f o r  t h e  v i r t u a l  a i r f o i l  i s  only 15% of t h a t  expected of t h e  geometric 

a i r f o i l .  This r e s u l t  would of course change a t  d i f f e ren t  TSR and 

C/R. In  f a c t  analys is  of the  p ( 0 )  p l o t  of Figure 24 f o r  t h e  small 

blades reveals  t h a t  P i s  decreased by only 8%. It i s  in te res t ing  t o  

note t h a t  f o r  t h e  small blaaes ef f ic iency ac tua l ly  increases on t h e  

upstream s i d e  of t h e  turbine  a s  indicated by t h e  g rea te r  a rea  under 

t h e  curve. The e f f i c i ency  l o s s  on t h e  downstream s ide  more than off -  

s e t s  t h e  f ron t  s ide  gain ,  however. The s i t u a t i o n  suggests t h a t  some 

combination of  v i r t u a l  camber and incidence may i n  f a c t  produce a 

net  gain. 
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Figure 23. The instantaneous measure of merit p(8) is proportional to torque output 
and Cp. Here the large blades are compared to expectations for the NACA 
0015 airfoil. 



Figure 24. The instantaneous measure of merit p(B) is proportional to torque output 
and C Here the small blades are compar.=d to expectations for the NACA P: 
0015 alrfoil. 



Figure 25 i s  t h e  p (  0 )  p l o t  f o r  both t h e  l a r g e  and s m a l l  chord 

v i r t u a l  a i r f o i l s .  It i s  c l e a r  from t h i s  f i g u r e ,  t h a t  l a r g e  C/R has 

a  d i sa s t e rous  e f f e c t  on power ex t r ac t ion .  

No mention has been made i n  t h e  previous discussion of t h e  

importance of flow blockage and unsteadiness .  These phenomena a r e  

important and cannot be neglected i n  considering tu rb ine  performance. 

Both depend on r o t o r  s o l i d i t y  and so a choice of  C/R  cannot be made 

so l e ly  on t h e  b a s i s  of flow curvature considerat ions.  However, t h e  

preceeding ana lys i s ,  which i s  based on t h e  p rope r t i e s  of t h e  v i r t u a l  

a i r f o i l s ,  should s t i l l  be v a l i d  f o r  eva lua t ing  competing a i r f o i l s  

and p i t c h  schedules.  That i s  t o  say,  i f  one a i r f o i l  has improved 

aerodynamics compared t o  another ,  it should s t i l l  show an advantage 

. regard less  of t h e  spec i f io  inf luence  of  o the r  flow phenomena (block-' 

age, unsteadiness ,  Reynolds number v a r i a t i o n ,  and t o  a  l a r g e  e x t e n t , ,  

c e n t r i f u g a l  e f f e c t s ) .  The p ( 0 )  method i s  t he re fo re  a  means of 

eva lua t ing  a i r f o i l s  and t h e i r  performanc.e~.,relative t o  each o the r ;  

it cannot be used t o  accura te ly  p red ic t  C . 
P 

5. Inf luence of Flow Curvature on Turbine Design 

5,1 Overview 

The designer  i s  faced with seve ra l  choices (regarding t h e  t u r b i n e  

r o t o r  geometry) which w i l l  inf luence aerodynamic e f f i c i ency  and per- 

formance. These choices include blade a i r f o i l  s ec t ion ,  r o t o r  geometry 
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Figure 25 .  The instantaneous measare of merit p ( 0 )  is proportional to torque output 
and Cp. Here the large and small blades.are compared. 



as defined by I+, C/R, and b, and blade pitch schedule for variable 

pitch machines. Owing to its pronounced impact on blade aerodynamics, 

flow curvature must also be considered in .turbine design. 

Curvature index is the parameter which characterizes flow curva- 

ture. It defines the Froude number which characterizes centrifugal 

boundary layer effects, and also determines the virtual camber and 

incidence. Large C/Kfs produce significant detrimental aerodynamic 

changes and one might assume that they should be avoided. This is 

not necessarily true, since by understanding and using to advantage 

the mechanisms of virtual aerodynamics, large C/R blades remain viable 

choices. They may in fact be preferred because the desired rotor 

solidity can be achieved with fewer blades, obviously at lower cost. 

Furthermore, large blade chords imply high Reynolds numbers, and with 

them go improved lift and drag characteristics. So the choice of 

airfoil section, C/R, and blade pitch schedule can only be made in- 

telligently upon proper consideration of flow curvature, The 

material which follows discusses several possibilities. 

5 . 2  Fixed Pitch Turbines 

'Symmetrical airfoils have historically been chosen for Darrieus 

turbines because CL-CD characteristics are identical at positive and 

negative a corresponding to upstream and downstream orbital positions, 

and because C is zero and contributes no countertorque. However, M 

virtual camber and incidence destroy the premise upon which the choice 

of symmetrical airfoils is based. For a given a more lif't is 
$ 



produced upstream than downstream, and t h e  addi t ional  uimay even 

cause blade s t a l l  a t  c e r t a i n  TSRs. The simplest way t o  a l l e v i a t e  t h i s  

problem i s  t o  f a b r i c a t e  geometric a i r f o i l s  whose v i r t u a l  equivalents 

a r e  t h e  symmetrical a i r f o i l s  o r ig ina l ly  chosen. The inverse conformal 

transformations of Appendix B would be used t o  design the  geometric 

a i r f o i l  f o r  t h e  assumed TSR, C / R ,  and blade mounting point .  Since t h i s  

can be accomplished f o r  any C / R ,  t h e  object ion t o  l a r g e  C/R i s  

obviated. The concept may be extended t o  the  conafde~atfon of air- 

f o i l s  whose v i r t u &  equivalents  r e a l l y  a r e  cambered. These a i r f o i l s  

would experience increased power ext rac t ion  on t h e  upstream s ide  of 

t h e  turbine  due t o  increased CL,  and t h e  diminished ef f ic iency on t h e  

downstream s i d e  might be more than o f f s e t  by t h e  upstream improvements. 

This seems p a r t i c u l a r l y  p laus ib le  s ince  power ext rac t ion  i s  asymmetric 

with respect  t o  t h e  cross  wind ax i s  a s  a r e s u l t  of flow blockage. A t  

t h e  present  time it i s  not ce r t a in  whether net power ext rac t ion  w i l l  

be increased by designing fo r  f ron t  s ide  o r  back s i d e  optimization. 

The option remains t o  explore t h i s  p o s s i b i l i t y  by judi'cious choice 

of  camber and i n i t i a l  blade p i t ch  s e t t i n g .  Such a study can only be 

pursued experimentally o r  with the  a i d  o r  an accurate model of t he  flow 

blockage. 

5.3 Variable P i t c h  Turbines 

The 'increased complexity of electro-mechanical p i t ch  va r i a t ion  

may be j u s t i f i a b l e  f o r  l a r g e  turbines ,  and t h e  po ten t i a l  f o r  

advantageous use of v i r t u a l  aerodynamics i s  enhanced f o r . t h e s e  

macliines. The in te r re la t ionsh ip  between v i r t u a l  camber and incidence 



has already been demonstrated. For a pa r t i cu la r  >onfigurat  ion t h e  

% versus g re la t ionship  can be established as  discussed i n  sec t ion  

4 . 3 .  It i s  then a simple matter t o  deduce the  ag versus 9 schedule 

required t o  maintain t h e  blade a t  i t s  optimum p i t ch .  The optimum 

i s  chosen so t h a t  p(9) i s  maximized on t h e  upstreanh and downstream 

s ides  of t h e  turbine .  This may require a r a the r  l a r g e  blade "f l ip"  

a t  9 = 90° and 8 = 270° where a normally changes sign.  Again power 
g 

extracllltn wLU bc auymmet;ric owing t o  both v i r t u a l  camber and flow 

blockage. Note i n  Figure 17 t h a t  CL, and therefore  p ( 0 )  , is maxi- 

mized a t  a, = + 11°,  t h e  blade s t a l l  angle. However, a t  t h i s  point 

on the  upstream s ide  CL = 1.22 while downstream it i s  only -0.58. 

A s  i s  t h e  case wi th ' f ixed p i t ch  operation it i s  not c e r t a i n  whether 

net  power ext rac t ion  w i l l  be increased by optimizing t h e  f ront  s ide  

o r  t h e  back s ide .  Of course, t h e  option remains of returning t o  

geometric a i r f o i l s  whose v i r t u a l  equivalents a r e  symmetrical. 

5.4 Variable Camber/Variable Pi tch  Turbines 

As noted e a r l i e r ,  under ce r t a in  conditions f ron t  s ide  power 

ext rac t ion  may be g rea t ly  improved as  a r e s u l t  of  v i r t u a l  camber. 

, . 
!his r e s u l t s  from higher CL at a given & &id is.demonstrated i n  

8 

~ i g u r e  24 f o r  t h e  s m a l l  blades. Note a l so  i n  Figure 23 f o r  the  l a r g e  . . 

blades t h a t  had t h e  blades not s t a l l e d  a t  9 = 50' and 0 = 330°, 

p ( 0 )  would have remained g rea te r  than expected over t h e  e n t i r e  up- 

stream side.  For va r i ab le  p i t ch  machines the  s tal l  problem can be 

avoided by adjust ing t h e  blade p i t ch  schedule. However, t h e  severe 



power l o s s  on t h e  downstream s ide  re su l t ing  from v i r t u a l  camber and 

incidence must be considered. I f  t h e  favorable effec%s noted on 

t h e  f r o n t  s i d e  could somehow be extended t o  t h e  back s ide ,  ove ra l l  

e f f ic iency would be g r e a t l y  improved. This s i t u a t i o n  recommends 

ser ious  considerat ion of  electro-mechanically implemented var iable  

camber. 

Variable camber has been used extensively on f ixed wing a i r -  

c r a f t  i n  the  form of leading and/or t r a i l i n g  edge devices and a l l  

manner of  boundary l a y e r  control  devices. It i s  possible t o  apply 

these  same p r inc ip les  t o  Darrieus turbine  blades." Cyclic manipu- 

l a t i o n  of p l a i n  o r  s p l i t  f l aps  should be no more d i f f i c u l t  than 

cyc l i c  manipulation of blade p i tch .  Combined with Judiciously chusell 

v i r t u a l  camber and contro l  of blade p i t ch ,  power ext rac t ion  enhance- 

ment should be subs tan t i a l .  It i s  of course questionable whether the  

g r e a t l y  increased aerodynamic drag and moments of flapped a i r f o i l s  

could be overcome by t h e  increased lift t o  y i e l d  a net  improvement. 

However, the  p o t e n t i a l  can be demonstrated simply by considering p ( 0 )  

a t  t h e  optimum operat ing point of  t h e  blades. Figure 26 i l l u s t r a t e s  

t h e  s i t u a t i o n  by comparing t h e  drag polars  of a symmetrical NACA UU12 

and a cambered NACA 4412 a i r f o i l .  In  t h i s  example, a l i f ' t /drag raZio 
' 

improvement of 34% a t  t h e  operating point  produces an estimated 38$ 

p ( 0 )  increase f o r  blades of C / R  = . l o .  

The p o t e n t i a l  of cyc l i ca l ly  manipulated leading edge devices 

i s  s imi la r ly  impressive whether used along o r  i n  concert with t r a i l i n g  

*Obviously, t h e  a p p l i c a b i l i t y  of t h e  concept t o  s t r a i g h t  bladed 
turbines  i s  much g rea te r  than t o  curved bladed turbines .  
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Figure.26. ~ i f t / ~ r a g  comparison of cambered 
and symmetrical a i r f o i l s  



edge devices. Leading edge devices have the effect of extending the 

linear range of the lift curve and delaying stall. Thus, higher CLs 

are achieved at higher a. CL increases of 35% and a 
~t811 increases 

of 60% are Lypical. Recall that positive torque is proportional 

to C sin (8 -0 )  so that a 35% increa~e in C produces a 35% increase L L 

in positive torque. Undoubtably, countertorque will also increase 

since C increases with increased C The effect of the increased D L 

stall angle is more subtle, since increasing a stall has no direct 

impact on ( 8 -0 ) .  The increased (8-B) results from operation at 

lower TSR which becomes a viable option since the blade stall angle 

is not exceeded. Of' real significance is the fact that a 60% in- 

crease in (8 -0 )  produces approximately 60% increase in CL sin ('8-0). 

The combined effeot of s 35% CL inorease and a 6~X1 (e -B)  infranse l a  

to more than double CL sin ( 8 -0 ) .  The potential performance accruing 

to blades with leading edge devices seems high. Also mechanical 

leading edge devices might be designed which would be passive, i.e., 

require little or no power for operation. 

Aerodynamic improvements associated with variable camber may 

also be achieved by boundary layer and/or circiilation control. A 

major concept contained in the WW research program is circulation 

control (cc) by blowing over a rounded trailing edge. Extremely 

large lift coefficients are developed at virtually all angles of 

attack, including zero angle. Preliminary analysis 1141 shows that 

even when the power requirements of blowing are deducted, C 
P 



improvements r e s u l t .  The o r i g i n a l  cc concept appl ied  t o  Darrieus 

t u rb ines  involved a l t e r n a t e  upper and lower su r f ace  blowing as t h e  . 

blades passed through 8 = 90' and 8 = 270'. Another i n t e r e s t i n g .  . 

p o s s i b i l i t y  i s  t o  t a i l o r  t h e  blade camber t o  optimize power extrac-  

t i o n  e i ther .ups t ream o r  downstream and then  t o  apply cc on t h e  

a l t e r n a t e  s ide .  This would s implify t h e  mechanical implementation 

of cc while a t  t h e  same time reducing t h e  power requirements f o r  

t h e  supply a i r .  

Regardless of'how t h e  e f f e c t s  of  va r i ab l e  camber a r e  produced., 

a secondary bene f i t  i s  a reduct ion of  t h e  TSR at which maximum C 
P 

i s  achieved, presumably t h e  tu rb ine  operat ing po in t .  Lower TSR a r e  

permit ted when blade s ta l l  angle i nc reases ,  and lower TSR a r e  

d i c t a t e d  when blade drag increases .  Reducing t h e  opera t ing  TSR 

implies  a reduct ion i n  blade angular ve loc i ty  w.  Much of t h e  t u r b i n e  

s t r u c t u r a l  design i s  d i c t a t e d  by t h e  cen t r i fuga l  fo rces  which a r e  

2 
propor t iona l  t o  w . Thus, reduced opera t ing  TSR makes t h e  s t r u c t u r a l  

design c r i t e r i a  l e s s  s t r i n g e n t  and w i l l  c e r t a i n l y  r educe ' cos t s .  

5.5 Summary 

A thorough understanding o f  flow curvature e f f e c t s  i s  e s s e n t i a l  

t o  t h e  proper design of Barr ieus t u rb ines .  0 n c e . t h e  mechanisms of 

v i r t u a l  aerodynamics a r e  understood, new techniques become ava i l ab l e  

f o r  improving t h e  performance of  t h e s e  machines, Application of 

c y c l i c a l l y  va r i ab l e  camber i n  combination with c y c l i c a l l y  va r i ab l e  



p i t c h  seems p a r t i c u l a r l y  promising, although a quant i ta t ive  assess- 

ment of p o t e n t i a l  performance improvement w i l l  requi re  considerably 

more research.  

6. conclusions 

By analys is  and experimental v e r i f i c a t i o n  it has been shown t h a t  

a i r f o i l s  i n  cu rv i l inea r  flow exhibi t  aerodynamic l i f t ,  drag, and 

moment c h a r a c t e r i s t i c s  much d i f fe ren t  than they would i n  r e c t i l i n e a r  

flow. The a c t u a l  geometric a i r f o i l s  may be transformed t o  t h e i r  

v i r t u a l  equivalents  by conformal mapping techniques. The v i r t u a l  

a i r f o i l s  have camber and incidence d i f f e r e n t  from t h e  geometric 

a i r f o i l s ,  and these  proper t ies  depend upon aB, TSR, C / R ,  and t h e  

o r b i t d  pos i t ion ,  0 .  In addition to the effects of virtual camber 

and incidence, very l a r g e  r a d i a l  boundary l aye r  pressure gradients  

r e s u l t  from flow curvature and ac t  t o  a l t e r  t h e  a i r f o i l  character- 

i s t i c s .  Sect ional  da ta  f o r  the  v i r t u a l  a i r f o i l s  more c lose ly  

represent  t h e  ac tua l  aerodynamics than do t h e  sec t ional  da ta  f d r  

t h e  geometric a i r f o i l s .  Within the  bounds of t h e  present research,  

it has not been poss ib le  t o  quant i ta t ive ly  evaluate t h e  cent r i fugal  

boundary l a y e r  e f f e c t s .  

Vir tua l  aerodynamics a r e  important determinants of Darrieus 

wind turbine  performance. Under most circumstances Plow curvature 

has a  detr imental  influence on blade aerodynamic ef f ic iency.  How- 

ever, when properly considered, v i r t u a l  aerodynamics may be used 



advantageously t o  enhance t u r b i n e  performance. I n  t h i s  regard,  t h e  

use of va r i ab l e  camber i n  concert  with va r i ab l e  p i t c h  has consider- 

ab l e  promise. 

7 .  Continuing Research 

In  p a r t ,  t h e  present  research has demonstrated t h a t  t h e  aero- 

dynamics of  Darr ieus t u rb ines  have not been very wel l  understood. 

New i n s i g h t s  have been developed which provide d i r e c t i o n  f o r ' t h e  

continuing research.  There appear t o  be f i v e  primary flow phenomena 

r equ i r ing  d.etai led inves t iga t ion .  They a r e  l i s t e d  here:  

1. V i r t u a l  aerodynamics 

2. Cent r i fuga l  e f f e c t s  

3. Reyndds number v a r i a t i o n  

4 .  Flow Blockage 

5. Flow Unsteadiness 

When t h e s e  a r e  more f u l l y  understood, opt imizat ion o f  r o t o r  geometry 

(nb, C / R ,  and b )  can proceed more e f f e c t i v e l y .  

A s  mentioned previous ly ,  i tems number 3 ,  4 ,  and 5 a r e  more o r  

l e s s  independent of t h e  o the r s  and w i l l  not d i c t a t e  t h e  choice of 

a i r f o i l  geometry. In  o the r  words, they  produce second order  e f f e c t s ,  

muot bc " l ivcd  with", and w i l l  have approximately t h e  same e f f e c t  

on tu rb ine  performance regard less  of t h e  choices made on t h e  b a s i s  

of cons idera t ions  1 and 2. I f  one accepts  t h i s  argument, then  

v i r t u a l  aerodynamics and c e n t r i f u g a l  e f f e c t s  a r e  t h e  primary candi- 

da t e s  f o r  immediate i nves t iga t ion .  



The DOE sponsored , research  a t  WW s t i l l  has a s  i t s  primary 

ob jec t ive  t h e  eva lua t ion  of cc a i r f o i l s  f o r  Darrieus t u rb ine  per- 

formance improvements. Obviously t h i s  goa l  cannot be achieved 

without adequate cons idera t ion  of v i r t u a l  aerodynamics. Therefore,  

continuing research  w i l l  be s t ruc tu red  t o  eva lua te  cc a i r f o i l s  with 

appropr ia te  cons ide ra t ion  of v i r t u a l  aerodynamics. But t h e  research  

w i l l  not  include a d e t a i l e d  inves t iga t ion  of v i r t u a l  aerodynamics 

and c e n t r i f u g a l  e f f e c t s . *  

An experimental program has been formulated which w i l l  permit 

expedient and t imely eva lua t ion  of cc a i r f o i l s .  The t e s t  apparatus 

w i l l  be an indoor model instrumented t o  provide l i f t ,  d rag ,  and moment 

da ta .  Indoor t e s t i n g  w i l l  g r e a t l y  s impl i fy  t h e  experiments, s ince  

t h e  vagar ies  of  t h e  f r e e  wind environment w i l l  be avoiaed. A t  t h e  

same t ime,  meaningful d a t a  can be obtained ( a t  Vm = 0) a t  constant  

Reynolds number and b l ade  angle of a t t ack .  Furthermore, t h e  r o t o r  

arm w i l l  be ad jus t ab le  s o  t h a t  a given blade can be t e s t e d  a t  var ious 

C / R ,  thus  s imulat ing d i f f e r e n t  v i r t u a l  camber, s o l i d i t y  and Re. 

Blades previously t e s t e d  outdoors w i l l  be re-used f o r  t h e  indoor 

t e s t s ,  thereby pe rmi t t i ng  a t  l e a s t  a q u a l i t a t i v e  evaluat ion of Re 

v a r i a t i o n ,  blockage, and unsteadiness.  Wind tunnel  t e s t s  have a l ready  

*However, t h e  value o f  such an inves t iga t ion  should not be underestimated. 
In  f a c t ,  t h e  au thors  be l i eve  t h a t  such a study would measurably con- 
t r i b u t e  t o  t h e  understanding of fundamental aerodynamics and advance 
t h e  technologica l  s ta te  of the art  Of Darrieus turbines.  An experi- 
mental program has been out l ined  which sys temat ica l ly  i nves t iga t e s  
t h e  important flow parameters  and should i s o l a t e  t h e  cen t r i fuga l  and 
v i r t u a l  camber e f f e c t s .  This program w i l l  be proposed f o r  study 
a t  some f u t u r e  da t e .  
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been performed on these  blades and w i l l  provide da ta  f o r  comparison 

of r e c t i l i n e a r  and curvi l inear  flow aerodynamics. Circulat ion con- 

t r o l l e d  blades w i l l  be fabricated and t e s t e d  on t h e  indoor machine 

and data  compared t o  t h a t  of t h e  conventional blades. 

If favorable cc blade aerodynamics a r e  demonstrated, t e s t  r e s u l t s  

w i l l  be used t o  iden t i fy  t h e  bes t  configuration f o r  outdoor t e s t i n g .  

Follow-on research a t  t h e  outdoor t e s t  s i t e  w i l l  attempt t o  v e r i f y  

performance improvements predicted from indoor t e s t  r e s u l t s .  A t  t h e  

same time, a properly formulated t e s t  program w i l l  a f ford  t h e  oppor- 

t u n i t y  t o  inves t iga te  t h e  impact of ro to r  geometry on turbine  per- 

formance as  well  a s  t h e  impact of Re va r i a t ion ,  blockage, and flow 

unsteadiness. It i s  envisioned t h a t  t h e  outdoor t e s t  machine w i l l  

be modified t o  permit va r i a t ion  of nb and C/R.  

This sect ion presents  an ou t l ine  of t h e  research t o  be conducted 

a t  WW given t h e  l imi ta t ions  i n  time, personnel and funding. It i s  

hoped t h a t  t h e  mater ia l  presented i n  t h i s  report  w i l l  increase t h e  

i n t e r e s t  of o ther  inves t iga tore ,  and s t imula te  r e l a t ed  research a t  

other  i n s t i t u t i o n s .  
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APPENDIX A: KINEMATICS 

The equation f o r  t h e  l o c a l  angle  of a t t a c k  along t h e  turb ine  

blade chord i s  developed with the  a i d  of Figure A l .  The present  

de r iva t ion  is  spec i a l i zed  f o r  t he  t e s t  condi t ions of t he  WVU VAWT, 

t h a t  is,  a b lade  of symmetrical a i r f o i l  s ec t ion  mounted with i t s  

chord perpendicular  t o  t h e  turb ine  rad ius  arm, ug 90' .  The 

l o c a l  r e l a t i v e  inf low v e l o c i t y  a t  any poin t  along the  chord i s  

given by 

and 
x C 

A 0  = a r c t a n  (- c fi) (A3 ) 

Noting t h a t  
R R' e - 

C Q S A ~  

and def in ing  a  l o c a l  i nve r se  t i p  speed r a t i o  a s  

Equation ( A l )  may be w r i t t e n  a s  

The angle 4 may be found from the  r e l a t i o n  



Figure Al. VAWT geometry for determination of local 
a n g l e  of at tack 



Making t h e  app rop r i a t e  s u b s t i t u t i o n s  g ives  

o r  i n  t h e  more convenient a r c  tangent form, 

4 = a r c t a n  E ' C O S ~ '  

1 -  sine' ' 

The l o c a l  angle  of a t t a c k  i s  

The equat ions necessary t o  c a l c u l a t e  t he  l o c a l  angle  of a t t a c k  a r e  

l i o t o d  below: 

x R ~0 = a r c t a n  (- F )  , C 

0 = a r c t a n  E ' C O S ~ '  

1 - ~ ' s i n 8 '  * 

Equations (Al) and (A10) completely de f ine  the  r e l a t i v e  inflow 

ve loc i ty  and angle  of a t t a c k  anywhere on t h e  chord, assuming symmetrl- 

c a l  a i r f o i l s  a t  aB = 9 0 ° .  



APPENDIX B: TRANSFORMATION EQUATIONS 

B.l Streamline Analysis 

Consider .a non-inertial (p,q) coordinate system whose origin 

(0, 0) is at the blade mounting point, and which rotates about the 

VAWT axis with angular velocity w .  Vector addition of the turbine 

rotational velocity and the free stream wind gives an expression for 

the relative inflow velocity.* From Figures B1 and B2 this relative 

inflow velocity is 

where the ( ^ )  quantities are unit vectors. Assuming the initial 

condition $ ( O ,  0) = 0, the stream function is 

After manipulation and the introduction of 

one obtains the relationship 

*It should be noted that the effects of flow blockage are not con- 
sidered in the analysis. While it is recognized that they are 
important, for the initial, qualitative strldy they may b~ dicmiaacd 
without compromising the validity of the findings. 



F i g u r e  B1. Vel.ocity due t o  VAWT r o t a t i o n  



Figure B2. Velocity  due t o  wind 



which is the equation for the instantaneous streamlines. 

Examination of Equation (B4) shows that the instantaneous 

streamlines are concentric circles, the origin and radii of which 

are 'functions of TSR and 8. Figure B3 shows these streamlines, 

with their origins at the point O', superimposed over the 

axes with the center of rotation at point 0. All linear displace- 

ments have been nondimensionalized by the turbine radius, R. 0' 

appears to rotate counterclockwise about point 0 at a nondimensional 

distance, ti. 

B.2 Virtual Camber Transformation Equations 

The derivations which follow require several different symbols 

and coordinate systems. To simplify the equations and to clarify 

the derivations, a system of superscripts and subscripts is used 

in conjunction with the various alphameric symbols. The superscripts 

g and v identify quantities which are referred to the geometric 

and virtual coordinate systems, respectively. The subscripts g, 

v, and R indicate that quantities have been nondimensionalized 

by the geometric chord (cg), the virtual chord (cV), and the 

turbine radius (R), respectiveiy. 

To transform the circular streamlines into their rectilinear 

equivalents, a polar coordinate transfonnation is used. As this 

type of transformation is conformal, the local angles of attack 

will be preserved. Using the notation outlined above, from Figure B3 
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Figure B 3 .  Streamline geometry 



and Equation (B4), these transformation equations are 

2 g qV = (p: + ecos8) , + (qR + 1 - Esin~)~}'~ R 

~quatikns (BS) and (B6) may be modified so that the origin of the 

(pBs qB) plane transforms into the origin of the (pV, qV) plane. 

Nondimensionalizing the coordinates by the geometric blade chord and 

def k i n g  the symbols 

one obtains 



and 

P - 2 2 %  r 2 -[r + A ] [arctan - arctan :] . 
R 
g 

Before equations (B11) and(B12) may be used, an add.itiona1 

translation and/or rotation will be required to convert the standard 

(x: , y:) airfoil coordinates to the (pg , q:) cqordinates. The 
8 

standard NACA coordinate system has the origin at the leading 

edge, the x/c-axis along the chord line and the y/c-axis 90 

degrees counterclockwise. ,Figure B4 shows a cambered mean line 

(rotated through an angle aB) with this standard airfoil coor- 

dinate system superimposed over the (p g, coordinate system. 
1 ' qg 

Prom Figure B4, the transformation from (xg , y:) to , qg) gives 
B g 

and 

The cootdinetee o f  the virtual airfoil may also be converted to 

the'standard NACA coordinate eystem, provided the virtual angle of 

attack and chord length are known. Applying Equations (B11) and 

(B12) to the mean line of an airfoil will produce a curve similar 

to'that in,Figure B5. From this Figure the virtual angle of attack is 



Figure B4. Standard airfoil coordinate system in relation 
to VAWT coordinate system 



F i g u r e  B 5 .  Transformed mean line 



ct = arctan v 9 

and the ratio of the virtual chord length to the geometric chord 

length is 

From Figures B5 and B4, the equations necessary to convert the 

coordlnulca from ~:quii'tion.r (1Il1) r~ntl (81 2) Ltlto t l ~ e  standard NACA 

system are 

and 

v v v v - - C8 
x [ (pg = p ) cosa v g 1 v + (q; - qgl) J- , (I3173 cv 

v v v v cg ' 
Yv = [ (pa  - P sinuv - (CI; - qgl) COS",I-; 

$1 
(B18) 

C 

Virtual Airfoil Geometry 

Some useful properties of the virtual airfoil may be calculated 

v with the aid of Figure B5. The perpendicular distance, a,,., from 

any point, D, on the transformed mean line may be found by using the 

formula for the distance from a point to a iine, which givee 



Once the maximum value of L: is known, the chordwise location 

of the point of minimum camber is 

For the case of the symmetrical airfoil, the chordwise location 

and amount of maximum camber may be calculated direc,tly, From 

Figure B5 the local angle of attack at the point of maximum c'amber 

is av. Since the transformation is conformal, this must also be 

the local angle of attack at the corresponding point in the original 

airfoil. From Figure B6, this angle is 

Using the appropriate trigonometric identity, Equation (BZ1) 

becowee 

I a - arctan 1 - (B22) 



Figure B 6 .  Symmetrical a i r f o i l  mean l i n e  



Equating (B22) and (B15) and simplifying gives 

v v 

R 2  1 ::'](A - ytana b ) - y - Atanab 
pg = g2 gl 
g 7 

The qg coordinate may be calculated from 
g 

The amount and location of maximum camber then follow from Equations 

(Bll), (B12), (B19) and (B20). 

B .  4 inverse Virtual Camber Transformation Equations 

To develop the inverse transformations, Equations (B13) and (B14) 

are written in terms of the virtual chord length, and then rearranged 

to give 



Since these equations resulted from a polar coordinate transfomatj.on, 

they may be inverted. The resulting equations are 

and 

Making the substitutions from Equations (B25) and (B26) and rearranging 

,g-l.vss 

and 
V 



As was' the case with the virtual.camber (direct) transformations, . ' ' 

additional manipulations are required to obtain p: and qV from v 

the standard airfoil coordinate systems, and to obtain xg, yg from 
8 g 

the p;, qf system. 

The resulting inverse transformation equations parallel the 

direct transformation equations and are 

v v v = (x: - kV) cosaV + (yV - hV) sinaV , 0331) 

v v 
q,V = (xV - kV) sinav - (yv - hv) cosaV , (~32) 

g - g  
Q,, = arctan qv2 qv1 

g - g  
, 

"v2 

g g cV and yg = [(pff - pvl) sinab - (q: - qV1) cosail - 
g c 

B.5 Geometric Airfoil Characteristics 

The geometric blade's mounting angle and chord length are given 

by Equations (B33) and (B34) respectively. The amount and location 

of the point of maximum camber may not be calculated directly for 

the inverse transformation. Instead, the mean line values of y g 
@I 



from Equat ions  (B36) must be searched f o r  t h e  maximum a b s o l u t e  

v a l u e  t o  g i v e  t h e  amount of camber. The corresponding xg v a l u e  
g 

i s  t h e  chordwise l o c a t i o n  of maximum camber. 



APPENDIX C: COMPUTER CODES FOR VIRTUAL AIRFOIL TRANSFORMATION 

C.l Introduction 

Computer codes have been written which implement the transforma- 

tion equations of Appendix B. The first program, VIRCAM, utilizes 

the virtual camber transformation equations to determine the virtual 

airfoil's geometry given the turbine blade's coordinates and defining 

parameters. The second program, INVIKCAM, utilizes the inverse vir- 

tual camber transformation equations to calculate the desired tur- 

bine blade's coordinates and geometric properties given the virtual 

airfoil's coordinates and appropriate operating parameters. 

C.2 VIRCAM 

VIRCAM contains 88 lines of FORTRAN IV code and is written for 

the IBM 360175-3701145 system. CPU time requirements are 0.57 sec. 

compile time and 0.71 sec. execution time for one set of operating 

parameters with an airfoil of 45 coordinate pairs. Data is input to 

the program through three READ statements. The first READ statement 

reads an identification index, an alphameric description of the air- 

foil section, the total number of coordinate pairs, and the number 

of mean line pairs. The identification index is a one digit number 

rcatl In colrrmn 1 under nn I1 format. Zero is used to indicate il 

symmetrical airfoil. Any positive, single digit integer may be used 

to indicate a non-symmetrical section. The alphameric description 



of the airfoil is read under a 7A4 format beginning in column 2. The 

1iu111l)cr o C coo rtl Lllr~ Lc p~11rs L:.i rci~cl uuclcr r111 14 for111aL I~eyil~iiltiy 111 

column 30. The number of mean line coordinate pairs is read under an 

I3 format beginning in column 54. The blank spaces after the number 

of coordinates may be used for comments about the coordinate deck, 

since they are not read. 

The standard NACA designation system was chosen for the airfoil 

coordinates. The origin is at the leading edge with the x/c axis 

along the chord Line and the y/c axis 90" counter-clockwise. The 

coordinate arrays are read under a 2F10.0 format, one pair of coor- 

dinates per card with x/c preceeding y/c. The mean line coordinates 

ulust be first, in saquenec fpom lcading to trailing odgo. . The 

surface coordinates may be placed in any order. 

The remaining read statement reads a 0 ,  TSR, c/R, and the b ' 
coordinates of the blade's mounting point under an 8F10.0 format. 

a,,, and 0 are read in degrees. If a TSR greater than 100 is read, 

~lir program uses a 'I'SK oi' '1'11~ viilues of chest! varltibles may be 

changed for subsequent runs by inserting additional daC8 card9 wich 

the appropriate changes. The program terminates when the final 

card with 999. in the first four columns is encountered. A program 

listing follows. 

The. program output consists of a list of input parameters, a 

table of input and transformed coordinates, and a list of the geo- 

metric properties of the transformed airfoil. If a TSR of was 

used, the overflow symbol is printed in the TSR space. A sample 

output plus a list of input and output symbols follows the program 

listing. 



Symbol 

ALFBDG 

CR 

NCORD 

NMEAN 

SECTN 

SYM 

TSR 

XC, YC 

XMOUNT , 
YMOUNT 

ab (degrees) 

c/R 

Totai number of coordinates pairs 

Number of mean line coordinates pairs 

Description of airfoil 

Symmetrical code: 0 = symmetrical, 1 to 9 = 
non-symmetrical 

B (degrees) 

Tip speed ratio 

(x/c, y/c) coordinates of turbine blade; NACA 
coordinate system 

Coordinates of mounting point 



%t 

TABLE C-2. VIRCAM OUTPUT SYMBOLS 

Symbol 

ALPHAV cr (degrees) 
v 

ALPHAB a (degrees) b 

CHORD RATIO Ratio of virtual chord length to original chord length 

C/R c/R 

L/CC Amount of maximum camber as fracrion of vlrLual ~ 1 1 u i d  

M/ Cc Chordrisc Inc;lel,nn of yulrlL ul: luaai~euiii  camber ao  
fraction of virtual chord 

PIC, Q/C Virtual airfoil coordinates with origin (0, 0) centered 
at mounting poinc; nondimensionalized by geometric 
chord length 

THETA 0 (degrees) 

TSR Tip speed ratio 

x/c, Y/C Geometric airfoil coordinates 

XXICC, YYICC* Virtual airfoil coordinates with origin (0, 0) at the 
leading edge; nondimensionalized by virtual chord length 

*To obtain (x, y )  coordinates, multiply the chord of the,geometric 
airfoil by "CHORD RATIO" and then by (XXICC , YY/CC) . 



c * * * * * V I  P,CA!?***** 
C TFII S PR0GRAr.I CALCULATES TYE TRANSFOR!'!EC COO90  INATES FOR A SPEC I F I ED 
C A I KFG I L US l NG TFIE V l RTUAL CA;?BER TEANSF?RllATI ON EOIJATI O N S .  
c 
C 
C 

1 @IMENSIO?l  XC(100 ) ,  YC( 1003., PC(100 ) ,  ?.C(10-01, .PCCAP(100).,  QCCAP(100)  
Ati , SECTFJ (.7 1 PPC.( 1 0 0  I:,. Q0,C ( 100.)  # XXC ( 1 0 0  # YYC( 1 0 0  

2 ! ~ A T A  XC, YC, PC; QC,. PCCAP, QCCAP, FPC, nQc,  XXC,. Y Y C . / ~ O O O * . O . C /  
3  F:E'AL LC, IdC, LREF 
4 IPiTEGER SYK 
5 P I  = 3 . 1 4 1 5 9 2 6 5 4  
6 FEAD(5,901) SYh,!, SECTN, NCORD, NMEAY 
7 kEAD(5,902)  ( X C ( I ) , Y C ( l ) , I = l , N C O R n )  
8 1 R E A L  (5 ,903)  ALFBDG, Tt!ETA(?, TSR, CR,  X'!OUP!T, Y~?Ol!NT 
'9  I :F (ALFEDG.C.T.100.) GO TO 9 0 0  

00 1 G  \ fR ITE(6 ,S04 )  SECTL! 
\O 11 \!R I TE ( 6,305 ) XP!OUI\!T, Yl?lO~lt~lT, C R ,  ALFQnC, TVETAD, TSR 

1 2  \ !P!TE(6,906) 
1 3  L L F S  = ALFB3G*P1 /180 .  

' 1 4  THETA = THETAD*PI / 1 8 0 .  
C 
C CALCl iLATI  t,JG PRCPER VALUE OF E P S I  LOF! 
C 

1 5  I F  (TSR.GT.100.) GO TO 3 
1 6  EPSLON = l . / T S R  
1 7  C-0 TO 5 
1 8  3 EPSLOM = 0.0 
1 9  5 COr!T I flUE 

C 
C CALCULATI NG If4 I T I  AL TRANSFORMED COORD I r.fhTES 
C 

2 0  DO 1 0  1 = l,!!CORD 
' 2  1 F.C(I ) = ( X C ( I  ) - X ~ ! O U ~ . J T ) * C O S ( A L F ~ ) + ( Y C ( ~  ) - Y ~ ~ O ( J ~ ! T ) * S I P I ( P . L F R )  
.2 2 CC( I ) P O(C(I )-XMOL!NT)*SI I.I(ALFR)-(YC( I ) - Y ~ : ~ ~ J F I T ) * C Q S ( P ~ . L F ~ )  
23 1 0  CONT l t! l lE . . 



24 r l  = .  EPSh3tl*Cr)S(THETj:.) 
25 3 = 1.0 - EPSCON*SIN(THE-A) 
2 6  C = SQRTIA*.I\ + B * R )  
27  O = ATA!.!iA/3) 
2 8  DO 20 1 = 1,NCORD 
29 E = P C ( I ) * C R  + A 
30 F = 4 C ( I )  *CR. + B 
3 1  G = SQf?T:E*E + F * F )  
32 PCCAP( I )  = I;*(RTAF!(E/F) - .P)/C!? 
33 O.CCAP( I 1 =(.2 - C ) /CR 
34 20 COf!TIFJUE 

C 
C CLLCI 'LATl  r!G TRAF6SFORI:Efl A1 5~ I L ' S  P K D E 9 T I  F S  
C 

3 5  :,LPI!A= A T A : ! ~  ~ C C C A P ( ~ J : ~ ~ : A I I  > - ~ C C A ? (  I 1, ~ c c : ~ , r ( r ! t ! r : ~ ~ r ~  - ? C C A P  ( 1) 
36  CHDl?D=SC?T( ( P C C A P ( ~ I : ' E A ? : ) - P C C A P ( ? ) ) * * 2 + ( C C C A P ( L ! Y 1 . ~ ~ ~ ! ) - ~ C C ! ~ ~ ( 1 I  )**2) 

\D 
o 37  I F  (SYI.i.!lE.O) CO TT) 1 0 0  

38 PRJ?AX=( (?CCBP(IJC!EAI.<)-QCCAPP 1) ) / (  FFCCAP(!!l!EkrJ)-PCCP,P( 1) I* (?-> . *TArJ(AL 
AFB) ) -A -3 *TAG(ALF3 l ) *C I )S (ALFR) * *2  

39 QTU;tkX=PRt'AX;rTAt! ( A L F B  1 
0 (J EE = PRI.'.!+X + A 
41 F F  = Q R 1 ' 4 X  + B 
42 GG = SCIR'i(EE*EE + F F * F F )  
43 PO4X = G?*(ATAl , ! (EE/FF) - n ) / C R  
4 4  ?@I!?X = { C 2  - C)/,CR . . 

45  LC=( PCF-'>:*((ICCAP(~I!!EF.I~ )-C:CA.P( 1) ) ~ C C ! ! X * ( . P C C A P (  1)-?IICAP(P!laE:!!) )+PCC.4 
AP('r!t.!EAN )*C)CCPP( 1 ) -PCC4P(  1)*OCC/I.?C!!t.tEP+t1) )/CHORn/C!-!c!RD 

46 t.;C=( PC!!)(-PCCPP( 1) /C t iORn/COS(ALPPA) -LC*TA! !  (ALPI!A 
4 7  GO TO 200 ' 
48 1 0 0  LREF = 0.0 
49 II = 1 
50  DO 1 5 0  1 = l,?Jt!EAt! 
5 1  LC=(PCI :A lP ( I )+ (OCCAP(F ! r !EA! I ) -QCCAPdl ) )+?CCA?(  I ) * ( P T : C A P ( l ) - D r C h P ( P ' l + E A  

At ] )  )+PCCA'P(HP.!EAt.!) *QCCAP( 1)-PCCAP( I) *OCCAP(:!F.tEAr!) ) /CI.!ORr/C!-!r!P.3 
5 2 IF(LREF.CT,LC) GO TC 1 5 0  
53 LZEF = LC 



LREF = LC 
1'1 = I 

1 5 0  COHT I NUE 
LC = LREF 
t6C=(PCCAP( I I )-PCCAP(l)) /CYORP/COS(ALPHA)-LREF*T4!!(f i .LP!-iA) 

200 CONTINUE 
C 
C CC':VERTl r!C TRANSFORI-fED COCRfl t CATES 'TO STA!IT)AR" (1 19FQ 1 1. COORC l FJATE SYSTEt.4 
C 

no 210 I = 1, NCORD 
PPC( I )  = (PCCAP( I )*COS(?LPHA)+nCCAP( I )*SIP!(ALPvP ))/Ct-IORU 
QQC( I )  = (QCCAP( I )*COS(,lLP!-?A)-PCCAP( I )*SITI(ALPIJQ) 1/CHr)Rn 
X X C (  I)  = PPC( 1)-PPC( 1) 
YYC( I) = -O.QC( I )+f!OC(l) 

210 COb!TIMUE 
C 
C 

90 220 1 = 1, Nb4CAr4 
!IRITE(6,907) XC( I  ), YC(I  1, PCCAP(I ), nCCbP(I 1, X X C ( I  1, Y V C ( I )  

220 CDNTINUE 
?lRITE(6,909) 
NN = NCEAN + 1 
DO 230 1 = NN, NCORD 
WRITE(6,907) X C ( I  ), YC(I) ,  PCCAP(I 1, FCCAP(I ), XXC(1 1, YYC( I )  

230 CONTINUE 
AILPtIAI) = ALPHA*180./PI 
WRITE(6,908) ALPHAD, CH09F8 LC, ' I C  
GO TO 1 

900 klRITE(6,910) 
STOP 

9 0 1  FORVAT( 11,7A4,14,28X, 13 )  
902 FORVAT( 2F1O .O 1 
0 FORMAT(8F10.0) 
904 FORMAT( '1',10(/),38X, 'vI RTIIAL CAF'RER TRAFJSFOPF'ATIO?J -',?A41 
905 FOl?t,lAT(41X, 'rlOUNTIF!C POI'IT: X/C =',F5.2,', Y / C  =',F5.2, '; C/R =',F 



A 6 . 3 , / , 4 2 X , ' R L F H A R  c1,F6.2,' PEG; T H E T A  = ' , F 5 . 0 , '  PEC; T?R = - , ~ 5 . 2 )  
8 3  9 0 6  FORI. ' / \ .T ' (P/ / ,J~>,  ' x / c ~ , € x ,  ' Y . / c ' , ~ x ,  ' P / ? ' , ~ x ,  ' Q / c ' , ~ x ,  ' X X / C C ' , I ; X ,  ' Y Y /  

A C C ' , / )  
C4 907 FOF!,'AT,(37X,3-(F6.3,3X,F6.3,6X)) 
b S  908 F O F . ~ ~ A T ( / / , ~ ~ X ,  ' T R ~ A F J S F O R ~ : ~ F : D  P R O P E R T I E S :  A L P H A \ /  = ' , F 6 . 2 ,  ' D E c ; ' , / , ~  

A Z X , ' C H O R D  R A T I O  = ' , F 6 . 3 ,  '; L / C C  =',F7.4, '; V C C  = ' , F 7 . 4 )  
8 6  9 0 9  F O C f 8 A T ( / , 5 6 X ,  ' ~ ~ E A N  L I N E  D A T A  ~ ~ 0 ~ ~ ' , J , 3 8 ~ , 5 6 ( ' * ' ) , / , 5 7 ~ ,  ' F . I  RFW D 

A A T L  B E L O W v , / )  
G 7 910 FOF:CIAT( ' 1' 
8 8  E r.1 F 



V I R T U A L  CAMBER TRANSFORMAT l O N  - NACA 0015 A I R F O I L  S E C T I O N  
MOUNTING P O I N T :  X/C = 0.25. Y/C = 0000; C/R = 0.260 

ALPHA8 = 0.00 DEG; THETA = 01 DEG; TSR = 5.50 

X/C Y / C  P/C Q/C XX/CC YY/CC 

01000 01000 -0.246 -0.037 00000 00000 
0.100 0.000 -0.148 -0.024 0. 097 01010 
0.200 01000 -0.049 -00009 0.195 01 018 
0.300 01000 0.049 0. 009 0.293 0 024 
0.400 0.000 0.148 0.030 0.392 0. 027 
0.500 01000 0 0246 (0052 0.491 00 028 
00600 0.000 0.345 0. 078 0.592 0.  027 
0.700 01000 0.444 0 .  105 0.693 00 023 
01800 01000 0.543 01135 0.794 0.017 
0.900 0.000 0.642 0. 167 0. 897 0.01 0 
1.000 0.000 0 0742 00201 10000 -00000 

MEAN LINE DATA ABOVE ........................................................ 
A I R F O I L  DATA BELOW 

00012 00 024 -0.230 -0.059 0001 1 0s 025 
00012 -00024 -0.238 -0.012 0.013 -0.022 
0.025 0.033 -0.216 -0.066 0.022 0.035 
0.025 -0.033 -0.227 -00001 0.026 -00030 
0.050 0.044 -00 189 -0.075 0.046 0 049 
0.050 -00044 -0 0205 01013 0.051 -0.038 
00 075 Om052 -0.163 -00079 00070 0.060 
0 0075 -0.052 -0.182 00 025 0.076 -0.044 
01 LOO 0 059 -0.137 -0.082 0,094 00 068 
01100 -0.059 -0.158 0.034 01101 -0-047 
0. 150 0.067 -0.086 -00083 00 142 0. 081 
0.150 -0.067 -00110 0 049 00150 -0.051 
01200 0.072 -0.036 -0.099 0.1 91 0 089 
0.200 -0.072 -0.062 do 062 0.199 -0.052 
00250 0- 074 0.013 -0.073 0.240 0.094 
0.250 -0.074 -0.013 0.073 0.248 -0.052 
0.300 0.075 00063 -0.064 0.289 00 097 
00300 -0.079 0.036 0.083 0.297 -0.060 
0.400 0.073 0.161 -0.041 0.388 0.098 
0.400 -0.073 0.135 01100 0.396 -0. 044 
0.500 0. 066 0.25e -o.ora 0.188 0.082 
0.500 -01066 0 -234 0.117 0.495 -0.036 
00600 01 05 7 0,355 0.023 0.589 0.082 
0.600 -0.057 0.335 0.133 0.595 -0eO28 
00700 0.046 01452 01061 00690 00 067 
01700 -0.046 0.435 -149 0.695 -0.021 
0.800 00033 0.549 0.104 00 793 0. 049 
0.800 -0.033 0.537 0.166 0.796 -0.014 
0.900 0.018 0. (545 0.1 RO 0.896 0.027 
01900 -0.618 00639 00 L 84 0.897 -01 007 
0.950 0.01 0 0.694 0.174 00948 0.015 
0.950 -0.010 0-690 0.193 0.949 -0.004 
1.000 01002 0.742 0.199 10000 01001 
1.000 -0.002 0.742 0.202 1.000 -0.001 

TRANSFORMED PROPERTIES:  ALPHAV = 13.53 DEG 
CHORD R A T I O  = 1.016; L /CC = 000280: M/CC = 0.4681 



C.3 INVIRCAM 

INVIRCAM contains 69 lines of FORTRAN IV code and is written 

for the IBM 360/75-370/145 system. CPU time requirements are 0.40 

sec. compile time and 0.77 sec. execution time for one set of 

parameters with an airfoil of 45 coordinate pairs. All. inputs are 

identical to the VIRCAM program with the exceptions that the SYM 

index has been eliminated and av is input rather than ab. The 

output ie similar to the VIRCAM output with the exception tllut the 

INVIRCAM chord ratio is the inverse of the VIRCAM chord ratio and 

a,, is output rather than av. A list of input and output symbols, 

program listing, and sample output follow. 



Symbol 

ALPHAD 

SECTN 

THETAD 

TSR 

XMOUNT , 
YMOUNT 

TABLE C-3. INVIRCAM INPUT SYMBOLS 

a (degrees) 
v . 

c / R  

Total number of coordinate pairs 

Number of mean line coordinate pairs 

Description of airfoil 

U (degrees) 

Tip speed ratio 

(x/c, y/c) coordinates of virtual airfoil; NACA 
coordinate system 

Coordinate of blade mounting point 



TABLE C-4. INVIRCAM OUTPUT SYMBOLS 

Symbol 

ALPHAV (degrees) 

ALPHAB ab (degrees) 

CHORD RATIO Ratio of turbine chotd length to virtual chord length 

CLR c/R 

Amount of maximum camber as fraction of geometric 
airfoil chord 

MI C Chordwise location of point of maximum camber as 
fraction of geometric chord 

PIC, Q/C Geometric airfoil coordinate with origin (0, 0) at 
mounting point; nondimensionalized by virtual chord 
length 

THETA R (degrooo) 

TSR Tip gpeed ratio 

X/C, Y/C* Geometric airfoil coordinates 

XX/CC, W/CC Virtual airfoil coordinates with origin ( 0 ,  0) a L  tlsk 
leading edge; nondimensionalized by virtual chord 
length 

*To obtain (x, y) coordinates, muitiply the chord of the virtual 
airfoil by "CHORD RATIO" and then by (X/C, YIC). 



C *****I f.lVI RCAr.!***** 
C TW 1 S PROGRAM CALCULATES THE COORD I PATES FO!? A SPEC1 F I ED TRfi,NSF09L!En 
C A1 RFOl L US1 FIG TI-IE I NVERSE V I  RTIJAL CAI'RE!? TPA.F!SFP??.'ATlfl!~! EOl!ATI Q V S  
C 
C 
C 

1 DIMENSION XC(100),  YC(100),  PC(100) ,  ?C(100) ,  P C C A P ( ~ O O ) ,  4cCAP(10 
AO), SECTN(71, PPC(100), QQC(100), XXC(100), YYC(100)  

2 DATA XC, YC, PC, QC, PCCAP, QCCAP, PPC, QQC, XXC, YYC/1000*0,0/  
3 REAL LC, !lC 
4 P I  = 3 . 1 4 1 5 9 2 6 5 4  
5 READ(5,901) SECTP.J, t!CQRD, NMEAN 
6 READ(5,902) '(XXC( I 1, YYC( I 1, I = 1,FICORD 
7 1 READ(5,903 ALPHP,V, THETAD, TSR, CR, Xt!OUbIT, YI'OUFJT 
8 IF(ALPHAV.GT.100.) GO TO 9 0 0  
9 W?ITE(G,904) SECTN 

\O I!! M?. I TE ( 6,905 XI?OU.'T, YF?QVtJT, CR, ALPHAV, THET.An', TSR 
4 11 WRITE(6,906) 

1 2  ALPHA = ALPWAV*PI / l S O .  
1 3  THETA = THETAD*Pl / l t?O.  

C 
C CALCULATltlG PROPER VALUE !7F EPSILON 
C 

1 4  IF(TSR.GT.100.)  GO TO 3 
15  EPSLOtl = l . / T S R  
1 C CO TO 5 
1 7  - > EPSLOF! = 0.0 
1 8  

- 
2 COFIT I FJUE 

C: 
C CALCULATI NG I F : IT tAL  TRtl>lSFORt.?ED COORDl NATES 
C 

1 9  DO 1 0  1 = 1,NCORD 
2 0  PCCAP( I )  = (XXC( I 1-Xt!OUF!T)*CC)S(ALPHA)+(YYC( I ) - Y I L P H A )  
2 1  QCCAP( I ) = ( X X C (  I 1 - X ! ' I ? U ~ T ) * S  ~ ~ . I ( A L P ~ ~ A ) - ( Y Y c (  1 > - Y ~ . . ! O U P ~ T ) * C O S ( A L P H A )  
2 2 1 I) CONT I F!UE 
23 A = EPSLOI!*COS (TIIET.4 1 



2 4  3 = 1.0 - EPSLOFI*SI'.j(THETA) 
2 5  C = SQRT(.A*A + B*B)  
2 6 = ATAFICA/€?) 
2 7 00 20  1 = 1 , N C D R D  
28 E = ~ . C C A P ( I  ) * C R  + c 
2 9 F = PCCAF(I)*CR/E + D 
30 PC( I ) = (E*S tM(F)  - A.)/C!? 
3 1  n \C( I )  = (E*COS(F) - B ) / C R  
3 2  2 0  CONTIPUE 

C 
C COtlVERT I NG .TRANSFO!?l.'Er! COO!?!? l I JATES TO ST4?!>ARD A I R F G  I I. CC'ORP l HATE SYSTE'' 
C 

33 A L F B  = A T A N 2 ( ~ C ( N f ? l E A N ) - Q C ( l ) , P C C F I f : " A t ~ ) - l P C ( l ) )  
34 C t l C R D  = SORT( (PC( tJP?EA?I)-?C( 1) ) * . * 2 + ( O ( l ( ~ l ~ E P : d ) - n C ( l )  ) * * 2 )  
35 CO 30 1 = 1,1.!COp.'D 
3 6  P P C ( I )  = (PC( I )*COS[ALFR)+PC(I  ).*SIr:(ALFP))/C!IC)RC 
3 7 O O C (  I )  = ( Q C {  l ) * C O S [ A L F R ) - P C (  I ) ~ * s I F ! ( . & L F ~ ~ ~ / C H O R E  
3 8  X C ( I )  = P P C ( I )  - PPC(1) '  
3 9  YCCI) = -QQC(E) + O.l).C(l) 
4D 30  CDF.!TItJUE 

C 
C CALCULATING TRAtISFORR.1EJ 1 RFO I L ' S  PROBEFTI ES 
C 

4 1  YCREF-. = 3 .  C 
. 'B 2 I I  = 1 
k 3  [!O 40 1 = l,t%.!-7EAP.l 
44 \ IRiTE(6,907) EXC(il), YYC(I 1, PC:CI), QC( I  1, XC( I ) ,  Y C ( I )  
4 5 IFIYCREF,GT.ABS(YC(I)))GO TO 40 
4 6  I1 = I 
47 YCREF = YC( I ! 
b 8  40 COtlT I ?.lUE 

C 
C 

49 l..lRBTE (6,909) 
5 G  f,!N = F ! C I U W  + Z 



5 1  . no so I = :.I;.!, PICORD 
5 2  k l ~ 1 ~ ~ ( 6 , 9 0 7 )  XXC( I ) ,  YYC( I ) ,  PC('I),  CC( I ) ,  XC( I  1, Y C ( I )  
5 3  5 0  CONTINUE 
5 4  ALFBDG = ALFE*180./PI  
5 5 WRITE(6,908) ALFBDG, CHORD, Y C ( I I ) ,  X C ( I I )  
5 6  GO'TO 1 
5 7 9 0 0  k!R I TE (6,91C 
58 ST0 P 
5 9 9 0 1  FORt.!AT(7A4,1X8 1 4,20X8 1 3 )  
6 0  9 0 2  FORP:!LT 12F 10.0 
6 1  903  FORMAT(8F10.0) 
6 2  904  FORMLT( ' l ' , lO( / ) ,  34X, ' INVERSE VIRTUAL CAMBER TRAblSFORt.?ATIOFI - ' ,7A4 

A )  
6 3  905  F O R ~ < P . T ( ~ ~ Y . , ' F ~ O U F . I T ~  flG POINT: X/C =',F5.2, ', Y/C =',F5=2, '; C/R =',F 

A6.3,/,42X8'ALPHAV =',F6.2,' [IEC;; THETA =',FS.O,' DEG; TSR =',F5.2) 
6 4  9 0 6  F O R M ~ T ( / / / , ~ ~ X , ' X X / C C ' ~ ~ X , ' Y Y / C C ' ~ ~ X ~ ' P / C ' ~ ~ X ~ ' ~ . / C ' ~ ~ X ~ ' X / C ' ~ ~ X ~ ' Y  

A/C',/ 
6 5 907 FORClP,T(37X83(F6.3,3X',F6.3,6X)) 
66 908 FORt!AT(//,OSX, 'TRAtlSFORb4ET) P9OPERTIES: ALPI4AB = ',F6.2, ' r\EG',/,4 

AZX,'CHORD R ~ . T I O  =',F6.3,'; L /C =',F7.4,'; M/C =',F7.4) 
6 7  9 0 9  FORF!kT(/,56X8 'MEAH L I  HE DATA A R O V E ' , / , ~ ~ X , ~ ~ (  ! *'),/,56~, 'A I  L 

AATA EELO\:',/) 
16 8 9 1 0   FORMAT('^') 
16 9 END 



INVERSE VIRTUAL CAMBER TRANSFORMATION - INVERSE OF NACA 0015 
MOUNTlNG P O I N T :  X/C = 0.25. Y/C = 0.00; C/R = 0.260 

ALPHAV = 3.66 DEG; THETA = 01 DEG; T S R = * * * * *  

00 000 
O I O O O  

-0.000 
0.000 
0.000 
0.000 

-0.000 
0.000 

-0.000 
-0.000 

0.000 

MEAN L I N E  DATA ABOVE 
****************+*l*******.***t***************** 

AIRFOIL DATA BELOW 

TRANSFORMED PROPERT IES: ALPHAB = O r  61 DEG 
CHCRD R A T I O  =. 6.993; L / C  = 000005; M/C = 001001 

*U.S. GOVERNMENT PRINTING OFFICE: 1980-740-145/699 




