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ABSTRACT 

The effect s  o f  flow nonuniformities on the performance of a horizontal axis 
wind turbine are calculated taking dynamic s tall  into account, The well-known 
program PROP is modified to incorporate the above effec t s ,  and exercised to 
produce quantitative comparisons with the uniform flow cas e .  

After s tudy of various existing model s ,  the MIT model ( developed in 1983 ) is 
used t o  represent dynamic s tall . This model is considered to provide 
sufficient accuracy for turbine performance analysis and yet is relatively 
simple . ·Using reduced frequency as  a parameter , it predic t s  dynamic lift 
coefficien t s  substantially higher than the s tatic maximum values and inc ludes 
a crude model of the vortex roll-off phenomenon . An as sociated model for drag 
is used, 

The dynamic stall  model was tested against experimental data for three typical 
reduced frequencies, Good ins tantaneous correlation i s  obtained , while a 
comparison of average values of lift and drag coefficient over a cycle show 
excel lent correlation . 

This model has been incorporated into PROP and , in addition , data input has 
been modified to accept more general geometry specification . The analytical 
features of PROP have been extended so that fluid mechanic s at each radial 
s tation vary as the blade rotate s , making it pos sible to represent a flow 
which i s  not uniform acro s s  the disk.  

The nonuniformities are wind shear , modeled by a power law ;  tower wake , 
modeled by an approximate Gaus sian deficit ; yaw, modeled by additional flows 
in the rotor-disk plane and large-scale turbulence ,  modeled by an axial flow 
with sinus oidal temporal change s  in magnitude, 

Repres entative turbines used to exercise the model are the Westinghouse Mod 0 
and the Enertech 44/25 . The comparis on of field test  data from the unit s with 
model predicted performance is good , lending credence to the basic PROP 
model . The effect s  of nonuniformities ( using parameters typical  of normal 
wind turbine environment s )  with and without the dynamic s t a l l  are then 
calculated . Modeling the dynamic stall  is shown to have little  effect , of the 
order of a few percent , on the performance .  This is principal ly due to the 
compensating effect s  of increased dynamic lift and increased dynamic drag . I t  
is  further shown that the performance with nonuniform f low compared with the 
uniform flow case differs by only a few percent . 

The new PROP model provides a powerful general capability to handle nonuniform 
f l ows rational l y .  The resul t s  indicate that the performance in these cases is  
not  greatly different from the uniform flow situation , indicating that over a 
cycle the rotating blade act s  as  a very effective averaging mechanism. 
However , the ins t antaneous changes in rotor loads due t o  nonuniformities are 
significant and can be predicted with the new program. 

iv 



STR-27.32 

1 . 0  

2 . 0  

3 . 0  

4 . 0  

5 . 0 

6 . 0  

TABLE OF CONTENTS 

Introduction • • • • • • .• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  

Dynamic Stall Model • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

2 . 1  
2 . 2  
2 . 3  
2 . 4  
2 . 5  

Available Methods • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
Mode 1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  • • • • • • • • • • • • • • •  •. 
Mode 2 • • • • • • • • • • • • • • • • • • • • • • • • • • • •  • • • • • • • •  • • • • • • • • • • • • • • • • • • • • • 
Mode 3 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  • • • • •  • • • • • • • • • • • • • • • • • • • • • • 
Mode 4 • • • • • • • • • • • • • • • • • • • • • • • • • • • •  • • • • •  • • • • • • • • • • • • • • • • .• • • • • • • • 

Modifications to PROP • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  

3 . 1  
3 . 2  
3 . 3  
3 . 4  
3 . 5 

Nonuniform Flow Models• • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • •  
Momentum Theory • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
Axial Force Equation• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
Circumferential Force Equation• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
Tip Los s  Correction • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  

Tes t  Cases•••• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  

4 . 1  
4 . 2  
4 . 3  

Tes t  Case Result s• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
MOD 0 Tes t  Cases••• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
Enertech Tes t  Cases • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  

Conclusions• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

References • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  -. • • • • •  

Appendix A 
Appendix B 
Appendix C 

Notes on Nomenclature• • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
U s er ' s  Guide for the Program PROP• •• • • • • • • • • • • • • • • • • • • • • • • • • •  
Example Runs of the PROP Code• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  

v 

1 

3 

3 
6 
6 
7 
7 

15  

19  
20 
24 
25 
27 

3 1  

3 2  
32 
46 

53  

55  

56  
58  
65  



2- 1 . 

2-2 . 

2-3 . 

2-4 . 

3-1 . 

3-2 .  

3-3 

LIST OF FIGURES 

Dynami c  Airfoil Characteris t i c s  for the NACA 0012 , 
Compari s on between Theory and Experiment for a Reduced 

STR-2732 

Frequency of 0 . 1 ,  a, = 1 0° ±S0• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  1 1  

Dynami c  Airfoil Characteri s t i c s  for the NACA 0012 , 
Compari son between Theory and Experiment for a Reduced 
Freq�ency rif 0 . 2 ,  a, = 10° ±S0• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  1 2  

Dynami c  Airfoil Characteri s t i c s  for the NACA 0012 , 
Compari son between Theory and Experiment for a Reduced 
Frequency of 0 . 15 ,  a, = 10° ± 5° • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  1 3  

Dynami c  Stall Hys teres i s  Loop for the NACA 0012 , 
Compari son between Theory and Experiment for a Reduced 
Frequency of 0 . 15 ,  a =  1 5° ± 1 0° • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  14 

Mod 0 Turbine Performance Predi c t i on wi th 5 ,  10 , 
and 20 Analys i s  Stati ons along the Blade . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6  

Flow Veloci t ies  as  Experi enced by a Blade Element • • • • • • • • • • • • • • • • •  2 1  

Rela t i onships between ! and CH , Theory and 
Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

4-1 .  Mod 0 Performance in  Uni form Flow, Compari son to 
Experimental Data• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ··-·· 34 

4-2 . Mod 0 Performance with Wind Shear• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  35 

4-3 . 

4-4 .  

4-5. 

4-6 . 

4-7 .  

4-8 .  

4-9 . 

L i f t  and Drag Coef f i cient Time H i s tories  for the Mod 0 
Turbine Blade at R/R = 0 . 75 and a Tip  Speed Rat i o  of 4 . 2 ,  
both wi th and without the Effect s o f  Dynami c  Stall • • • • • • • • • • • • • • • •  36 

Lift  and Drag Coefficient Time Hystere s i s  for the Mod 0 
Turbine Blade at R/R = 0 . 75 and a Tip  Speed Rati o  o f  4 . 2 ,  • • • • • • • • •  3 8  

Mod 0 Performance with Wind Shear and Tower Shadow, 
Drag Ri s e  during Dynami c  Stall not Included • • • • • • • • • • • • • • • • • • • • • • •  39 

Mod 0 Performance with Tower Shadow • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 40 

Mod 0 Performance with Wind Shear and Tower Shadow • • • • • •• • • • • • • • • •  41 

Mod 0 Performance wi th 20° Yaw Error • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • 42 

Mod 0 Performance wi th Wind Shear , Tower Shadow, and 
Yaw Error . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • 43 

vi 



LIST OF FIGURES ( Continued ) 

4-1 0 . Mod 0 Performance with Two Cycl e  per Revolut ion 

STR-27·32 

Turbulence . . • • • • . • • • • • • • • • • • • • • • • • • . • . • • • • • • . • • • .• • • • . • • • • • • • • • . • • . 44 

4-1 1 .  Mod 0 Performance with Three Cyc l e s  per Revoluti on 
Turbulence . . . • • . • • . . • . • . . • • • • • • • • • • • . • . . . • • • • . • • • • • • • • • • • • • . . . • . • • 45  

4-1 2 . Enertech 44/25  Performance, Uni form Flow• • • • • • • • • • • • • • • • • • • • • • • • • •  46 

4-1 3 .  Enert ech 44/25  Performance wi th Tower Shadow • • • • • • • • • • • • • • • • • • • • • •  48  

4-14 . Enertech 44/ 2 5  Performance wt ih  20° Yaw Error • • • • • • • • • • • • • • • • • • • • •  49 

4-1 5 . Enertech 44/25 Performance in  Two Cycles  per 
Revolut i on Turbulence• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  49 

4-1 6 .  Enertech 44/25  Performance i n  Three Cycles  per 
Revoluti on Turbulence• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  5 1  

4-17 . Enertech 44/ 2 5  Performance wi th Wind Shear, Tower Shadow 
and 20.0 Yaw Error • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  5 1  

vii 



LIST OF TABLES 

2-1 .  Stat i c  Airfoil Data for the NACA 0012  used in Theoretical 

STR-27 3 2  

Dynami c  Stall Pred i c t i on s  •••••••••••••••••••• �..................... 9 

2-2 .  Average Lift  andDrag Coefficent Values for the NACA 0012  
Airfoil during Dynami c  Stall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10  

4- 1 • .  P.ow.er Curve. for  . the Enertech 44/25 •••••••••••••••••••••••• , ••••••• , 33 

viii 



SECTION 1. 0 

IHTRODUCTIOH 

The phenomenon of dynami c  s ta l l  can occur whenever the angle of attack of an 
airfo i l  increases rela t i vely quickly from bel ow to abQve the angle of s t al l . 
When thi s happens , the f l ow over the airfoi l  can remain attached at angles  of 
attack above the angle at whi ch s teady-state ( stat i c  c a s e )  flow separat i on 
normally occur s . Thi s  resul t s  in  the airfo i l  generat ing higher l i ft forces 
than would otherwi s e  be pos s ible . In extreme cases , the l i ft coef f i c i ent can 
be increased by a factor of two or three by thi s dynami c  effec t . The flow 
over the airfoil  can then s eparate  suddenly,  resul t ing in  a rapi d  decrease in 
l i f t  and an increase in  drag . In the case of wind turbine rotor s , the angle 
of attack can vary due to the effec t s  of  tower shadow, wind shear , off-ax i s  
operat i on ,  and turbulence . A s  a resul t , the turbine blades can experience l i ft 
forces that are d i fferent ( u sually  larger ) than would be expect ed from stat i c  
performance alone. 

The increased l ift  forc e s  wi l l  have two main  effe c t s  on the turbine : 
increas ed blade bending l oad s , and a performance change . The effect of 
dynami c  stall  on blade loads has been examined by Nol l  and Ham ( 1983 ) .  In 
the i r  report , the effect s  of t ower shadow and uns t eady winds were examined . 
Here the effect on output power under the influence o f  the four uns t eady flows 
given above i s  examined by introduc ing dynami c  stall  effec t s  into the PROP 
computer codes ( Hibbs and Radkey 1983 ) .  

The PROP code i s  wel l  sui ted for performance pred i c t i on , but due to the 
as sumpt i on s  used in the code i t  i s  not wel l  sui ted for s tructural loads . PROP 
makes a rigid  rotor a s sump t i on .  In order to properly predi c t  loads , i t  i s  
nece s sary t o  include the effect s  of  blade elast ic i t y ,  teeter , and tower elas
t ic i t y .  These effec t s  result in blade mot i on s  not experienced by a rigid 
rotor . Such mot ions can be expected t o  affect the rotor s tructural loads . 

Current computer codes do a good job of f inding the turbine performance when 
the f l ow over the blades i s  attached . For mos t  turbines thi s corresponds to 
l i ght wind cond i t i on s  with the power output below rated . In s tronger winds , 
many turbines are s tall  contro l l ed to l imit  power output by a l l owing the flow 
to s eparate  from the rotor blade s . In these  cond i t i on s  the computer predic
t ions tend t o  be inaccurat e . Generally they underpredict  the output power , 
somet imes by very large amount s .  One pos s ible reason thi s may be happening i s  
that the flow i s  remaining attached a t  higher angles  o f  attack than those 
a s s oc iated with s t at i c  stall  due to the effec t s  of dynami c  s tall . Thus , it  i s  
des i rable t o  quant i fy the effec t s  o f  dynami c  s tall  on wind turbine perfor
mance .  

The purpo s e  o f  thi s project  i s  t o  modify the PROP computer code ( Hibbs and 
Rodkey 1983 ) to include the effect s  of nonuni form f l ow and dynami c  stal l . The 
project i s  divi ded into three part s .  The f i r s t  part i s  to select an appro
priate dynami c  s tall  model . The s econd part i s  to modi fy PROP as required . 
Final l y ,  the new computer program i s  exerci sed on s everal test  cases . 
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The f i r s t  part of the project starts wi th an examination of the available 
dynami c  s t all models a s  given in  the li terature . Current understanding of 
dynami c  s t all i s  not sufficient to calculate the blade forces from f i r s t  
princi ples o f  fluid mechanic s . Thus , mos t  models are empi r ical in  nature . A 
model mus t be selected that i s  easy to use ,  g ives reasonable result s ,  and i s  
compa t i ble with the PROP computer code . The dynami c  stall model i s  di s cus s ed 
in Sect i on 2 . 0 .  

Next , the PROP code mus t  be mod i f i ed .  Thes e  mod i f i cations include s everal 
changes made by Rocky Flat s  ( Tangler 198 3 )  a s  well as those  needed for thi s 
project .  The new code i s  required to handle the four nonuni fo�m flow cases 
given above ei ther s ingly ol' together . It  mus t  be pos s i ble t o  include the 
effec t s  o f  dynami c  s t all as  des i red . A complete des cript i on of the modi f i ca
t i on s  i s  given in Sec t i on 3�0 . 

The code was exerci sed by examining the performance pred i c t i ons of two tur
bines under vari ous  cond i t i on s  of wind shear , tower shadow, and the other 
nonuni form flow cond i t i on s . Pred i c t i ons wi th and wi thout the effect s  of  
dynami c  s t all are made and compared with actual turbine performance .  The full 
result s are given in Section 4 . 0 .  

2 



SECTION 2.0 

DYNAMIC STALL MODEL 

Dynami c  s t all i s  a highly complex phenomenon . I t  involves t ime-dependent 
interac t i on s  between potenti al flow and vi s cous flow e�fec t s . Thes e  complex
i t i e s  make i t  very d i f f i cult to determine the forces on an airfoil theore t i
cally , that i s ,  from the airfoil shape and the t ime hi s tory of the flow 
alone . As a result , mos t  models tha t  predi c t  the airfoil forces during 
dynami c  s t all are empirical in  nature . E s s ent i ally , the s e  models are s e t s  of 
equa t i ons that f i t  the experimental dat a . These  equat i ons are also  based on 
knowledge of the phy s ical mechani sm of dynami c  s tall . The result ing methods 
thus  require some experimental data on a g i ven airfoil to create a model to 
predi c t  i t s  behavior . In general , methods that rely on a more exten s ive data 
base for a given a i rfoil will give better predic t i ons . 

In thi s project i t  i s  des irable t o  get a f ir s t  look at the effect s  of  dynami c  
s t all on rotor power output . Thus i t  i s  nece s sary to have a method that gives 
good predi c t i on s  of the dynami c  l i f t  and drag forces , but frequently , because 
of other inaccuraci e s , a complicated model giving the bes t  pos s i ble pred i c t ion 
i s  not jus t i f ied . Thi s means a s impler method can be used . All dynami c  s t all 
methods require some input data for use in find ing the a i rfoil characteri s
t i c s . A method that requires only the s tat i c  a i rfoil lift  and drag data will 
in  princ i ple be simples t .  

Another cons iderat i on i n  choos i ng a dynamic s t all model i s  the eas e  with whi ch 
i t  can be i ncorporated into the PROP cod.e . The PROP code mus t  f i nd the l i f t  
coef f i ci ent and drag coeffi c i ent of a n  a i rfoil at a given angle o f  attack.  
Thes e  coef f i c i ent s can then be u s ed to f ind the forces for a blade element . 
When uns t eady flows are to be t aken into account i t  i s  neces sary to f ind the 
forc e s  on each blade element at s everal azimuthal s t a t i on s  during rota t i on .  
I f  dynami c  s t all effect s  are t o  be con s idered , then the number o f  circumferen
t i al s t at i on s  that mus t  be con s i dered can be qui t e  large , s ay over 100. In 
add i t i on ,  the cond i t i ons at  pas t  s tat i on s  affect the forc e s  developed at a 
future s t at ion .  The hi s tory o f  the blade element mus t  be remembered by the 
code tha t  implement s  the dynamic s t all method . I t  i s  des irable to use  a 
method that has the lea s t  parameters involved in remember ing the neces sary 
informa t i on .  

A further complica t i on i s  that the PROP code solves for the performance of 
each s t at i on in an i terative manner . The sec t i on lift  and drag coeff i c i ents  
mus t  be computed for s everal d i fferent angles of at tack at each s ta t i on during 
thi s i tera t i ve procedure , keeping the pas t  hi s tory the same . The chosen 
dynami c  s t all method mus t  be adaptable to thi s solut i on method to be usable in 
PROP . 

2.1 AVAILABLE METHODS 

Several available dynami c  s t all methods have been reviewed in  the report of 
Noll (1983 ) .  The methods reviewed are the Boeing-Vertol ( somet imes known as  
the Gormont method ) ,  UTRC , MIT ,  Lockheed , and Sikorsky methods. The descrip-
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tion of these  methods is  not repeated here . Noll concluded that the MIT model 
was the bes t  one to use  for turbine blade work. This model incorporates  
a spec t s  o f  both the Boeing-Vert ol method and the Sikorsky method . From the 
Boeing-Vertol method , the MIT method borrows the equations used to predict the 
angle of attack at which dynamic s t all occurs . From the Sikorsky method comes 
the equations that model the lift and drag coefficient s during and after 
dynamic s tall . The MIT method result s in a fairly accura·te prediction of 
dynamic s t all as a result . 

There are , in addition , newer methods not covered by the Noll report , since 
they were published at a later date . The two more interes ting of these  are 
the new UTRC ( Gangwani 1981 ) method and the Tran and Petot ( Rogers 1984 ) 
method . Both methods are highly accurate , but have drawbacks that limit their 
u s efulnes s  to this program� 

The new UTRC method uses  an effective angle of attack equation t o  determine 
the airfoil characteristic s . The method uses  this effective angle in a set  of  
equations t o  find the airfoil lif t  and drag coefficient s under uns teady condi
tion s . These equations require s everal ( about 20 ) constants that mus t  be 
found by a lea s t  s quare curve fit of tes t  data , which mus t  cover a wide range 
o f  dynamic conditions to be useful .  Any airfoil for which such dynamic data 
are not available cannot be modeled via thi s  method . This s trong reliance on 
t e s t  data makes this method unde sirable for use here . 

The Tran and Petot method uses  differential equations to find the uns teady 
lif t  coefficient . I t  is of interest  because the method does not have"modes" 
that mus t  be switched on and off a s  the airfoil goes from one condition t o· 
another . The s olution t o  the differential equation is  sufficient . This makes 
the method very suitable for being incorporated into a computer code . Unfor
tunately , it require s  s everal coefficien t s , each of which is particular to the 
airfoil and is a function of angle of attack. In addition , it does not give 
result s for the airfoil drag coefficient , but only it s lif t  coefficient . Both 
of these characteristics make it unsuitable for use here . 

Both the new UTRC method and the Tran and Peto t  method can be expected to give 
quite accurate  predictions . However , both require considerable tunnel data on 
the airfoil to  be modeled , data that mus t  be taken a s  the airfoil undergoes 
dynamic s t all . Such data are available for some airfoils , but usually only 
the type o f  airfoils that would be used on a helicopter . Data needed for 
airfoils used in wind turbine work are generally not available . 

The MIT model gives .some of the bes t  results of the methods examined by Noll, 
but is  inferior to the two methods given above . The MIT model has the advan
tage that it i s  simple , easy to use , and has been used before . I t  will work 
for any airfoil for which s tatic airfoil data are available . Thus , the tur
bine designer need not be concerned about finding and analyzing dynamic stall 
data for the airfoll s elected for a particular turbine design . With the MIT 
model incorporated· int o  PROP , turbine analysis with dynamic s t all can be 
carried out for a lit tle more effort than finding turbine performance without 
dynamic s t all effect s  being considered . 

4 



I t  i s  felt that for mos t  turbine work these  advantages outwe i ghed the impor
tance of any inaccuracies  the MIT model might have wi th respect to the more 
advanced model s . Thi s i s  e speci ally true at thi s early s tage of the work. I f  
s imple models show tha t  important new insi ght s can be gained from the con s i 
deraton of dynami c  s t all , then the extra effort can b e  expanded to develop the 
more complex model s . 

In the future i t  may be des irable to work on one of the s e  more advanced 
methods so i t  can be used for turbine performance predic t i on .  Thus , it was 
deci ded to modi fy PROP in such a way to permit  the later inclus i on of almo s t  
any generally dynamic s t all model wi th l i t tle effort . 

The mechani sm of the MIT model con s i s t s  of  four regimes or mode s . In thi s 
description the par t s  of  the model a s s oc iated wi th determining the moment 
c oeffi c i ent have been left out . Thi s i s  a s i gn i f icant s i mpl i f i cat i on and i s  
acceptable becaus.e PROP does not need moment coef f i c i ent  data t o  pred i c t  power 
output . 

F i r s t , the method s tart s by us ing the s t andard airfoil data ( Mode 1 ) .  When 
the angle of attack increas e s  from below the s tat i c  s tall value to above , the 
method extrapolate s  the lift  coef f i c i ent up to a higher value than given by 
the stat i c  data (Mode 2 ) .  As the angle o f  a t tack continues to increas e ,  the 
method computes  the dynami c  s t all angle , whi ch i s  a funct i on of the rate of 
increase in angle of attack . Once the dynami c  s t all angle i s  reached , the 
method models the dynami c  s t all proces s  (Mode 3 ) .  During dynami c  s tall , a 
vortex forms near the leading edge of the airfoil and rolls off along the 
upper surface of the a irfoil and off the trailing edge , accompanied by a 
sudden increas e  in  the airf o il lift  coeff i c i ent . The magni tude of thi s 
increas e  i s  a funct ion of the rate of increase in  angle of attack at the 
moment of dynami c  s tall . The l i f t  coef f i c i ent then remains  at  thi s elevated 
level unt il the angle of attack begins  to decreas e .  After the decreas e  has 
begun , the lift  and drag coef f i ci ent s exponent i ally decay to the i r  s tat i c  
values (Mode 4 ) . When the coef f i ci ent s are suf f i c i ently clos e  to the s t at i c  
values ,  the method resumes us ing them a s  i t  d i d  at  the beginning .  Thus we 
return to Mode 1 .  

A problem with the method a s  described lies  in the a s sumpt i on that the dynamic  
l i f t  coef f i c i ent remains  at  an  elevated level unt il the angle of attack begins 
to decreas e .  Con s i der the c a s e  of a wind turbine operat ing with a tower 
wake . As sume that when the blade is out s ide the tower wake the flow i s  separ
ated , but i t  i s  attached while in the t ower wake . The blade will experience 
dynami c  s t all when i t  leaves the wake . However , with the method described 
above , the lift  coef f i c i ent will remain at a high value for virtually the 
ent i re blade rotat i on . Thi s  i s  because the angle of attack will increas e  as  
the blade leaves the wake and then stay high for  mos t  of  the res t  of  the 
rotation unt il the blade reenters the wake . 

A better model of dynami c  s t all would be to have the l i f t  coefficient remain 
at its elevated level for a f i xed amount of t ime regardles s of  the airfoil 
mot ion . The length o f  t ime t o  be used i s  ·related to the movement of the 
s eparat i on vortex down the airfo i l .  
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When putting the method into the computer program , it is  convenient to divide 
it into s everal modes .  Each mode contains rules for determining the lift and 
drag coefficient s as  well a s  when t o  switch mode s . 

In preparation to use the method , it is  necessary to find the static s t all 
angle , as s• This angle i s  defined a s  the angle at which the lift  coefficient 
slope has a value of 0 . 05  per degree . With this angle known , a s  well a s  the 
s tatic s t all lift  coefficent , CL - ,  the method s tart s with Mode 1 .  

s s  

2.2 MODE 1 

The lift  and drag coefficient s are determined from the s tatic values .  These 
values are input parameters t o  the program and are particular to the airfoil 
used on the turbine . The lift  and drag coefficient values are specified at 
s everal different angles o f  attack and at s everal blade radial s t ations . 
Coefficient values at  intermediate  angles and s tations are formed by linear 
interpolation . The method continues to s tay in Mode 1 until the angle of 
attack increas e s  from below the s tatic s tall angle t o  above . Then the method 
goes to Mode 2 .  

2. 3 MODE 2 

In Mode 2 ,  the method finds the lif t  coefficient from the following equation : 

CL = CL + Q . l (a - as s> • 
s s  

The drag coefficient i s  found from the s tatic values .  The method also  finds 
the angle of dynamic stall , ad s : 

(&c) 112 ad s  = as s  + Y 2V ' 

where & i s  the rate of change o f  a with time , V i s  the local relative speed , 
and C the local chord , while y i s  a constant , having dimensions of an angle , 
and weakly dependent on the airfoil . If  y is not known for a given airfoil , a 
value of one radian is recommended . lt is convenient t o  put this equation 
into the following form : 

where da/ de i s  the rate o f  change of a with respect t o  e ,  the blade circumfer
ential position , and R is the radius of the station under consideration ; it is 
as sumed that the tip speed ratio is high enough that V is closely approximated 
by the circumferential blade velocity .  If  the angle o f  attack i s  below the 
dynamic s t all angle , then the method s tays in Mode 2 ,  otherwise  it goes to 
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Mode 3 .  The pos i t i on at whi ch dynami c  stall  occur s , ed s ' i s  saved , and the 
maximum l i ft coeffi c i ent i s  found from the following algori thm :  

i f  Cts s  

whi l e  i f  

and i f  

4 0  l:�l; 
2.4 MODE 3 

c -
Lmax -

+ O . l ( ad s  

40 da c 
de R 

Ct + s s  40 I da 
de i\ 

- as s> < Ct 

> 2 :  Ct max 

< Ct + 2 . 0  max s s  

= Cts s  + 2 

= Ct + 0 . 1  ( ad s  - as s> • s s  

Thi s  mode f inds the forces  during the vortex rolloff  period o f  the dynami c  
s t al l . The vortex i s  as sumed to form at the leading edge of the airfoil  and 
convect downstream at hal f  the forward speed of the a i rf o i l .  Whi l e  the vortex 
i s  between the l eading edge and the midchord point of the a i rfoi l , the l i ft 
coef f i c i ent i s  found a s  in Mode 2 ,  by extrapolat ing the l i ft coeffi c i ent to 
the current angle of attack . However , the l i f t  coeff i c i ent i s  not allowed to 
increas e  above c1 • The drag coef f i c i ent i s  found by a s suming the airfoil  
act s l i ke a ful ly�lled flat  plat e ,  that i s :  

Co = Ct s in a • 

After the vortex pas ses  the airf o i l  midchord point , the l i ft coef f i c i ent i s  
set  t o  c1 • The drag coef f i c i ent  i s  found from the stalled flat plate 
asusmpt ionm� above . When the vortex pas se s  the trail i ng edge , the method 
saves the current blade pos i t i on ,  e 0 , and goes to Mode 4 .  

2. 5 MODE 4 

Thi s  i s  the exponential decay mode or the recovery mode . The l i ft and drag 
coeffic i ent s are found from the following equat i ons : 

2R 
Ct = Ct + ( Ct - c1 ) e<e - eo>-c 

s max s . 

2R 
Co = Co + ( Co - Co ) e<e - e o )-c 

s max s 
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where c1 and c0 are the l ift and drag coeff i c i ent values at the end of 
Mode 3 ,  liW& c1 aHllfX c0 are the values that the airfoil  would have under 
s t a t i c  cond i t i ofts . Modes4 s tays in effect unt i l  the l i ft and drag coeff i c i ent 
values are wi thin t% of the static  values . The method then returns to Mode t .  

I t  i s  important to determine how well  the model pred i c t s  the coeff i c i ent 
values during dynamic s tal l . Thi s  can be done by comparing resul t s  from the 
model with wind tunnel test  resul t s .  A good set  of dynamic stall  data was 
taken by McCroskey ( 1983 ) .  He examined several airfo i l s  under d i fferent 
cond i t i ons of o s c i l lation frequency, ampli tude , and mean angle of at tack. Al l 
dynamic l i ft and drag coef f i ci ent s were taken with the airfoi l  undergoing 
simple s inusoidal o s c i l lations . In add i t i on ,  s t at i c  data were taken for each 
airfoi l .  The s tat i c  data were taken for angl e s  up to 30° and are thus qui te 
suitable for use in  the dynamic stal l model wi thout having to make any a s sump
t i on s  about the coeff i c i ent s at  high angl e s . 

I t  was decided t o  check the MIT model against  data for the NACA 0012  air
foi l . The s tat i c  data for thi s airfoil  measured by McCrosky are given in  
Table 2-1 . Thes e  data are somewhat smoothed from the original data . Three 
dynami c  cases were examined . Two of the case s  had a mean angle of attack of 
t0° , and o s c i l lat ed ±5° . The reduced frequency , k, for these cases was 0 . 1  
and 0 . 2 ,  where k i s  defined a s : 

k _ we - 2V ' 

where w i s  the angluar o s c i llat i on frequency. 

The third case had an average angle of attack of t5° and o s c i l lated ±t0° . The 
reduced frequency was 0 . 15 for thi s case . The test  cases  cover a range of 
cond i t i on s  for whi ch s igni f icant dynamic stall  effect s  take place , and can be 
expected to occur for wind turbine blade s . . For these  three case s , the step 
s i ze was taken as  1 / 120 of a complete cycle . Tria l s  wi th o ther step s igns 
( not shown) showed thi s s i ze to be a good compromi s e  between s peed and 
accuracy; further reduc t i ons in the step s i ze result in negl igibl e  improve
ments in accuracy . Thi s  step was al so used for the wind turbine analys i s  
cases .  

There i s  one s i gn i f i cant difference in  thi s compari s on .  The test  data were 
taken with airfoil angle of attack variati ons caused by airfo i l  rotat ion about 
the quarter chord .. point .. In the MIT theoret ical model case , airfo i l  angle of 
attack changes are caused by changes in the ver t i cal component of the 
veloc i t y .  Thi s  i s  equivalent to a heaving mot ion of the airfoi l .  The di ffer
ence in the mot i on s  of these  two cases  can be expected to cause some d i f fer
ences in the two curves . 
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Table 2-1. Static  Airfoil  Data for the NACA 

0012 Used in Theoret ical Dynamic 
Stall Predict ions 

a CL a CD 
0 0 0- 0 . 006 

5 0 . 68 5 0 . 009 

10  1 . 1 1 10  0 . 0 1 3  

1 3 . 4  1 . 36 1 3 . 4  0 . 0 18 

1 5  1 . 19 1 5  0 . 150  

1 7 . 5  1 . 08 20 0 . 286 

20 1 . 0 5  2 5  0 . 440 

25 1 . 02 30 0 . 630 

30 0 . 97 

Figure 2-1 shows the resul t s  for the f i r s t  case . Here the lift  coeffic i ent 
and drag coeff i ci ent are shown as  a funct i on of t ime , as  measured by angular 
pos i t ion . The angular pos i t ion var i e s  by 360° for each complete cycle . Both 
the computed and experimental values are shown on the f i gure along wi th the 
curve that resul t s  when dynamic effec t s  are i gnored , called the stat i c  case . 
The predi cted l i f t  coef f i c i ent has a somewhat lower peak value , and peaks at a 
later t ime than do the dat a .  There i s  a s igni f i cant hys tere s i s  l i ft loss  
between e = 2 00° and 300° in  the experiment that is  not predi c t ed by the 
theory . The predi cted drag curve i s  somewhat narrower and higher than the 
data . 

The next case i s  shown in Figure 2-2 . Here again  the maximum l i ft coeff i c i ent 
i s  underpredi cted , and there i s  a s imi lar phas e  shif t  and hystere s i s  los s .  

The third case i s  shown in Figure 2-3 . For thi s case the l i f t  coeffic ient i s  
predicted qui te wel l . The peak value i s  overpredi cted , but the general shape 
of the curve i s  matched fairly closely a l though there i s  the same hys tere s i s  
los s around e = 300° . The same i s  true for the drag curve , except the peak 
value occurs too soon . Figure 2-4 shows the hys tere s i s  loop for thi s cas e .  
Again , the overpredi c t ion o f  l i ft for the lat ter quarter of the loop i s  
apparent . 

These examples show that the MIT method i s  capable of reproduc ing experimental 
data on a qual i tat ive l evel , but i s  not highly accurate on a quan t i tat ive 
level . In all  the cases  examined , the minimum l i f t  coeffici ent i s  not wel l  
predicted ( the hys teres i s  effec t ) .  The l i ft coeff i c i ent values given by the 
data are somet ime s  lower than would  be expected from s t atic data . A review of 
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the MIT method shows that it will never give a lif t  coefficient below the 
static values . The question that must be addressed is if the model results 
are good enough for turbine power output prediction . 

The lift  force produced by the airfoil contributes to power output . The drag 
force reduces power output . The average contribution to power output from 
each of these forces is approximated by their average values . Thus , a compar-

. ison can be made between the model and the data by comparing the average 
coefficient values over the course of one oscillation . In the case of drag , 
this comparison is quite reasonable : the power lost is almost directly pro
portional to the drag at any time ; hence the average power lost is approxi
mately proportional to the average drag coefficient . In the case of the lift  
coefficient , using the average value for comparison is not  as  good a measure 
since the contribution to output power tends to increase with lift at a rate 
greater than a linear rate . Even so , the average value can still give some 
indication of what is going on . 

The average values of lift  and drag coefficients (cL, Co) for the three 
cases are shown in Table 2-2 . Note that in all three cases the drag coeffi
cient is underpredicted and the lif t  coefficient is overpredicted . This would 
indicate that predictions of power output would be high ; however , the pre
dicted average values are within 1 0% to 20% of the data averages . 

To further evaluate  the effect of the inaccuracies. in the model , it was 
decided to conduct a sensitivity study . This consists of analyzing one test 
case with the drag rise at stall eliminated . Instead , the static drag coeffi
cient data will be used . This will significantly lower the average drag 
coefficient value and provide an upper bound to the power output estimate due 
to the effects of dynamic stall . The results of this case are presented in 
Section 4.0. 

Table 2-2. Average Lift and Drag Coefficient 
Values for the NACA 0012 Airfoil 
During Dynamic Stall 

Reduced frequency 0. 1 0 . 2 0�1 5  

Alpha range 100±50 10°±5° 15°± 1 0° 

Ct, theory 1.09 1 . 1 1 1 . 298 

Ct, experiment 0 . 994 0 . 94 1 . 148 

co, theory 0 .0557  0 . 08 1 2  0.242 

co, experiment 0 . 06 7 5  0 . 0938 0 . 25 5  
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Figure 2-1. Dynamic Airfoil Characteristics for the NACA 0012, 
Compari son between Theory and Experiment for a Reduced 
Frequency of 0. 1, a = 10° ±5° 
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Figure 2-2. Dynamic Airfoil Characteri stics for the NACA 0012, 
Compari son between Theory and Experiment for a Reduced 
Frequency of 0.2, a = 10°±5° 
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Figure 2-3. Dynamic Airfoil Characteristics for the NACA 0012, 
Compari son between Theory and Experiment for a Reduced 
Frequency of 0 . 15, a = 15° ±10° ' 
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Figure 2-4 . Dynamic Stall Hysteresis Loop for the NACA 0012, 
Compari son between Theory and Experiment for a Reduced 
Frequency of 0 . 15, a = 15°±10° 
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SECTION 3. 0 

MODIFICATIONS TO PROP 

Several mod i f i cat i ons have been made to the rotor analys i s  program PROP . The 
modi f ications cover changes made by Rocky Flat s ,  changes required for thi s 
program ,  and several addi t i onal changes to improve the useabi l i ty of the code . 

Rocky Flats  has made extens ive use of the PROP code and has made several 
changes ( Tangier 1983 ) .  The computa t i on of dimen s i onal values has been 
added . The original vers ion computed only dimen s i on l e s s  value s , whereas the 
new program , given the rotor d i ameter , rate of rotat ion , and fluid den s i ty ,  
wi l l  f ind the shaft power output , thru s t , and wind speed at each t i p  s peed 
rat i o .  Thes e  values· are computed under the a s sumpt i on that the rotor rate of 
rotat i on is f ixed . For turbines driving synchronous generator s , the as sump
t ion i s  exact� For turbines driving induct ion generators , i t  i s  not qui te 
exact due to generator s l i p .  It i s  recommended here to use the rate of rota
t i on of the blade when at ful l powe r .  

Another mod i f i ca t i on i s  varying the number of radial  s t a t i ons at  whi ch the 
analys i s  i s  carri ed out . The original program used 10 radi al s tat i ons evenly 
spaced from the axi s of  rotat i on to the t i p .  The new code allows an arb i trary 
number of analys i s  points  to be defined over an arb i trary radius range . In 
add i t i on ,  Rocky Flats  added the capab i l i ty of nonuni form s pacing the analys i s  
point s ,  wi th the point s clustered near the ends o f  the radius ( the rotor 
t ip ) .  However , trial s with thi s opt i on have shown that i t  makes l i t t l e  d i f
ference , so  i t  was not included in the new vers i on of PROP being developed 
here . Figure 3-l shows the effect of varying the number of radial stat ions . 
The power versus wind speed curve i s  shown for a MOD-O wind turbine with 5 ,  
10 , and 20 radial s tat ions spaced along the blade . Note that the case wi th 
only  f ive s t at i ons has an i rregular curve . Thi s i s  caused by each s t a t i on 
undergoing s tall  at d i fferent t ime s . As there are only f ive s t a t i ons , when 
one s t al l s  out i t  has a major effect on the overall out put curve . Increas ing 
the number of stat i on s  to 10  resul t s  in  a much smoother curve . Here the 
cont ribut i on from each s t a t i on i s  suf f i cently smal l that s tall ing of a s tat i on 
does not have a maj or effect on the overal l  curve . Increas ing the number of 
s tat i ons to 20 causes only a small  change in  the power curve . 

From these resul t s  i t  appears that 10  to 20 radial s t at i on s  wi l l  be suffi c i ent 
for mos t  work . It was dec i ded to use 15 s tat i ons for the test  cases  reported 
here . 

The last  mod i f i cat ion made by Rocky Flats  was to the po st-stall  data synthesi
zat i on rout ine . Thi s  rout ine def ines the l ift  and drag coef f i c i ent values at  
angles of attack above the highe s t  value ava i lable from the data . The old 
vers i on of PROP contained a rout ine that a s sumed the forces developed by the 
s tall ed airfoil  are normal to the chord l ine .  The s tal l ed airfo i l  wi ll  as a 
result develop zero force parallel  to the chord l ine . 

However , test  data on stalled a i rfo i l s  ind i cate that some amount of chordwi se 
force is  in fact generated . To account for thi s force , more advanced methods 
of model ing post-stall  airf o i l  character i s t i c s  have·been developed . One 
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method developed by Viterna and Corrigan (198 1 )  has been modi f i ed by Tangle1 
and Ostowar i  (1984 ) .  The mod i f i cat i ons are based on nonrotat ing t e s t s  made or 
s everal airfo i l s  at high angl e  of attack. 

Lift coeffi c i ent : 

where 

= 

Comax cos 2a CL = 2 s in 2a + A2 �;......;;;. s in a 

( CL - Co sin  as cos  as ) s max 

as = angle of attack at stal l , or the highe s t  angle for which 
data are  ava i lable 

CL = CL at as s 

Co max = 1 + 0 . 06 5  AR 
(0 . 9  + t /c) 

AR = aspect rat i o  

tic = nondimens i onal airfo i l  thicknes s  

Drag coeffi c i ent for a= 2 7 . 5° t o  90° 

= C s i n  a + ( Co - c0 s in as ) cos  a 
Dmax s max c o s  as 

For a l e s s  than 2 7 . 5° , use the s e  value s  to determine c0: 

a fo 

15° 0 . 100  
20° 0 . 1 7 5  
25° 0 . 27 5  

2 7 . 5° 0 . 365 

with intermediate values found by l inear interpolat ion . 
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Thes e  equa t i ons have been incorporated into the new ver s i on of PROP . When 
us ing them, i t  i s  generally bes t  to input data for the airfoil  l ift  coeff i 
c i ent u p  to the s tall  angle or beyond . The input drag coeffi c i ent data should 
be as exten s ive as pos s ible , with the last  point being on the curve def ined by 
the a versus CD data given above . The angl e  as i s  taken to be the larges t  
angle input b y  the user . 

The pos t-stal l synthe s i zat i on rout ine given by Viterna and Corrigan ( 198 1 )  i s  
shown below: 

Lift  coefficient : same as  given above 

Drag coefficient : a greater than stall  

C = 1 . 1 1 + 0 . 01 8  AR Dmax 

where 

= 

= 
cos as 

Use of these equat i ons in PROP tends to give a higher predict i on of peak power 
output , as they tend to give a lower est imate for CD . PROP can eas i ly be 
mod i fied to use these equat i ons . 

I t  i s  i mportant to note that the use can bypas s  the pos t-stall  rout ines s imply 
by entering in c1 and CD data for angles up to 90° . PROP wi l l  not resort to 
these rout ines unt i l  angles out s i de of the range def ined by the user are 

.. encountered . 

The original vers i on of PROP required the blade chord , twi s t , and airfo i l  l i ft 
and drag characteri s t i c s  to be defined at each of the 10 radial stat ion s . 
With the new abi l i ty to vary the number of radial s tat i ons at whi ch the analy
s i s  i s  carried out , i t  i s  inconvenient to def ine the blade parameters at each 
s tat i on .  PROP was thus modi fed to allow the blade parameters to be defined at 
an arb i trary number of radial point s ,  arbitrari l y  spaced . The chord and twi s t  
at any s tat i on along the blade i s  then found b y  l inear interpolation . For 
blades that are l inearly tapered and twi s ted , only two radial points  need be 
input . For more complex shapes , a larger number of point s can be defined as  
requi red . 
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The airf o i l  character i s t i c s  are al so  def ined at these  arb i trar i l y  selec ted 
radial point s ,  with l i f t  and drag coeff i c ient value s at  other s t a t i on s  being 
found by linear interpolat i on .  The method used i s  a s  follows . For a g i ven 
angle of attack and radial s tat i on ,  the l i f t  and drag coeffi c i ent s are found 
for the nei ghboring point s where the airfo i l  character i s t i c s  are def ined . 
Once these values are known , the l i ft and drag value s at the s ta t i on of inter
e s t  are found by l inear interpolat i on .  

Note that thi s method determines the s tat i c  airfoi l coeff i c i ent s .  I f  dynami c  
s tal l i s  involved , then these s t at i c  value s  mus t  be used by the dynamic s t a l l  
model . A s  the dynamic stall  model requires only  the pas t  h i s t ory of the 
coef f i ci en t s  and angle of attack , and the current s t at i c  coef f i c i ent s ,  thi s 
method of f inding the s t at i c  coef f i c i en t s  i s  completely compat i ble wi th the 
dynamic s t all model . 

3. 1 NONUNIFORM FLOW MODELS 

The PROP program has been modi f i ed to accept s everal new nonuni form flows 
caused by wind shear , tower shadow, off-axi s flow ,  and turbulence .  Each of 
these  cond i t i ons can be used during the analys i s  o f  a turbine , ei ther s ingly 
or together . 

The wind shear model ut i l ized was developed for the original PROP code . I t  
a s sumes that the wind speed var i e s  wi th height as  def i nld b y  the power law :  

where V i s  the wind vel o c i ty a t  hei ght h and V0 i s  the wind vel oc i ty a t  hei ght 
h0• The power law exponent i s  a. The input s required by the wind shear model 
are the rat i o  of the rotor hub hei ght to the rotor radius , and the power l aw 
exponent . 

The tower shadow model i s  used to describe the wake behind the t ower a s  seen 
by the blade . The wake i s  a s sumed to have constant width and t o  extend from 
the bottom of the rotor di sk to hub height . The velocity  def i c i t  in the wake 
at any di s tance Y from the wake centerl ine i s  defined by : 

where v0 i s  the maximum veloc i ty defi c i t  at  the wake centerl ine , and Y i s  the 
total wake width. Both v0 and Yw are needed as  input parameters t o  �escribe 
the tower shadow. They can be obtained e i ther via experimental data or e s t i
mated from the tower diameter Dt and drag coeffi c i ent c0t ( Schl i cht ing 
1968 ) .  The wake width and def i c i t  are approximately:  
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where X i s  the d i s�ance downstream of the tower centerl ine . Theory ind i cates 
that in the far wake the veloci ty di stribution wi l l  approximate a Gau s s ian 
curve whi l e  in  the near wake the veloc ity curve wi l l  be sharper edged and 
almo s t  rectangular . It i s  felt that the cosine-squared curve used here i s  a 
good compromi se between these  two extremes and wi ll be adequate for mos t  work. 

The yaw error model . requir.es only the yaw error angle as  input . The yaw error 
procedure i s  ful ly described in Section 3 . 2 ,  which describes momentum 
theory . There are several ways a turbine can be operating in off-axi s flow .  
The mos t  obvious i s  through a yaw tracking error . The flow wi l l  a l s o  be off
axi s  in the case of a vertical component in the wind , or if the rotor shaft i s  
set  off horizontal , wi th a shaft t i l t . The program i s  set  up to handl e  yaw 
errors only in  the horizontal plane , not in the vert i cal . However , i f  yaw 
error i s  used alone , without wind shear or tower shadow , then off-ax i s  errors 
in the vert i cal plane can be s imulated . 

The turbulence model impres ses  a s inusoidally varying wind on the turbine . In 
other words , the speed acros s  the ent i re d i sk varies  wi th  t ime but not wi th 
space : at any instant the speed experienced by the whol e  d i sk is the same . 
Thi s carri e s  the impl icat i on that the scale of the turbulence i s  s i gnificant ly 
larger than the d i sk diameter . The frequency of the variat i on and i t s  ampl i
tude are input parameter s . The frequency is  def ined a s  a mul t i ple of the 
rotor rotation frequency . Usua l ly ,  an integer mul tiple  should be used so that 
an integer number of turbulent cycles wil l  take place over one blade rotat ion .  
I n  addit ion , recent studies  o f  the turbulence spectra a s  s een by a rotat ing 
blade show that mos t  of  the turbulent energy i s  concentrated at the harmoni c s  
o f  the blade rotat ion frequency. Thus , choos ing integer mul t iples of  the 
rotor frequency for the turbulence frequency would s eem mo s t  appropriat e .  

3. 2 MOMENTUM THEORY 

To accept the nonuniform flows , s t andard momentum/ s t r i p  theory mus t  be modi
f i ed .  I t  is  neces sary to cons i der the effect s of cro s s  f l ow caused by yaw and 
variation s  in the axi a l  flow veloc i ty .  These mod i f i ca t i ons are introduced 
below. 

The fol lowing def ini t i ons are used in thi s analys i s .  The l ength of the rotor 
blade , measured from the center of rotation to the blade t i p ,  is def ined as 
RT . The rotor cone angle i s  v. The projected rotor radius i s  thus RTcosV . 
The dimen s i onal blade chord , c ,  and rotor radial pos i t i on ,  r ,  normal ized by 
RT ' give C and R respect ively.  The mean velocity o f  the flow impingent on the 
rotor at hub hei ght i s  V0• Thi s value i s  used to normal ize al l other veloci-
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tie s . At any given point on the rotor disc , the f l ow can be resolved .into 
three componen t s : 

vx ' the axial component , which is normalized to Vx = vx/V0 

vr ' the radial component , perpendicular t o  the axis of rotation , 
which is  normalized to Vr = vr/V0 

vc ' the circumferential component , which is  normalized to Vc = vc /V0• 

The tip s peed ratio , X ,  is  defined as : 

ORT cos  'l! 
X= -�-Vo 

where 'l! i s  the rate of rotation in radians per second . The flow velocities as  
experienced by  a blade element at  dis t ance r from the hub are shown in 
Figure 3-2 . The flow velocity perpendicular to the cone of rotation i s  vi : 

-T 
Plane of rotation 

V• - v ( 1  - a )  cos  'l! + vr sin 'l! , l X 

v. = r n (l +a') cos t/1 + v c ��--1--�------------�� 

Figure 3-2. Flow Velocities as Experienced by a Blade Element 
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where a i s  the axial interference factor . Thi s  normal i ze s  to : 

Vi = Vx( l  - a) cos  � + Vr sin  � • 

The flow component paral lel to the plane of rotat i on ,  vj , i s :  

Vj = r 0( 1 + a ' )  cos�+ vc , 

where a '  i s  the c ircumferent ial interference factor . Thi s normal i zes t o :  

Vj = R X ( 1  + a ' ) + Vc • 

The flow component along the l�ngth of the blade i s  i gnored in  thi s �naly
s i s .  The total norma l ized f low component a s  s een by the blade i s  W and i s  
given by : 

w = 2 V.2 1/2 V· + l J 

The local inflow angle as  seen by the blade i s  � and i s  given by : 

The local rotor solidity,  a, i s  the portion of any given annulus covered by 
blade s , and i s  given by : 

BC . a = 2TIR cos � ' 

where B i s  the number of blade s . 

The veloci t i e s  V , V'(, and V are funct ions of the nonuni form f l ows . V0 i s  
the mean hub hei gtt w1nd speeJ seen by the rotor . The l ocal total vel o c i ty Ve i s  equal t o :  
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and can be found from the nonuni form f lows : 

where Cw i s  the wind shear component : 

H + Z 
H 

a 

where H i s  the rat i o  of hub hei ght to rotor radius , Z i s  the normal i zed height 
of the blade element relative t o  the hub , and a i s  the wind shear exponent . 
Cs i s  the tower shadow coeff i c i ent , g i ven by : 

Cs = 1 - Vo cos2 ( TrY /'fw) 

when Y < Yw/ 2  and Z < 0 • 

Ct i s  the turbulence coef f i c ient , given by : 

where Ti i s  the turbulence inten s i t y ,  Tf i s  the turbulence frequency divi ded 
by the blade rotat i onal frequency , and e i s  the blade rotat i onal pos i t i on .  

The veloci ti e s  Vx ' Vr ' and Vc are a s  follows : 

vx = ve cos  y 

vc = ve s in y cos  e 

vr = ve s in y s in e 

where y i s  the yaw angle . 

Blade annulus theory as sumes that each blade element i s  independent of the 
others .  The forces developed by a blade element are equated to the change in 
momentum of the flow through the annulus swept out by the blade element . In 
thi s way the interference vari able s  a and a '  can be found . When nonuni form 
flow cases are to be examined , i t  becomes neces sary t o  extend strip  theory to 
sectors of an annulus . Here i t  i s  as sumed.that the forces developed on the 
blades a s  they sweep through a sector of an annulus are equal to the change in 
momentum of the flow a s  it pas se s  through the same area . Each sector and 

23 



STR-2 732 

annulus i s  a s sumed to be independent of all  others . Thus , the performance of 
the ent i re rotor can be found by analyzing its  performance at s ev�ral d i ffer
ent radial  and c ircumferential stat ions and integrat ing to obtain the final 
resul t . 

3. 3 AXIAL FORCE EQUATION 

The axial force equation i s  used to find the axial interference factor , a .  
The flow approaching the turbine decelerates , pas ses  through the turbine , and 
decelerates further . In clas s i cal momentum theory the theoret i cal resul t s  
indi cate that the total •mount o f  decelerat ion the flow experi ences in the far 
wake i s  twi ce the decelerat i on s een at the rotor d i sk.  

The axial component of thrust  produced by a blade element of length dr  i s :  

dT = i pw2 C1 CB cos  � cos � dr • 

The blade contributes only a portion of thi s thrus t  to a given sector of width 
de . Thi s  def i nes the incremental thrust  as : 

dT = i pw2cL CB cos  � cos � dr �! 
The pres sure drop acros s  the rotor i s :  

where CH i s  the head l o s s  coefficient . I t  i s  the dimen s i onl e s s  measure of the 
amount of energy a fluid parcel loses  as it pas se s  through the rotor . Note  
that the normal i zing velocity is  v instead of V0• Thi s i s  because v i s  the 
axial component of the vel o c i t y ,  a

x
nd the force produced by p i s  in t�e axial  

d i rection .  Only the axial component s  of both force and velocity are under 
con s i dera t i on here . The incremental thrust  due to thi s pres sure drop i s :  

dT = 6 pr cos2� dr de • 

The two equa t i ons for dT can now be equated : 
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Cancel ing l i ke terms we get : 

Norma l i z ing by V0 and RT ' and us ing the relat i on for the rotor s o l i d i ty, we 
have : 

The head l o s s  coeff i c i ent i s  a funct ion of a .  S ince i t  i s  a measure of the 
energy l o s t  by the flow, i t  can be found by taking the d i fference in the 
energy of the flow far ahead of the rotor and far behind i t .  Suf f i ci ently far 
away from the rotor the pres sure perturbat i on of the rotor wil l  be ins i gn i f i
cant and all  of the energy perturbat i on wil l  be kinet i c . The normal i zed veloc
i ty far upwind i s  1 . 0 ;  far downwind i t  i s  1 - 2a . Thus, for CH we have : 

CH = 1 - ( 1  - 2a) 2 = 4a( l  - a )  • 

Thi s  i s  the clas s i cal  resul t . Note that according t o  the above equat i on, 
values of CH cannot exceed 1 . 0 .  To do so  would imply that more energy i s  
being removed from the f l ow than i t  pos s e s se s . I n  pract i ce, however, values 
of CH greater than one are observed a s  shown in F i gure 3-3 ( Hi bbs and Radkey 
1983} . The extra energy comes from turbulent mixing of the wake with the 
outer flow .  An approximate relat i on between CH and a for a greater than 0 . 9  
i s :  

cH = 0 . 889 - o . 444a + l . Ssa2 • 

The var i ables  W and � are funct ions of ! along wi th C • I n  add i t i on, c1 i s  a 
funct i on o f  the sec t i on angl e  of attack, whi ch i s  a Punct ion o f  �'  and hence 
!• The variable ! thus appears  on both s ides of  the equa t i on for CH . To 
solve for ! thi s equati on mus t  be solved i terativel y .  

3 . 4  CIRCUMFERENTIAL FORCE EQUATION 

The c ircumferent ial interference factor a' i s  found by equat ing the blade 
torque to the angular momentum added to the a i r .  The. torque produced by a 
blade element mus t  equal the angular momentum .  The torque generated by a 
blade element o.f iength dr sweeping out a sector of width de i s : 

blade incremental t orque = j pw2 B c r Ct s i n  � cos  � dr �! 
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The mas s  f l ow through the section of the rotor swept by the blade i s :  

mas s  flow = pvi r cos  $ dr de • 

The increment in cro s s  velocity i s :  

cro s s  vel o c i ty increment = 2 a '  Q r cos  $ • 

Mul t i plying the s e  two terms toge ther and by the radius  of the element , we get 
the amount of angular momentum added to the flui d :  

angular momentum = 2a ' Qr3 cos3w vi pdr de • 

Equat ing thi s t o  the t orque given above , we have : 

2a ' nr3 cos3 $ vi pdr de = i pw2 Bcr c1 s in � c o s  $ dr �! 
Cancel ing out l ike terms : 

Normal i zing by RT and V0 , and us ing the rela t i on for X :  

4na ' R2 X Vi = t w2 BC C1 s in � • 

The s o l i d i ty a can now be included , a s  wel l  a s  the rel a t i on s in � = Vi / W :  

a '  = 
W a c1 

4X R 

Again , thi s equa t i on mus t  be solved i t eratively and the i t erat ions mus t  be 
done in  conjunct ion wi th the. equa t i on for a .  

3. 5 TIP LOSS CORRECTION 

The bas i c  analys i s  presented above does not take into account the aerodynamic 
losses  caused by vort i ces shed from the t ips  of finite blade s . A t i p  l o s s  
correct ion i s  requi red because there i s  a f inite number of blades of f in i t e  
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t ip chord � whi l e  blade element theory implies  an inf inite number of vani shing
ly sma l l  blades .  Tip l o s s  correct ion i s  important because t i p  l o s s e s  can 
cause a decreas e  in torque and , hence ,  power output from the blade . Thus , i t  
i s  neces s ary to examine the properties  of tip  l o s s  and how i t  can b e  modeled . 

The s t andard strip  theory , a s  described , as sumes tha t  the flow through each 
annulus i s  uni form .  In fac t , each blade sheds a di screte vortex near the 
t i p .  The effect o f  thi s hel i cal vortex i s  to  produce an induced f low field 
that is  not uni form, but vari e s  around the annulus , wi th a period related to 
the number of blades . Thi s causes  an increase in both the axi al and c i rcum
ferential interference factors in the vicin i ty of the blade t i p .  Thi s causes 
a decrease in section angle of at tack , as wel l  as  a decrease in the c i rcum
ferential component of the l ift  force , result ing in decreased torque . The 
effect i s  greatest  for blade element s near the t i p ,  and decreas e s  for inner 
el ement s .  The effect i s  al so  smaller i f  the hel i cal wake formed by the vor
t ices  i s  t i ghter , whi ch occurs when the t i p  speed rat io  i s  increa sed . Thi s  
would al s o  be the case i f  the number o f  blades i s  increased , caus ing the flow 
more nearly to approach blade annulus theory . 

A good approximation to the t i p  l o s s  i s  given by the Prandtl  model ( Glauert 
1935 ) .  Thi s model i s  a close  approximation to the actual l o s s  factor . The 
formulas  used are simple and have been used with good succes s .  The Prandtl  
tip  l o s s  factor , FT , i s :  

where 

FT = 2 arc cos  ( e-f ) , 'If 

B f = 2 
RT - R 

RT s in cl>T 
' 

and RT i s  the radius of the t i p  whi le B i s  the number of blades . 

In the expres s ion for f ,  the factor , RT s in cj>T ' can be approximated by R 
s in/ cp ,  whi ch i s  more eas i ly computed . 

I f  the blade terminates before reaching the axi s ,  then there wi l l  be a hub 
l o s s  factor , FH , s imilar to the t i p  l o s s  factor . The equat ion for FH wi l l  be 
the s ame as for FT , but f i s  now: 

B f = 2 

where RH i s  the radius of the hub . The total l o s s  factor , F ,  i s  s imply the 
product of FT and FH ' or 
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The l o s s  factor can now be appl i ed to the equa t i on s  for ! and � ·  The f l ow 
velocity component s  through the annulus averaged around the annulus are l e s s  
by the factor F .  An examinat ion of the equation for F reveal s  that F has a 
value approaching 1 . 0  far from the t i p ,  decreas ing to zero at  the t i p .  
Because the average f low velocity ( again , averaged around the annulus ) deter
mines the rate of momentum trans fer to the air , the equat ions for a and a '  
should be modified by us ing aF and a ' F  in place of ! and � ·  

The t i p  l o s s  factor i s  al so  . useful in the po st-stall  data synthe s izat ion 
rout ine given above . In that rout ine the blade l i f t  and drag coefficients  are 
funct ions of the aspect rat i o . The aspect rat i o  determines how flow around 
the blade tips  affec t s  the overall blade characteri s t c s . However , on a wind 
turbine the flow around the t i p s  i s  a funct i on of the number of blades and the 
t i p  speed rat i o .  The actual aspect rat i o  of the blade i s  not used to f ind t i p  
l o s s .  The t i p  l o s s  factor gives the mangnitude of the flow about the t i p .  I t  
can be related to the a spect rat i o  a s  follows . 

One interpretation of the t i p  l o s s  factor i s  that i t  i s  the amount of l i f t  
l o s t ; that i s :  

where c1 i s  the actual l i f t  coeffic ient , and c1 i s  the l i ft  coeffi c i ent that 
would be obtained i f  there were no t ip l os s .  A % imi lar relat i onship holds  for 
f inite aspect rat io  wings as  given by the wel l-known resul t from wind theory 
for wings of moderate-to-high aspect rat i o  (AR > 2 ) :  

l C1 -::-l-+---:2:-'1/r"':'AR-=- = -c -Lo 

Equat ing these  two relat ionships , 

l F = l + 2/AR ' 

and solving for the aspect rat i o  

AR= 2F 
1 - F 

give s  an equat ion for an apparent aspect rat i o  as  a funct ion of F .  

Thi s  apparent aspect rat i o  i s  used directly in the post-stall  data synthe s i za
t ion routine s . 
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Once the values of a and a '  have 
coe f f i c i ent s can be

-
cal culated . 

thrust  coef f i c i ent CTl i s  

been found , the local thrust and torque 
After algebra i c  manipulat i on ,  the local 

cTl = w2 a(CL cos $ + Co sin  $ )  , 

and the local torque coeffi c i ent Cql i s :  

Cq l = w2 aR ( CL sin  $ = Co cos $ ) /cos  W • 

The local power coefficient i s  equal to the local torque coeffic ient t imes the 
t ip speed rat i o .  

The total thrust , t orque , and power coeff i c i ent s are then found by integrat ing 
the local value s  over all s tat ions . Note that all coeffic ient s are norma l ized 
by the hub height

.
mean veloc i ty �nd �he pro jected area . The projected area of 

the ent ire rotor ts  equal to nRT cos  • 
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SECTION 4.0 

TEST CASES 

The effect of the nonuni form flows and dynamic stall  was 
test  cases us ing the new code . These test  cases c.over 
nonuniform flows , as wel l  as combination of those f l ows . 
considered . They are 

• Uni form flow 

• Wind shear , one seventh power law 

• Tower shadow 

• Wind shear and tower shadow combined 

• Yaw error , 20° 

• Wind shear , tower shadow , and yaw error combined 

STR-2H2 

tes ted on s everal 
the four types o f  

Eight c a s e s  were 

• Turbulence , intens i ty of 20% and a frequency of two cycles  per revolut i on 

• Turbulence , intens i ty of 20% and a frequency o f  three cycles  per revolu
t i on .  

Each o f  these cases was run both wi th and without the effect s  o f  dynamic stall  
( except , of  course , the uni form flow case ) . 

I t  was des i rable to subject two d i fferent turbines t o  these case s . In select
ing which two turbines to cons i der , s everal factors  had to be examined . 
Firs t ,  test  data should be available on the turbine power output . Suf f i c i ent 
informat i on should be available so  that the shaft power output can be deter
mined , as normally only the electrical power output i s  measured . The computer 
code pred i c t s  shaft power . The turbines cons idered should have a downwind 
rotor so  that tower shadow wi l l  have an effect on the turbine . Final ly,  there 
should be s ome confi gura t i onal d i fference between the two turbines considered . 

The two turbine s  selected are the Mod 0 in  the a i l eron control conf igura t i on ,  
and the Enertech 44/ 2 5 . For the Mod 0 ,  data o f  d i rect shaft power measure
ments  are ava i lable for direct compari son with the computer pred i c t i ons . I t  
operates i n  the downwind configurat i on and i s  thus subject to tower shadow . 
In addit ion , i t  has a t ower hei ght that i s  small with respect to the rotor 
diameter , thus making it subject to a larger wind variation over the rotor due 
to wind shear . The Mod 0 uses an untwi s ted , tapered blade wi th a NACA 23024 
airfoi l .  The rotor i s  teetered for load rel i ef . PROP does not take teeter 
into con s i derat i on ,  thus  resul t ing in some inaccurac i e s . I t  was hoped that 
the analysi s  of  thi s turbine would help evaluate the magni tude of tho s e  inac
curaci e s . 
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The second turbine considered , the Enertech 44/25 , has three blades and a 
rigid  hub . The rigid hub of thi s turbine allows for direct compari son between 
the computer predict i on and the measured power curve without the effec t s  o f  
teeter . The Enertech rotor operates downwind and in  the tower shadow. The 
hub i s  qui te high in compari son to the rotor diameter , so  the effects of  wind 
shear should not be very apparent . 

The blades o f  the Enertech have a small  amount of twi s t  and taper . The a i r
foil  i s  a 44 series  NACA section,  with a thicknes s  of 24% near the root , 
tapering to 1 2% at  the t i p .  At the three-quarter radius s tat i on the blade 
thicknes s  i s  1 8% .  When the rotor was analyzed , the airfoil  sect i on thicknes s  
change was not accounted for , and the data for the 1 8%-thi ck airfo i l  were used 
in order to have the resul t s  of  the pred i c t i on comparabl e  to previous work 
( Tangler 1983 ) .  Tes t  data on the Enertech have been taken at Rocky Flat s . 
These data give the electrical power output of the turbine as  a funct i on o f  
wind speed . Data on the effi c i ency of the power train al low for the determin
at ion of the shaft power developed by the rotor . Table 4-1 gives the power 
curve for the Enertech wi th the blades set at a pitch sett ing of 0° at the 
t i p .  

4. 1 TEST CASE RESULTS 

A few remarks can be made that generally  cover all  the test  cases con s ider
ed . F i rs t , the nonuni form flows made almo s t  no difference in the turbine 
performance . Peak power output was almo s t  always decreas ed by the presence of 
nonuni form f l ow ,  but only by a few percent . Dynami c  stall  had an even smal ler 
effect . In many cases the dynamic s tall  resul t s  are virtually  ind i s t ingui sh
able from the nonuni form flow resul t s . What effect dynami c s tall  had was 
almo s t  always negat i ve : rotor power was reduced . 

4. 2 MOD 0 TEST CASES 

The f i r s t  t e s t  case for the Mod 0 i s  the uni form flow case . Figure 4- 1 shows 
the resul t s  for thi s case at the des i gn p i t ch angle and des i gn ±2° . Al so  
shown are the exper imental data . Agreement between the experimental data and 
theory i s  good up t o  9 m/s .  Between 9 and 1 3  m/ s ,  the theoretical curve l i e s  
s l i ghtly above the experimental curve by a maximum o f  5 kW . Above that speed 
the experimental data begin to diverge to higher power level s than 
predicted . Overal l ,  agreement i s  good , the difference s  being equivalent t o  
l e s s  than 1° o f  pitch at any given wind speed . 

I t  should be ment i oned that the closene s s  of the agreement i s ,  in  part , due t o  
the maximum l i ft  coeffi c i ent used in  the input dat a .  The 23024 airfoi l has a 
maximum CL of 1 . 2 at the Reynolds  number of the Mod 0 blade . However , 
observati on o f  the actual blade used in the s e  t e s t s  by the author indi cated 
that there was · a small  amount of aft camber on the a i l eron section of the 
blade . Thus , i t  was felt that increasing CL max to 1 . 4 was just i f ied . I f  a 
value of 1 . 2 i s  used , PROP wi l l  underpred i c t  the experimental data by about 
15 kW. 
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Table 4-1 .  Power Curve for the 

Enertech 44/25 

Wind Electrical Power Shaft  
Speed Power Train Power 
(m/s ) ( kW )  Effi c i ency ( kW)  

5 1 . 25  0 . 30 4 . 2  

6 3 . 5  0 . 64 5 . 5  

7 8 . 8  0 . 79 1 1 . 1  

8 1 3 . 0  0 . 79 16 . 5  

9 1 7 . 5  o .  7 7  22 . 7  

10 20 . 5  0 . 72 28 . 5  

1 1  22 . 3  0 . 68 32 . 8  

12  24 0 . 65  36 . 9  

13  25 0 . 64 39 . 1  

14 25 . 5  0 . 63 40 . 5  

15  26 0 . 62 4 1 . 9  

A s econd con s iderat i on i s  the rotor rate o f  rotat i on used i n  f inding power 
output from the coef f i c i ent data found by PROP . In the s tal l region the 
power i s  approximately proport i onal to the cube of the rotor rotat ion 
rat e .  Thus , prediction accuracy i s  increased i f  the rotation rate at  ful l 
power i s  used ; that i s ,  the s l i p  of the induct ion generator i s  accounted 
for . For the Mod 0 ,  the s l i p  at  ful l power i s  3% . 

A ful l l i s t ing of the input data used for the Mod 0 and Enertech turbines i s  
given in the example runs shown in Appendix C .  

The next case i s  the Mod 0 in wind shear . The resul t s  for thi s case are 
shown in  F igure 4-2 . The uni form flow case i s  shown along wi th the nonuni 
form flow c a s e  and the dynamic s t a l l  cas e .  The three curves are es sent ially 
ident i cal . Nei ther nonuni form flow nor dynamic s tall  have much of an effect 
on the turbine performance . It i s  instruc tive to examine thi s case more 
closely to see why these  result s  are obtained . 

Figure 4-3 shows the t ime hi s tory of l if t  and drag coef f i ci ent s of  a blade 
element located at 0 . 7 5 radius . The rotor was operat ing at a t i p  speed of 
4 . 2 ,  whi ch resul t s  in thi s element moving in and out of s tall . The f i gure 
shows the t ime hi s tory of the nonuniform flow case wi th and wi thout dynami c  
stal l . For mos t  o f  the cycle , the curves are ident i cal . They s eparate a s  
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Figure 4-1. Mod 0 Performance in Uniform Flow, Compari son to 
Experimental Data 
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Figure 4-3. Lift and Drag Coefficent Time Hi stories for the Mod 0 
Turbine Blade at R/R = 0 . 75 and a Tip Speed Ratio of 4.2, 
both with and wi thout the Effects of Dynamic Stal l 
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the blade enters the s tall  region at about a e angl e  of 1 5° . Note that the 
dynamic s tall  l i f t  coef f i c i ent curve does indeed show some increa s e  in  l i ft , 
whi ch should generate extra power . The drag coeffi c i ent a l s o  shows an 
increase , decreas ing the power output . These two effect s  tend to . cancel 
each other , resul t ing in  almo s t  no net change in  the power out put . The 
hys tere s i s  loop for thi s .cas e  i s  shown in Figure 4-4 . 

I t  would appear from these resul t s  tha a small  change in  the dynamic  stall  
model may cause a large change in  the resul t s . The effect s o f  the l i ft 
coef f i c i ent increase would no l onger balance the effect s of  the drag coef f i
c i ent increa s e . To test  thi s i dea , a sen s i t ivi ty run was made in  whi ch the 
increase in the drag coeffi c i ent was el iminated . Thi s  shows the s en s i t ivity 
of major changes in the model . 

Figure 4-5 shows the power curve pred i c t i on with the modi fed model . Al s o  
shown i s  the uni form flow resul t s  and the nonuni form f l ow wi thout dynamic 
stall  resul t s . The effect of dynamic stall  i s  s t i l l  smal l ,  adding only 5 kW 
to the peak power . 

Al though dynamic s tall  resul t s  in  l i tt l e  change in performance , i t  does 
result in s i gnificant changes in  the cyc l i c  loads a s  s een by the blade . The 
peak-to-peak variat i on in the l i ft  coeffi c i ent i s  nearly doubled . The peak
to-peak variat i on in the drag coef f i c i ent i s  increased by a l arge factor . 
I t  would appear that dynamic s t a l l  has an impact on both the f latwi se and 
edgewi s e  cyc l i c  fat i gue loads . 

Figure 4-6 shows the result s  for the tower shadow case wi th the Mod 0 .  The 
tower shadow was a s sumed to have a total width of 0 . 1 1 4  t imes the rotor 
radius , and a def i c i t  of  0 . 4 t imes the undi sturbed flow vel o c i t y .  Agai n ,  
the effect s o f  the nonuni form flow as  dynamic s t a l l  are very small . When 
wind shear and tower shadow are combined , the turbine performs a s  shown in  
Figure 4-7 . The decrease in peak power caused by the two nonuni form f l ows 
combined i s  larger than either shown . In fact , the defi c i t  appears to be 
approximately equal to the def i c i t  caused by each of the nonuni form flows 
added together . 

The case wi th a 20° yaw er.ror i s  shown in Figure 4-8 . The result s  show that 
yaw error does not reduce peak power output , but shif t s  i t  to a higher wind 
speed . In fact , the ent i re power curve has been s tretched t o  higher wind 
speeds .  Agai n ,  dynamic stall  has almo s t  no effec t . F i gure 4-9 shows the 
result s  of shear , shadow , and yaw error combined . The same s tretching of 
the power curve to higher wind s peeds i s  apparent . However ,  the effec t s  of 
the other nonuni form flows do not appear to be very great . The effect s  of 
each nonuni form flow are not adding in  a l inear fashion . 

Figures 4-10 and 4-1 1  show the effec t s  of two cycles  per revolut i on and 
three cycl e s  per revolut i on turbulence . Turbulence has the larges t  effect 
on peak power of all the nonuni form flows . At high wind speed s , turbulence 
increas e s  the power output . The resul t i s  that the curve i s  flattened . 
Figure 4-8 , showing the yaw error case , shows a s imi lar resul t .  The power 
curve with the nonuni form flow i s  somewhat flattened . As operat ion off axi s  
i s  a l ikely resul t o f  operat i on i n  turbulence , i t  would appear that turbu
lence can flatten the power curve through s everal means . 
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Figure 4-4. Lift and Drag Coefficient Hysteresis Loops for the Mod 0 
Turbine Blade at R/R0 = 0 . 75 and a Tip Speed Ratio of 4. 2 
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4.3 ENERTECH TEST CASES 

The uni form f l ow case i s  shown in Figure 4-1 2 , along wi th the test  data . 
The test  data l i e  very close to the pred i c t i on at 2° t i p  pi tch angle .  I t  i s  
pos s ible that thi s d i fference may be due to the airfo i l  used by Enertech , 
whi ch has a dropped leading edge and i s  thus not a true NACA 44XX series  
ai rfoi l .  Thi s mod i f i cat i on can be expected to  resul t in an increase in the 
maximum l i ft coef f i c i ent . The effect of thi s increase in l i f t  coeffic ient 
is s imi lar to the effect of an increase in the pitch angle ; more power in 
high wind s . However , thi s does show qui te graphically the difficulty in 
predict ing peak power . 

· 

The case wi th wind shear showed no difference in performance from the uni 
form flow case . Thi s  c a s e  i s  not shown . The case with tower shadow i s  shown 
in Figure 4-1 3 .  For the Enertech,  the tower wake was as sumed to have a 
total width o f  0 . 1 73 rotor radi i ,  and a maximum defi c i t  of 0 . 83  t imes the 
local undi s turbed flow. Again , the effect s  of nonuniform flow or dynamic 
s tall are minor . These effect s  are mainly seen at wind speeds below peak 
power , in contra s t  to the Mod 0 where the effec t s  were greates t  near peak 
power . Thi s i s  mos t  l ikely due to the lower t i p  speed rat i o s  of the Ener
tech at peak power ( 2 . 7  for the Enertech versus 3 . 7  for the Mod 0 ) .  

The case with both wind shear and tower shadow has almo s t  the same perfor
mance as the case with tower shadow alone , and hence i s  not shown . 

Figure 4- 14 shows the performance pred i c t i on for the Enertech wi th a 20° yaw 
error . The same trend of the curve being "stretched" to higher wind speeds 
i s  seen , a s  i t  was with the Mod 0 .  In add i t i on ,  the tendency for the power 
curve to flat ten out at high wind speeds i s  qui te apparent . 

Figures 4-1 5  and 4-1 6  show the two turbulence cases : two cycles  per revolu
t i on and three cycles  per revolution.  The turbulence tends to reduce the 
peak power and flatten the power curve , a s  was seen before . Dynamic s tal l 
has a somewhat more than negl i g ible effect on performance at wind speeds 
just below the rated wind speed . 

The last  cas e ,  wind shear , tower shadow, and yaw error , i s  shown in 
Figure 4-1 7 .  Thi s case bears a s trong resemblance to the case wi th yaw 
error onl y .  The only notable a spect i s  that the peak power s eems to be 
increased s l i ghtly by the nonuni form flows . 
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SECTION 5 . 0  

CONCLUSIONS 

A mod i fi ed vers i on of the rotor analy s i s program PROP has been devel oped . 
Thi s  new code incorporates  s everal improvements . The rotor geometry can be 
described at arbi trary radial  point s ,  ins tead of at 10  equal ly s paced 
point s .  The rotor d i s c  can be divided into an arbi t rary number of radial  and 
c ircumferent ial s tat i ons for analy s i s  purpos e s . The turbine performance can 
be analyzed under the influence of four d i f fernt types of nonuni form flow:  
wind shear , tower shadow, turbulence ,  and off-axi s flow .  The effec t s  of  
dynamic s t al l , as  determined by the MIT model , can be included . The program 
output s the d imensionle s s  turbine performance as wel l  as dimen s i onal value s . 

The new computer code was exerci sed on two turbine s , the Mod 0 wi th a i leron
control l ed blades and the Enertech 44/25 . Each of these  turbine s was examined 
under seven cond i t i ons of nonuni form f l ow involving vari ous combina t i on s  of 
the four bas i c  nonuniformi t ie s  both wi th and wi thout the effec t s  of  dynami c  
s tall  included . 

The resul t s  showed that the nonuni form f l ows caused about a 2% change in the 
peak power pred i c t i on in mos t  cases . Both increas e s  and decreas e s  in peak 
powers were predicted for d i fferent  cases . Dynamic stall  caused even l e s s  of  
a change in performance , and general ly that change was toward lower perfor
mance . Detailed analysi s  of  the resul t s  showed that the l i ft r i s e  a s s o c i ated 
wi th dynamic s tall  caused a performance increase , but the drag r i s e  caused a 
performance l os s .  These two effect s tend to cancel . A sens i t ivi ty run was 
conducted in  whi ch the drag r i s e  was el iminated . Thi s gave a performance 
increas e  of about 5% . Thi s i s  a f i r s t  order change to the dynami c stall  
method and thus a s igni f icant perturba t i on ,  consequently i t  ind i cates  the 
maximum theoret i cal performance change expected from dynamic s t al l .  

The nonuni form flow cases  that caused the greatest  changes were the turbulence 
and yaw error case s . For both these  nonuni form f l ows the power output i s  
reduced for wind speeds below rat ed , peak power i s  e i ther reduced or un
changed , and power output in high winds i s  increased . The net resul t i s  that 
the power curve is shi fted in a way that makes i t  resembl e  the experimental 
curves more c l osely,  al though the peak power output pred i c t i on i s  s t i l l  low;  
that i s ,  below that experimentally measured . 

I t  i s  concluded that dynamic s t a l l  has l it t l e  s i gni f i cant effect on the per
formance of hor izontal axi s wind turbine s . Mos t  strip  theory model s  underpre
dict  the peak power output of turbine s , but thi s d i screpancy does not appear 
to be due to not taking dynamic stall  into account . It now appears that the 
di s crepancy betwen theory and experiment may be due to other effec t s  that have 
not been incorporated in the PROP model . Some l ikely effect s are : radial  
flow caus ing delay in blade s tal l and creat ing aerodynamic performance di ffer
ent from dynami c stal l ; aeroela s t i c  twi s t  of the blades due to aerodynamic  
loads caus ing the rotor twi s t  geometry to vary from the nominal sett ings ; and 
improperly modeled airfoil  characteri st i c s  in the stall  region .  Other post
stal l routine s , like tho s e  g i ven by V i terna and Corr i gan ( 19 8 1 ) ,  may be an 
improvement in thi s area . 
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An add i t i onal conclusi on i s  that dynami c  stall  increases  the cyc l i c  loads , 
both  flatwi se  and edgewi se  seen by the blades . Thi s  may be an important 
con s i dera t i on in  the fati gue analysi s  of the blade . 
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APPENDIX A 

NOTES ON NOMENCLATURE 

The NUPROP computer program i s  des i gned to handle both wind turbines and pro
peller rotors . I t  should be noted that the s tandard definit i on of power coef
f i c ient for propel lers is not the same as  the one used for wind turbines . For 
propel lers , the power coefficient i s  found by normal i zing power by pn3D3 , 
where p i s  the den s i ty ,  n i s  the rate of rotat i on in cycles per se5ond , and D 
i s  the diameter . For wind turbines ,  the normal i zing factor i s  pV nR2 • 0 

In propeller nomenclature , both power coeffi c i ent def ini t ions are used , and 
both are loosely cal led the power coefficient . However , the wind turbine 
defin i t i on i s  normallyy given the variable name Pc , and the propeller def ini
t i on is  given the vari able name C • These are the convent ions used in the 
NUPROP code , and we d i s t ingu i sh be�ween them by call ing Pc the power coeffi
c i ent and Cp the coef f i c i ent of power . 

Below i s  a l i s t  of  the defini t ion s  used in the NUPROP code . 

Coefficient o f  power : 

Coefficient of torque : 

Coeff i cient of thrust : 

Diameter : 

Advance rat i o : 

Rotat ion rate , cycles  per s econd : 

Power : 

Power coeffi c i ent : 

Torque : 

Torque coeffi c i ent : 

Radius : 

Thrus t :  

Thrus t  coe f f i c i ent : 

Free stream vel oc i t y :  

Tip  speed rat i o : 

Den s i ty :  

Rotat i on rate , medians ( second ) :  

56  

Cp = P/ ( pn3D5 ) = 2 nCQ 

CQ = Q/ ( pn3D5 ) 

CT = T/ ( pn2D4 ) 

D = 2 R 

J = V/n D = n /X 

n 

P = t pV!nR2Pc = pn3D5cp 

Pc = P/ ( 1 / 2  pV! nR2 ) = 8Cp/ ( nJ3 ) 

Q = t pV! nR3 Qc = pn2 D5 cQ 

Qc = Q / ( 1 /2  pV2 nR3 ) 0 

R 

1 2 2 T = '2 pV 0 nR Tc 

Tc = T/ ( 1 / 2  pV! 
vo 

X = ri.R/V = n / J  

p 

n = 2 nn 

= n2D4cT 

nR2 ) = 8 CT/ ( nJ2 ) 
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APPENDIX B 

USER ' S  GUIDE FOR THE PROGRAM PROP 

The mod i fi ed vers i on of the PROP computer code , cal l ed NUPROP , i s  wri t ten as  
an interact ive program. The programming language is FORTRAN . When run , 
NUPROP d i s plays a menu of 12  commands . After each command i s  completed , the 
menu i s  again  d i splayed . Each of the menu commands i s  explained below . 

• Command 1 -- Radius of Each Stat i on 

In NUPROP , the blade chord , twi s t , and airfoil  sect i on data can be defined at 
arbi trary radial s ta t i ons . Values at intermediate  points  are formed as  
required . Thi s  command i s  used to define the rai dal  pos i t ion of each 
s tat i on .  The program asks for the number of stat i on s , and then the norma l i zed 
radius of each s taion .  The number of s t ai ons should be between 2 and 20 . The 
radial values should be in the range zero to one , wi th the f i r s t  value being 
near the hub ( and usual ly at the inner end of the blade ) , and the l a s t  point 
near the t i p  ( usually wi th a value of one ) .  

• Command 2 -- Airfoi l  Sec t i on Data Input 

Thi s command al lows the airfoi l  l i ft  and drag characteri s t i c s  to be defined at 
each s tat i on .  At each staion the user i s  asked whi ch input mode i s  to be used 
to define the data .  The pos s ible modes are : 

Mode - 1 :  Input the data from a d i s c  f i l e .  The user wi l l  be asked for the 
f i l e  name . 

Mode 0 :  Keyboard input . 

Mode 1 t o  20 : Copy the airfo i l  sec t i on data from Stat i on 1 to  20 . Thi s  
mode i s  useful when the blade has the same airfoil  along i t s  ent i re span . 
The f i r s t  stat i on i s  input us ing either Mode - 1  or Mode 0 ,  and then the 
Stat i on 1 data are dupl i cated at all other s tat i on s  by us ing Mode 1 .  

The input format for the sec t i on data used for Modes -1  and 0 i s  as  fol lows : 

The f i r s t  value input i s  the number of point s used to define the l i ft 
coef f i c i ent curve . Thi s  i s  followed by angle of attack and l i ft  coef f i c i ent 
values , one set per l ine . The l owest  angle should be entered f ir s t . Af ter 
the appropriate number of data points  have been entered , the number of points  
used to def ine the drag coef f i c i ent curve is  entered . The angl e  of attack and 
drag coeff i cient values are then entered in a manner s imi lar t o  the l ift  
coefficient values . After the appropriate number of data elemen t s  have been 
input , the program wil l  move on to the next stat ion .  

For Mode - 1  the above data are contained i n  a di s c  f i l e .  For Mode 0 they are 
entered from the keyboard in res pons e  to queries . 
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• Command 3 -- Rotor Character i s t i cs  

The user is  queried for  the fol lowing informat i on :  Number of blades ,  cone 
angle , and hub radius . 

The cone angle i s  in degree s , and the hub radius i s  normal i zed and usually set 
to the radius of Stat ion 1 ,  as  def ined by Command 1 .  

The t i p  and hub l o s s  model s to be used are asked for . Currently only the 
Prandtl model or no los s model are avai labl e .  

• Command 4 -- Blade Chord and Twi s t  

The user i s  queried f o r  the chord and twi s t  a t  each stat i on as  defined by 
Command 1 .  The chord i s  norma l i zed by the blade l ength and the twi s t  i s  in 
degrees ,  pos i t ive being leading edge into the wind . 

• Command 5 -- Real Rotor Dat a  

Thi s command provide s  output g1v1ng dimen s i onal values for the rotor 
performance . The rotor radius  ( in meter s ) ,  rate of rotation ( in RPM ) , and 
fluid den s i ty ( in kilograms per cubic  meter ) mus t  be input . 

• Command 6 -- Analys i s  Parameters 

Thi s command allows the user to define the number of radial and 
c ircumferent i al element s to be analyzed , and some other analysi s  parameters . 

The user i s  f ir s t  queried for the radius range over whi ch to analyze and the 
number of radial elements to analyze . Normally the radius range should be 
from the hub to the t i p .  Other values are also  useful , for i s olat ing a 
port i on of the rotor for detai l ed analys i s ,  or rotor des i gn work . The number 
of radial  elements  can have any value , but experience has shown that 10  to 20 
elemen t s  work bes t . Note that the number and pos i t i on of the analys i s  
element s need not have any relationship t o  the number and pos i t ion of the 
radial  s tat i on as defined by Command 1 .  

Next the user i s  queried for the number of blade rotat ion s  to analyze over and 
the number .of circumferential  element s to con s ider . The values to use for 
these two parameters are highly dependent on the nonuni form flows that are 
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being included in the analys i s  ( see Command 7 ) .  The table below covers mos t  of 
the case s . 

Cas e  Number Number of C i rcum-
of Rotat ions ferent ial Elemen t s  

Uniform f l ow 1 1 

Wind shear o . s  5 

Tower shadow o . s  50 

Yaw error 1 10 

Turbulence 1 /2 cycle* 10  

Dynami c  stall  1 or more 100 or more 

*Example : for turbulence wi th a frequency of three 
cycles  per revolut i on ,  it would only be necessary 
to analyze over 1 / 6  of a revolut ion . 

Next the user i s  prompted for whether o.r not t o  suppres s  the swirl term. This 
should be answered wi th a "Y" or "N" . The swirl term i s  suppres sed when a 
system that includes s t ator vanes or counter-rotat ing rotors i s  analyzed . 

The user i s  then prompted for whether or not to analyze the rotor a s  a 
propeller , requiring answer "Y" or "N" . Analyz ing the rotor as a propeller 
changes the s i gn of the angle of attack , the interference factor s , the torque , 
power , and thrust . 

Las t ly ,  the user i s  asked whether or not to include the effec t s  o f  dynamic 
stal l . Answer "Y" or "N" i s  required . 

• Command 7 -- Nonuni form Flow Input 

With thi s command the user may def ine the parameters of the four nonuni form 
flows con s i dered by NUPROP . For wind s hear , the user i s  prompted for the 
shear exponent and the hub hei ght divided by the rotor radius . For tower 
shadow , the user i s  queried for the wake width and def i c i t . The width i s  
def ined a s  full width divided by the rotor radius . For turbul ence ,  the user 
i s  asked for the turbulence frequency divi ded by the rotor rotat ion frequency , 
and the turbulence inten s i ty as  the peak variat ion of the wind speed divided 
by the free s tream f l ow speed . For yaw error , the user i s  queried for the yaw 
error of the rotor in degree s . 
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• Command 8 -- Rotor Analys i s  

Thi s command resul t s  i n  the rotor , a s  defined by the above commands ,  t o  be 
analyzed . 

The user i s  f i r s t  queried for the collect ive pitch angles ( delta bet a )  over 
whi ch to analyze . Then the program a sks whether or not to di splay the 
analys i s  resul t s  for each blade element . Answer "Y" or "N" . Answering "Y" 
can resul t in an enormous amount o f  output . Next the user i s  asked whether to 
increment the variable X,  the tip speed rat i o ,  or J,  the advance rat i o  for 
each analys i s  point . An answer of "X" or "J" is  required . Then the user i s  
asked for the range o f  X ( or J )  values over which t o  analyze . 

Fina l l y ,  the user wi l l  be asked where the output should go.  Usually thi s wi l l  
b e  a d i sc f i l e .  However , the output can b e  sent t o  the terminal o r  printer i f  
the proper device name i s  given . These names are , of  course , system 
dependent . 

The analy s i s  output f i r s t  cons i s t s  of a l i st ing of all the input parameters . 
Then the analys i s  s tart s with the f i r s t  col lect ive pitch angle and the f i r s t  X 
or J value spec i f ied . The X or J value i s  then incremented between each 
analys i s  unt i l  the maximum spec i f ied value is reached . The collect ive pitch 
angle i s  then incremented and the requi red X or J values are again analyzed . 
Thi s continues unti l  all  of  the collect ive pitch angles are examined . 

• Command 9 - - Change Blade Chord or Twi s t  at One Stat ion 

Thi s  command allows the blade chord and/or twi s t  angle to be changed at any 
one s tation .  General ly thi s command i s  used for rotor des i gn s tudi e s . 

t Command 10  -- Augmentat ion Input 

With thi s command , the effec t s  of a duct or shroud on rotor performance can be 
included . The flow velocity through the rotor i s  
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Normally for free rotors em and Ma have a value of 1 . 0 .  For the s e  case s , 
thi s command need not be us�d .  Some value s  for Cm and Ma in  various cas e s  
are given below .  o 

Cas e  em Ma 

Free rotor ( defaul t )  1 1 

Rotor in cyl indri cal duct 1 2 

Rotor in a pipe 1 0 

Free rotor with a l arge center body * 1 

Rotor in a noncyl indri cal duct �'r * 

*These  values mus t  be determined from potential  f l ow 
theory based on the speci f i c  geometry . 

• Command 1 1  -- Header Input 

Thi s command allows the user to input a run header . Thi s  header i s  printed 

out when the rotor i s  analyzed . 

• Command 12  -- Exit ;  Terminates  NUPROP 

Output 

If blade element data are reques t ed ,  then the program wi l l  output the 

following informat ion :  

For each collec t i ve p i t ch ang l e ,  advance rat i o , blade element , and 
c ircumferential s tat i on ,  the values of the axial velo c i ty component , ! '  

�' � '  a ,  CL , c0 , Pc 1 , Qc 1 , Cp1 , cT1  and n are output . 
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For a complete rotor : 

For each feather angle and advance rat i o ,  the values of X ,  Pc , Tc , QC , 
TCw ' J ,  CP ' CT , n , Fm, V0 , P ,  T are output . Note that the last  three 

values are dimensional . Tcw i s  the thrust  coef f i cient bas ed on 

integrat ion of the invi scid  port ion of the wake . Generally,  it i s  only 
useful for ducted props . Fm is the propeller f i gure of meri t .  

Program Li s t ing 

A l i st ing of the NUPROP program follows . 
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APPENDIX C 

EXAMPLE OF RUN OF THE PROP CODE 

Thi s appendix  contains two sampl e  runs of 
Mod 0 turbine operating in wind shear . 
operat ing i n  uni form flow .  The runs show 
wel l  as the input data used to analyze the 
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PRDGPA!"·: f'� U P P O P  

C AV PROP P R O CR A M t N O N  PL OTT : NG VERS I ON 

D I ME N S I ON AL ( 5 0 . 2 0 l , C L ( 5 0 , 2 0 l , AD ( 5 0 ! 2 0 I , C D ! S 0 , 2 0 l 
r J ME N S I O N C H I 2 0 l , TW ( 2 0 l , P V ! 1 2 l ! C M O I 2 0 l , G MA I 2 0 ;  
� I M ENS ! C N N PL ( 2 0 l , N PD t 2 0 l , R S T A T ! 2 0 l  
I NT E G E R  V A R , P VS < 1 2 > , V A ( 2 )  
D I M E N S I ON VM I N ! 2 : , VM AX I 2 ) , VT I C ! 2 l , F N ( 8 l , HEADER ( 3 0 l , D AT ! 2 l , T I M ( 3 l  
C OM M O N  X , P C , T C , QC , TC W . A � , C P , C T , E T A , F M , V E L O , PW R , T H F  
C 0 M M JN / F� / �RC ODE 
C O� M O �  / D Y N A M / MO D E DY , I DF L G  
E 0 U I V A L E N C E  ( PV I l l , X l 

1. •' E 'T .• T •' F f•1 •' t .• \l I t •' F' l � • ,� •' / 
: A T A  C M O , C M A , C Q P , U S � AP , HH , W E XP , Y AW / 4 8* 1 • 0 , 2 * 0 • /  
D � T A  � O D � , NS E C , L T I P , M O DEDY 1 LHUB , HUB , C O NE , BLROT / 3 * 1 , 2 * 0 , 2 f 0 , , 1 , /  
� A T A  R l , R 2 , N A N A L / O , , 1 . ,  1 0 /  
ii ... - , . .  u H I H  

D A T P. f\J STiZI T , F.: S T AT / 1 0 1 , 05 1 , 1 5 1 , 25 1  , :35 , . 45 ,  , 55 , , £. 5 ,  . ? 5 , , 85 ,  . 9 5 , 1 0 * 1 . .  
D A T A  E R C ODE / - 9 9 9 9 9 . /  

C C 0 1'WI ,L\ND I NPUT 
� TYPE ! 0 0 0  
l O O C  FORMAT ! '  1 RAD I US OF E A C H  STAT I ON ' / 

c 

+ 
+ .. 
+ 
+ .. 
+ 

' 
+ .. 
+ 
+ 
+ ' 
+ 

2 
8 
·4 
5 
6 
7 
21 
5) 
1 0  
1 1 

A I RF O I L  S E C T : ON D A TA I NP UT ' / 
ROTOR C HARACTER I ST I C S ' / 
B L A D E  C H O R D  AND T � J ST ' / 
REAL RO TOR S I ZE , SPEED ' /  
ANALYS I S  PARAMETERS ' /  
NON UN I FORM FLO W  I NPUT ' /  
A NAL I ZE T H E  ? O T OR ' /  
C H A N G E  C HORD OR TW I ST A T  O N E  S T AT I ON ' ! 
A UGMENTAT I ON JATA I NPUT ' / 
HEt.I DER 1 1\!P U T  ·· ! 

+ ' 1 2 EX l T ·· I / 

+ ·· $ C OM�� A ND ? . ·· l 
A C C E P T  * '  1 2  
GOT0 ! 5 0 ,  1 Q 0 , 20 0 , 80 0 , 5 0 0 , 82 0 , 84 0 , 6 0 0 , 40 0 , 4 l 0 , 43 0 , 9 9 3 l ,  ! 2  

C 3TAT I ON R AD I US [ �PUT 
5 0  TYPE 1 0 0 1  
1 0 0 1  FORMAT ! ' $NUMBER OF STAT ! ON S ?  ' I  

A C C EP T  * t NSTAT 
DO 6 0  I = 1 , N�3TAT 
TYPE 1 0 0 2 ,  l 

l 0 0 2  FORMAT I ·· �>FD R  S T P1T I ClN # ' ,  E{ ,  ' R A D I US ?  ·· l 
E O  A C C E P T  * , RSTAT ( I )  

GOT05 

c 
C ELEMENT C HARAC TE R I ST I C  I NPUT I C L , C D ) 
1 0 0 TYPE 1 0 0 3  
1 0 0 8  F O R M A T ! '  SECT I ON D A TA I NPUT SOURCES � ' / / 

1 ' - 1 D lSC F l LE lf'-JPUT ·· / 

1 '  0 K E Y B OA R D  I N?UT ' / 
1 '  1 - 1 0  C OPY FROM SEC T I ON 1 - 1 0 ' / )  

DO 1 1 0 l = l , NSTPI T  
: 1 0 C ALL SEC T ON t i , NP L . AL , C L , N F D , A D , C D l  

. GO T 05 

C R O T O R  C HA R A C TER T ST J C  ! NPU7 
2 0 0  TYPE 1 0 0 4  
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1 0 0 4  FORMAT ( '  NUMBER O F  BLAD E S , C ON E  ANGLE , HUB �AD I US? ' $ )  
A C C E P T  • , BN , C ONE , HUB 
C O P = C OS I C ONE / DR )  

S l P = S  1 N ( C ON E / DF: l 
220 T Y P E  1 0 28 

TYPE 1 0 2 9  
1 0 2 8  FORMAT ! '  L O S S  MODEL S · ! '  0 :  NONE ' / '  1 :  ? R A N D T L ' I  
� 0 29 F O R M A T ( '  T I P  LOSS MOD E L , H UB LOSS MODEL? ' $ )  

A C C EPT * · LT J P , L HUB 

i F ! LT I P · LT . O , OR . LT I ? . GT . l , QR , L H UB . � T . O . OR . LHUB . G T ,  1 l GOT0220 
G O T 0 5  

c 
C I NPUT STA T I ON C H O R D , T W I S T  

2 0 0  D O  8 1 0 I = l , N STAT 

TYPE 1 0 1 ! .• I , :t�ST A T ( J: l  

:l (i J. :l F' OF!f'1f.>.'T' I '  FCIF! ST AT l D N ·· , I .:t .  ·· A T  R A D I U S! ·· , F'-4 . 2 . · C HOR D �  n.l l S T "?  · �: i 
A S C E P T • , CH ( ! l , TWD 
TY.' I l > = TWD i D R 

3 : 0 C ONT I N U E  
G O T 0 5  

c 
C � N A L Y S I S  P AR AMETERS 
3 : 0  TYPE 1 0 1 7  
1 0 1 7 FORMAT ! ' $RA D I US RANGE TO A N A L I ZE : I NNER , O U T ER , I O F  ELEMENTS? ' )  

AC C EP T * t R l , R 2 , N A NAL 

TYPE 1 0 5:::1 

: 0 58 FORMAT ( '  B LA D E  R O T A T : ONS TO AVER A GE 

1 ,  NUMBER OF' ANNULA� STA T I ONS? ' $ )  

AC C EP T * ; BLRO T , N SF.C 

TYPE 1 0 26 

: 0 26 FORMA T ( '  SUP P R E S  SW I RL T E R M ?  ' $ )  
AC C EPT 1 023 , !"lC M  

� 028 F O RMAT I A2 l  

U S E f-1?= 1 .  

I F I MC M . EQ , l HY l US E A P = O .  
MODE = 1 
TYPE 1 o :3() 

1 0 3 0  FORMAT ! ' AN ALYZE A S  PROP? ' $ )  

A C C EP T  1 0 2:3 , f'1 C M  

I F I MCM . EQ ,  l HY l M ODE= - 1  
!•1DDED'l' = O  
TYPE 1 0 8 1  

1 0 8 1  FORMAT ! ' $ I N C L U D E  DYNAM I C  S T A L L  EFFE CTS? ' )  

A C C E P T  1 0 2:3 , f'1 C M  

c 
C \ION 

3.!1 (l 
1 o ::;2 

1 0 0 8  

1 0 0 S  

i 0 j F., 

I F I MC M . EQ ,  ' Y ' > MODED Y = l 
G O T 0 5  

UN I FORM FLOWS 
TYPE 1 0 52 

FORMAT ! ' $W I ND E XPONENT , HUB HE I GH T / R OTOR RAD I US ?  ' ) 

A C C E P T  * t WEX? t HH 
. TYPE 1 0 0 8  

FORMAT ! ' $TOWER WAK E W I DTH , D EF I C I T? ' ) 

A C C E P T  • , WW I D TH , WDEF 

TYPE 1 0 0 9  

FORMAT ! ' ST URBULANC E �  FREQUENC Y / ROTOR R O T A T I ON F�EQJENCY? ' ) 

{o\C CE P T  * I  FTURB 

T'tPE 1 0 1 6 

F ORMA T ( ' S TURBULANCE I NTEN S I T Y ?  ' }  
,t,C C EPT * t  TUF!E: I 
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: 0 ; 7  FORMAT : ' S Y A W  ERROR , �EGREE S? ' I  
A C C EP T  * , · o::;w 

C � H A � G �  STAT I O N C Y DRD . T W I ST 

4 0 0  TYPE 1 0 1 3  
1 0 1 3  �oRMAT ! ' $S T A T I ON T O  CHANGE? ' )  

TYPE 1 C: 1 �1. 1 C H ( I I 
:. C; i ..:: FORMA T \ ' !t.· D LD CHORD ·· , ?' 7 , ..: ,  ' f\l E I,� C H O RD? .. ) 

. ;··, i r=; 
Tr'"PE 1 e: 1 s ,  r �rD  
F ORM� T ( ' $ OLD TW I S T ' , ? ? . 4 , 

I NP U T  

1 = 1 t N S T AT 

'TYPE l. 0 ! .£, , I 
FOR�1;1 7  ( ·· FOP S T A T  l OW , 1 :;.: , ' C M O , �1f-i ?  .. '$ )  
AC C EPT * t C M O ( I l , C M A ! I >  

G C! T C)5 
r ·-: 
C ··n : .l\.D!::? I NPUT 
4 E O  TYPE 1 0 38 

1 0 3 5 FORMAT ! ' $RUN HEA�E P �  ' I  
A C C E P T  1 0 4 1 , HEAD : R  

G O T 0 5  

c 
C PEAL ?OTOR D I MENS I ON S  

5 0 0  TYPE 1 0 0 7  
1 0 0 7  FORMAT ( ' $ R O TOR RAD I US I M ) , RATE O F  ROTA T I ON C RPM ) ?  ' )  

A C C E P T  * 1 RAD I US , RPM 

T''!'PE 1 0 1 0  

: 0 1 0  F O R M A T ( ' $DENS I TY I K G / M � * 3 l ?  ' I  

A C C EPT * , R H O  

G O T 0 5  

c 
C �NALYZE P R OP ! ! !  

C SET R l  I I F N EEDED > ,  GET DELTA R A D I US 

6 0 0  l F ( R l . LT . HU B ) R l = HUB 

D R A D = I R2 - R 1 ) / NANAL 

TY'PE 1 0 2)2 
1 0 S 2  FORMAT ! '  DELTA BETA ANG LES � I N I T I AL ,  F I NAL , I N C �EME NT? ' $ )  

A C C E P T  • , FS , F F , F D 

T''i'PE 1 0 1 -=� 
: 0 1 9  FORMAT ! '  SHOW ELEMENT D A T A ?  ' $ )  

f1,C C EPT 1 0 2 :3 , 1 S 

T Y P E  1 0 25 

1 0 25 FORMAT ( '  I N C REMENT X OR J ?  ' $ )  

A C C E P T  1 0 2:3 , I NC \! 
TYPE 1 0 2 0 ,  I r\l C \1  

:. 0 2 C· F O R f1A T \ A 3 ,  ·· S T f.'1PT :· Ef'JJ , I NC R E !'1ENT? ·· $. ) 

A C C EPT * t X J S , XJ E , D X J  

1 0 S5 FORMAT ! ' $O U TPUT T O  ! TT : t L S : , DR F I LE N A ME ! ?  ' l  
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f.\ C C E P T  � 0 1 2. ,  F f,! 
1 0 1 ?  FORMAT I 8A4 l 

O P EN I UN I T = l O , NAM E = FN l 

c 
C :l U'Ti?�JT l-·IEADER 
5 9 0 C AL L  DATE I DA T I 

CALL T ! ME I T I !Y! )  
\..--!R I TE !  1 0 ,  1 0 5 1  > r·!EADE :;.� , D1:\7 , T l f"1 1 F.:N , C O N E , HUF.i 

:. o ::: � F O R M A T  ( 1 0  :X: ,  ·· A EPOV I POf'·4 MEi\l'� R O T O R  A fl.! f.:i l  ... Y S  I S  P P O G F i1f'l ' l 
+ 1 8 X 1 ·· B t1F.�T D ,  H I  �:::c:s 1 =� s�r ' 1 1 :. x 1 :;:: o p,.,u / 
+ ,!l,f\]{1LY'E; l s P F.: R F OP1•1ED ON . 

! :·��\ ·4 I 1 A 1 •' A T  t :7-• p, .• :. / / 
+ ·· R O TO R GE CH'1E T F!'r' ·· / / 
+ '  NUMBER D F  BLA�E 3 : . , T2 0 , F 4 . 0 , I C ONE ANG L : . D : G R EE S t ' , T45 1 F 6 . 1 / 
� ·  H U B  R A : l US �  ' , 7 2 0 , � 6 . 8 / l  

I..JP !  T E  ( 1 0 '  l () 28 �· 
�.t?. I TE ( 1 0 1 :! OL() l LT :: P !  LHU:E: 

:: o .: . c FOF( f'1AT 1 ' T r P L :J t::�:> :-.wJEL � ·· I r 8 I ·· HUEl t.os:s r·1DDEL � • , 1 :7� :· 
W R ! TE 1 1 0 , 1 0 89 l NS E C , B � F OT , � AN AL , R l , R2 

l O � S  FORMAT ( / '  A NALYS I S  ?ARAMETERS ' / / 
.,. I 4 ,  ' C I R C IJM F E RENTAL STAT l O N S  A N A L  I ZED O V E R ·· , F 5 . 1 .• ·· ROTAT I ONS ' / 
+ I 3 , ' ELEMENTS ANA L I ZED OVER A RAD I US RANGE FROM ' , F 5 . 8 

... , •' T O  .. I F5 .  3 )  
I F I MO DE . EQ , j ) WR I TE 1 1 0 , 1 0 8 3 ) 
I F U•10DE . NE . l I WR I TE (  1 0 , 1 0 34 1 

1 0 8 8  F OR MA T ! I ROTOR A N A L YZED A S  W I N DTIJRB I NE ' ) 

:. o :�� ·!. ::- o R M A T  < ·· ROTOR A r\JAL·tzED A s  ?ROPELL·E R , ' 
! F I U S E A P . EG L 0 ,  l WR I T::: < 1 0 ,  1 0 27 ) 

: 0 27 F O R M A T ( '  SW I RL T!RM SUPPRESSED ' )  
I F I MO DE . NE . 1 > GOT06 1 5  
r F ( M O DE DY .  EG! , 1 ) Y.Ji-1 J TE ( :l 0 ,  �. 0 ·42 ) 

1 0 � 2  FORMAT ! '  D YNAM I C  S T ALL EFFEC TS I NC LUDED ' )  

WR I TE i l O , 1 05 4 l WE XP , H H , W W I DTH , WDEF , TUR B I , Y A W , F7 1JRB 
1 0 5 4  FORMAT ( / ' N O N  UN I FO�M F L O W S ' / / 

+ '  W I ND EXPONENT � ' , T25 , F 6 . 8 , ' HUB HE I GHT / RA D I US :  ' , T55 , F6 . 8 / 
+ '' TOWER WAKE W I DT:-J ; ·· , T2 5 , F 6 . :3 ,  ·· W A K E  D EF I C ! T' � ' , T'55 , F6 . :3 /  
+ '  TURBUL A N C E  I N7 E N S I TY �  ' T25 , F 6 . 3 , 
+ '  YAW E R R O R , DEGREE S : ' , T55 , F6 . 3 / 
+ '  TURBULANC E FRE QUEN C Y / R O T O R  R O T A T I ON F REQUE� C Y : ' , T55 , F6 . 3 l 

E· I. 3 WR I TE ( 1 0 t l. () 0 5 ) R A IH u s ' RPM I R H O  
l 0 05 FORMAT ( / '  D I MENS I ONAL VALCES ' / / 

+ '  ROTOR RAD I US �  · , T25: F 9 . 1 , ' M ' /  
+ ' R O T OR RATE OF ROTAT I ON ; ' , T25 , F 9 . 2 , I R PM ' / 
+ '' DENS I TY' : I '  T25 , F9 . :3 , ' KG / M * * 3 ' ) 
\.>JR I TE ( 1 0 , 1 0 4 3  l 

1 0 � 8  F O R M AT ! / '  BLADE STAT I ON DATA ' / '  STAT I ON R A D I US C H ORD TW I S T '  
1 t .• c f"i 0 M,!l, I ) 
DO 6 2 0  I ::: i , NSTAT 
TWD = TW < I l * D R  

6 2 0  WR I TE (  1 0 , 1 0 47 ) I ,  R S T A T < I l ,  C H C I l ,  TWD , C M O  ( I ) ,  C M A < I )  
l 0 -47 FORMAT < I 6 , 5 F 9 . 4 )  

D O  6 3 0  I = 1 , NSTAT 
WR I TE ( 1 0 ,  1 048 l J 

1 0 4 8  FORMAT ( / ' A I RF O I L  S E C T I ON D A TA F OR STAT I ON ' ,  1 8 / ' ALPHA C L ' ,  
1 '  A L P H A  C D ' >  
N = MAXO I NPL I J ) , NP D ( I l )  
DO E. 3 0  J = l , N  
WR I TE ( 1 0 , 1 0 4 9 ) AL ( J ,  1 )  I C L ( J , I )  I A D < J ,  I )  I C D \ J ,  1 )  

1 0 49 FORMAT ( 2F 9 . 4 , 5X , 2F9 . 4 l  
6 :3 0  C ONT I NUE 
c 
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C �·';' A P T  i,;_i I T l-1 F :  R::;T FEP. 'l' HEP Af\iGLE 
- r � FLR = F L / DR 
c 
C F ! RS T  X l OR J l  V A LUE 

X J = X J S  

I !='  ( I S .  f\J E , l. ;..n·· ) J,.,ip � 7'E t. 1 0 ; l. 0 :::: 1 ) 
: RESET I NT E G R A T E D  VALUES 

- TYE r r RST X OR J VA LUE 

I F l ! NC V . EQ ,  l HJ l X = P I / XJ 

I ? (  I S , EQ ,  Hf'!' ) l�P I T E (  1 0 ,  1 0 :3 6 ) FL , X 

�ORMAT ! / '  BLADE ELEMENT DATA F O R  DELTA 

1 F 6 l 2 / '  R / R O  THETA V E L  A 
C L  C D  D P C  D T C  

ETP. ·· ) 

LODF THPU ALL P.{\ D  I A L  E L E f'i E N T S  

7 1 � D O  7 8 0  I = l , N A N AL 

C RAD I U S OF T H I S  S E C T I O N 

P = D R A D * I I - . 5 l + R 1  

C : H ORD , TW I ST ,  A U G M E N T A T I ON O F  TH I S  S E C T I O N 

C HU = A L O O K I CH , RST A T , R , N S TA T l 

l F ! C HU . EQ , ERCODE ) GO T 09 9 0  

T W U = A L O O K ! TW 1 R S T A T 1 R 1 N S TA T ) 

C M O U = AL OOK I C M O , RSTA T 1 R , N S T A T l 

C MA U = A L O O K C C M A , R S T AT , R , NSTAT l 

C R E S E T  SEC T I ON D A T A  SUBROU T I NE 

I DF L G = 1 

C AL L  S E C DAT ! CH U , R , RSTAT , NS T AT , ANG , O . , F , 

1 NP L , A L , C L , N PD , AD , C D , C L U , C D D l 

C F I RS T  G U E S S  FOR A ,  A P R I ME 

A 1 = 0 .  

C S OL I D I  T\' 
SL = B N * C HU / I P ! * C OP * R * 2 • ) 

C L O O P  THRU A L L  A N NU L A R  ELEMENTS 
DO 780 N S :: l , N S E C  

THET A = 36 0 . * B L R O T * I NS - , 5 l / NSEC 

1 DF L G = 2  

C N O N  UN I FORM F L O W  

): :. .• t 

f.\f'J c 

C AL L  N U F L < VX , VC , VR , X , R , T H E T A , HH , WEXP , WW ! DTH , WDE? , FT U RB , T U RB I , YA W ) 

C RE SET A ,  A P R I M E STEP V AL U E S  

,'11< = 0 . 0 

APY = O . O 

C S T A R T  OF I TERA T I ON LOOP 

C L O C A L  A U G M E N T A T I ON 

73 0 C M= C M O U - CM A U * A l 

C L O C A L  FLbW V E L O C I T I ES 

V I = VX * C M *C OP + V R • S I P  

V J = ( l . +A P l ) * R * X + V C  

W = S QR T I V l * * 2 + VJ • • 2 1  

C J r,J F L O\J.,I ANG L E  
P = 1 , 57 

I F I VJ . NE . O ,  l P = A T A N2 1 V I , VJ '  

I F C AB S ( P I . LT ,  1 E - 5 ) P = 1 E - 5  

C O = C O S I P )  

S l = S I N C P I  
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C ANGLE OF A T T A C K  

A = P - TWU - FLP 
A N G = A * DR * f"I O D E  

C T I P  AND HUB L O S S E S  
F T =  1 .  
I F  n ... T I P .  EG.1. 1 > FT ::: PRAND < BN , 1. • , R ,  s.r l 
F" H =  1 I 
I F I LHUB . EQ , l , AN D . HUB . N E . O .  l F H = P RAND I BN , R , H U B , S i l 
F = F T * FH 

C C L, P,�JD c r) 
C A L L  S E C DAT I CH U , R , RSTAT 1 NS T AT , A N G , T H E TA , F ,  
1 NPL , AL , C L , NPD , AD , C D , C LU , CDD l 

C L L ::: C L U * MODE 

C F I ND A 2  
DC H = SL * W � W * C LL * C O / I V X * * 2 ) 

I F I DC H . LT . , 9 6 l A2 = 1 . 5 � . 5 * S Q RT i l . - DC H ) 1 / F 
I F ! D C H , GE , . 9 6 l A 2 = 1 . 1 48 + SQRT I . 0 2 3 0 - . 6 4 2 * 1 • 88 9 - DC H l )  l / F 

C F I ND A PR I ME 2 

AP2 = S L * C LL * W * U S E A P / ( 4 , * F * X * R l 
C F I N� NEW A l , A P l FOR N E XT I TERAT I ON 

C ALL A I TER I A 1 , A2 , A K l  
C ALL A I TER I AP 1 , A P 2 , A P K l 

79 0 l F I AB S I AK l . GT ,  . O O O l . OR . A B S I APK l . GT , , O O O l l G O TO 7 8 0  
C LOOP O V ER , C OMPUTE STUFF 
C LOCAL V.O,LUES 

P H I = P * DR 
TC L = SL * W * W* I CL L * C O + C DD * S I ) * MO D E  

Q CL = S L * W * W *R * MO DE t C C � L � S I - C DD * C O l / C OP 
PC L =: X * Q C L  
T C L W = 4 , * A 1 * C M * F * MO D E  
A l = A l * MO D E  
A P 1 = A P HH'10DE 
C TL = T C L * P I 88 / I X * X ) 
C PL = PC L * P l 48 / I X* X * X > 
E T A = O ,  

I F I PC L , NE , O .  l ET A = A B S I TC L / PC L ) 
I F I ET A . CT . l .  l ET A= l , / ETA 

C .  I NTEGRATED VALUES 
T C W = T C W+ TC L W * DRAD * 2 • * R / NS E C  
T C = T C + T C L * D R AD * 2 • * R / NS E C  
Q C = QC + Q C L * DRAD * 2 • * R / N S E C  
I F I I S . EQ , l HY l WR I TE i l O , 1 0 24 l R , T H E T A , V X , A 1 , AP 1 , PH I , ANG 1 C LU ,  
1 C DD , PC L , 7 C L , Q C L , CP L , C T L , E T A  

. 

1 0 24 FORMAT I F8 . 4 , F 8 , 2 , 3F8 . 4 , 2F8 . 2 , 8FS . 4 >  
C T E L L  S E C T I ON D A T A  R O U T I NE T O  A D V A N C E  T O  NEW STAT I ON 

I DFLG = 3  
C AL L  S E C D A T I CHU , R , R S TA T , N S T A T 1 AN G , THETA , F 1  

1 NPL , A L , C L , N PD , A D , C D , C LU , CDD l 
780 C ONT I NUE 
C DONE W I TH ALL STAT I ON S  

P C = GC* X 
C T = T C * P I 3 8 / ( X *X > 
C P = PC * P l 48 / I X * X * X ) 
A J = P I / X 

C D I MENS I ON A L  STUFF 
PWR = CP * R H O* RPM * * 3 * RA D I US * * 5 * 1 , 4 8 1 48E - 7  
THR = C T *R HO * RPM * * 2 *RAD I US * * 4 * 4 , 444444E - 6  
VEL O = AJ * R P M * RA D l US / 8 0 , 
ETA = O .  
I F I PC , NE , Q ,  > ET A = ABS I TC / PC l 
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I F ( E T A . G T ,  l ) E T A = l , / E T A  

Ff'i =  0 '  

J .F (  I E .  E Q , 1 H \' ) ',...JP I T E \  1 0 ,  1 0 2 1  > 
FORMAT ! / '  D BETA X P C  

C P  C T  ETA 
TC 
Ff''i 

Gl C TC !t,l 

i,,iR I T E \  1 0 ,  1. (l 2 2 ) F L 1  X ;  ?• C ,  T C , Q C , T C vJ ,  A, . .lt C F· ,  C T ,  E T {-1 ,  Ff'1 ,. V E L D  .• P 11JR , !'i- IR 
� 0 22 F O?MAT i ! X , F5 ,  1 , FS . 2 , 4 F 9 . 4 � F7 , 3 1 2F i 0 . 5 , 2F B . 4 , F 7 . 2 , 2F i 0 . 4 l  

\.J = X J + D >: .J 

! F I X J , LE , X J E i GO T O  7 1 0  
�·L = FL + F:) 
I � ! F L . L E . F F . A ND , FD . G T , O .  > G O T O  7 0 5  

C L OE: E  ( !..J f'J I T ::: 1 0 )  

c: 
c 

SUBR O UT I NE SEC T ON C I , NP L , A L , C L , N P D , A D , C D l 

C R E A D  I N  SEC T I O N D A T A  

D I M E N S I ON AL < 5 0 , 2 0 l 1 C L I 5 0 1 2 0 1 , AD I 5 0 , 2 0 l , C D I 5 0 , 2 0 l 

D I ME N S I ON NPL I 2 0 l , NPD I 2 0 1 , FN I 3 )  

C S E E  WHERE TO G E T  THE DATA 

TYPE 1 0 0 2 ,  l 
F O R M A T ! '  FOR S T A T I ON ' ,  I 4 '  D A T A  SOUR C E ?  ' $ )  
A C C E P T  * '  ,J 
I F I J . G T , O ) G0T0 1 2 0 

I F ( J , EQ , - 1 ) GO T 0 2 0 0 

C K E Y I NPUT , G E T  # OF C L  PO I NTS 

1 6 0 TYPE 1 0 0 3  

1 0 0 9  F O R M A T ! '  NUMBER O F  PO I NTS I N  C L  C URVE? ' $ )  
A C C E P T  * 1 NPL 1 l )  

C G ET THE ALPHA , C L  P O I NTS 

D O  1 3 0 J = l , NP L C i l  

TYPE 1 0 0 4 , J 

1 0 0 4 FORMAT ( '  P O I N T ·· , I 4 ,  ·· A L P H A , C L ? ' $ )  
1 3 0 A C C EP T  * t A L I J , I l , C L I J , I I  

1 0 0 5  F O R M AT I 3F 1 5 . 0 1  

T''I"PE 1 0 0 7  

C T H E  C D  C UR V E  

1 0 0 7  FORMAT ! '  N U M B E R  O F  PO I N T S  I N  C D  CURVE? ' $ )  
A C C E P T  * , NPD i l )  

D O  1 4 0 J = l , NPD ! I >  

T'Y P E  1 0 0 8 ,  ,J 
:1 0 0 2  FORf"l A T < ·· PO INT ·' , I 4 t ' ALPHA , C D ?  ·' $ )  
1 4 0 A C C E P T  * '  AD < J t l ) ,  C D < J ,  I >  
C G O  A N D  S E T  THE REST TO ZERO 

G O T 0 2 3 0  

c 
C D U P L I C A TE FROM A N O THER S T A T I ON 

1 2 0 D O  1 5 0 N = 1 , 5 0 
A L ( N ,  I ) = AL ( N , J l  

C L ( f\l , I l = C L < N , .J )  

AD (T\1 ' I ) = AD ( N I J )  

1 5 0 C D ( N , I l = C I H N , J )  

N PL \ I l = NPL ( J )  

NPD ( I ) = NPD < J l 

RETURf\1 
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c 
C READ I N  D ATA F I LE 

2 0 0  T Y P E  1 0 0 9  
1 0 0 9  FORMAt ! '  A I RF O I L  S E C T I ON D A T A  F I LE NAME? ' $ )  

A C C E P T  l O O O , F N 

1 0 0 0  FORMAT I 3A 4 l 
O P E N ! UN I T = 9 , T Y PE = ' O LD ' , N AM E = F N , E R R = 2 0 0 l 

R E AD I 9 , * > NP L I I )  

DO 2 1 0  J = l , NPL i l )  
:::- 1 o r;;: E A D  ( 9 ,  * i AL c ... 1 ,  r l , c L  < ,J ,  1 , 

R E AD i 9 , * ) NP D I I l  

D O  2 2 0  J = l , NPD C i l  
2 :2 0  R E AD i 9 , * ) AD ( ,J ,  I )  I C D ( ... T ,  I )  

C L O S E I UN I T = 9 ) 
C SET T H E  REST TO Z E R O  
2 2 0  D O  2 4 0  J = NPD I ! ) + 1 , 5 0 

AD ( J I I )  = 0 .  
2 4 0  C D ( J ,  l ) = 0 ,  

DO 2 5 0  J = NPL C I > + 1 , 5 0 
AL ( J ,  I > = O ,  

25 0 C L ( J , I I = 0 , 
R ETUPN 

c 
c 

END 

C F' R ANDTL T I P  LOSS MODEL 

FUNC T I ON PRAND < B , R l , R2 t S I I 
F = E XP i - ABS I B * < R 1 - R2 l / C R2 * S I * 2 ) ) )  
PRAND = 1 . - . 6 36 6 2 * A T A N I F / SQRT I 1 , - F * F ) ) 
RETURN 
END 

c 
C I TE R A T I ON R O U T I NE 

c 

SUBROUT I NE A I TER I A 1 , A2 , AK l  
I F I AK , EQ , O ,  l AK = . 5* 1 A2 - A 1 ) 
I F < ABS I A 1 + A K � A2 > . GT , AB S C A t - AK - A2 l l AK = - A K * • 5  
I F I ABS < A l + AK - A2 l . GT . AB S C A 1 + A K * · 5 - A2 l ) AK = A K * , 5  
A ! = A l + A K  
RETURN 
END 

C NON UN I FORM FLOWS 
c 

SUBROUT I NE NUFL i VX , V C , VR , X , R , T H E TA , H H , W E XP , WW I DTH , WDEF , FT , T I , Y l 
DATA D R , F' I / 57 . 2 9 58 , 8 , 1 4 1 59 /  
XBL = R * S I N < T H ETA / D R l 
YBL = R * C O S I TH E T A / DR > 

C �J I N D  SHEAR 
V = ( l . + YBL / HH > * * WEXP 

C T OWER S H A D O W  
I F C ABS < XBL I . GT . WW I D TH / 2  • •  0 R , YB L . GT , O . I G OT0 1 0  

V = V * I 1 . - WD E F * I CO S C XB L * P I / WW I DT H l l * * 2 > 
C TUJ�BIJLAN C E  

1 0  V = V * C l . + T I * C O S I THETA * FT / D R l l  
C O F F  AX I S  FLOW 

VX = V *C O S C Y / DR > 
VC = V * S I N I Y / DR l * C OS C TH E T A / DR >  
VR = V * S I N I Y / DR ) * S I N I THETA / DR l 
R ETURN 
END 
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C S E C T I ON D A T � ! DYNAM ! C  S TALL 

S U B ROUT I NE SEC D AT I C . R , RS , N S , ANG , TH , F , N P L , A L , C L , NPD , 

l AD ,  C D , C LU , C D U  :1 
D I ME N S I ON AL ( 5 0 1 2 0 1 1 C L 1 5 0 , 2 0 l , A D I 5 0 , 2 0 1 . C D I 5 0 , 2 0 1 
D I ME N S I O N NPL I ? O I , NP D I 2 0 1 1 RS I 2 0 l 
C OMMON / ER / ERC O D E  

C OM M O N  / DY N A M / MODEDY , I DF L C  
D A T A  G A M M A , DR / 6 0 . , 57 . 29 5 8 / 

c c- T o  1 s ,  1 o o ,  s 1  o > r DFLG 
C R E SE7 THE ROUT I NE 
5 MODESV = 5  
C F I ND STAT I C  STALL A N G L E  

A f\J C: = O , 

F =: 1 ,  
C ALL S D ! R , RS , N S , AN G , F , NPL , A L , C L , NPD , AD , C D , C LU , C DU > 

1 0  C LL S T = C L U  
ANG =: A f\l G + , 5' 
C ALL S D I R , RS , NS , A N G , F , N PL , AL , C L , NPD , AD , C D , C LU , C DU > 
I F I C L U - , 0 2 5 . G T . C L LST I GO T0 1 0  
A f\J G Ei S = A f\l G  .. I '5 
C L S S = C LL ST 
RETURN 

C SET NON - DYNAM I C  DATA , SEE WH I C H M ODE 
1 0 0 C A L L  SD t R , R S , N S , A NG, F , N PL , AL , C L , NPD , AD , C D , C L U , C D U l 

I F I M O D E DY . NE . l l RETURN 
M O DE = M ODESV 
S I = S I N I AN G / DR I 
GOTO I 1 1 0 , 2 0 0 , 3 0 0 , 4 0 0 , 5 0 0 1 MO D E S V  

c 
C M O D E  1 ;  S I M P L E  ATTAC HED F L O W  
1 1 0 I F I AN G . L E . ANGSS , OR . AN G . LE . A N G L S T , OR , A N G L ST . G T . A N G S S > RETURN 

MODE = 2  
c 
C f'10DE 
2 0 0  

2 ;  D Y L A M I C  PRE - STALL 

I F I AN G . GT . A N G S S > GOT02 1 0  
D 'r" N A M  I C S T A L L  C N O  

M O DE = l 
RETURN 

2 1 0  DADT = I ANG - AN G L S T I / C TH - THLST l 
C D Y NA M I C ,  BUT ATTACHED 

A N GD S = A N G S S + G A M M A * S QRT I AM AX l i PA DT * C / 2 , / R , O ,  l )  
I F I AN G . G T . A N G D S I G O T 0 2 2 0  
C L U = C L S S + , 1 * 1 A N G - A N G S S J 
l�ETURN 

220 MODE = 3  
C START OF VORTEX R O L LOFF 

CLU = C L S S + . l * C AN G - AN G S S l 

THD S = T H  
D C L = AM I N 1 1 2 . , 4 0 , * DADT * C / R ) 
C LM AX = A M A X 1 1 C LU , C LS S + DC L l 

c 
C M O DE 3 ;  VORTEX R O L L OFF MODE 
3 0 0  I F ( ( TH - TH D S l • R I C / DR . GT . l ,  l GO T 0 3 1 0  
C I N I TA L  VORTEX ROLLOFF 

C LU � AM I N l i CL M A X , C L S S + . l * I AN G - A N G S S l l 
C D U = C L U * S I  
RETURN 

3 1 0  I F ! I TH - THDS l *R / C / D R . GT . 2 l GOT03 3 0  
C F I NA L  VORTEX R O L L O F F  

C LU = C L �1AX 
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C DU = C !...U * S l 
RETURN 

83 0 M O D E = 4  
C STALLED 

TH O = T H 
c 
C L I FT D E C A Y  M O D E  
4 0 0  EXPT = E XP ! ! TH O - TH I * 2 * R / C / DR I  

I F I EXPT . LT . O . O l l GO T 05 0 0  

C STALLED 

c 

C LU = < C L MAX - C LU > *EXPT + C LU 
C DU = ! C LM A X * S l - C DU l * EXPT + C DU 
RETURN 

C F LOW REATTAC HED 
5 0 1)  MODE= 1 

RETURN 
C SAVE LAST M O D E , ANCLE AND . THETA 
5 1 0  MODE S V = M O D E  

c 
c 

ANCLST = Af\JG 
THLST = TH 
RETURN 
END 

C S E C T I ON DATA , I NT ERPOLATE BETWEEN 2 STAT I ONS 
SUBROUT I NE S D I R , R S , N S , A NG , F , NPL , A L , C L , N PD , A D , C D , C LU , C DU ) 
D I ME N S I ON A L C 5 0 , 2 0 1 , CL ( 5 0 , 2 0 l , AD < S 0 , 20 1 , CD I 5 0 , 2 0 )  
D I ME N S I ON N PL I 2 0 > , NPD I 20 ) , R8 1 2 0 1  
C OM M O N  / ER / ER C ODE 

C F I ND S T A T I ON S  W E  A R E  BETWEEN 
DO 1 0  I 2 =2 , N S  
I F C R , LT . R S I I 2 > > GO T 0 2 0  

1 0  C ONT I NUE 
2 0  I 1 = I 2 - 1 

c 

C ALL G E T SE C I I 1 , ANG , F , NPL , A L , C L , NPD , A D , C D , C L 1 , C D 1 > 
C AL L  GETSEC I I 2 , A NG , F , NPL , AL , C L , NPD , A D , CD , C L 2 , C D2 l 
F 1 = 1 RS I I 2 > - R l / I RS I I 2 > - RS I I 1 > l  
F 2 = < R - RS I I 1 ) ) / C R S I ! 2 1 - RS I I 1 ) )  
C L U = C L 1 * t 1 + CL2� F2 
C D U = C D 1 * F l + C D2 * F 2 :  
RETURN 
END 

C SEC T I ON DATA SUBROUT I NE ,  V I TERNA M O D E L  M OD I F I ED BY TANGLER 
c 

SUBROUT I NE G E T S E C C I , AN G , F , NPL , A L , C L , NPD , A D , CD , C LU , C D D l 
D I ME N S I O N  A L I 5 0 , 20 > , C L I 5 0 , 2 0 l , AD I 5 0 , 2 0 l , C D C 5 0 , 2 0 1 
D I MENS I ON NPL I 2 0 l , NP D 1 2 0 > , C D DS I 4 ) , A C D D S I 4 )  
DATA C DD S , A C D DS / 1 5 . , 2 0 . , 25 . , 27 . 5 , . 1 , . 1 7 5 , . 275 , . 35 8 /  
C OMMON / ER / ER C ODE 
DATA T C , D R / . 1 5 , 5 7 . 2 9 5 8 / 
C LU = APOLT < I , AN G ; AL , C L , NPL I I l l  
C D D= APOLT I I , A NG , AD , C D , NP D I I l  I 
I F I CD D . NE . E R C O DE . A ND � C LU . NE . ERC ODE I RETURN 

C F I ND A R  
A R = 1 7  
I F I F . GE • •  895 l G O T0 1 0  
A R = 2 * F / 1 1 - F l  

1 0  C D M A X= 1 1 . + . 0 6 5 * AR l / 1 . 9 + T C l 



C MAX A N G L E S  FOR C L  A N D  C D  I N  T A B L E  

A S D = AD i NPD I I l ,  I l / D R  

c C: l_ 

c �. ·-. �-· .U 

c: C I) 

c 

A SL = A L  ( N P L  ( I  i ,  I )  / DP 
A =: AN C: / DR 

:E:2 ::  I C D I !'JPD I J )  , . I l - C DI'1PlX * S i r\! I ASD l ) / C O S C AS D l 

A 2 = ( CL < NP L ( I l ,  I > - C D M A X * S I N I AS L > * C OS I A S L l l * S I N I AS L l / C O S I AS L l * * 2  

I F I C D D , NE , E R C O D E ) R E T U R N  
C DD = A L O O K I C D D S , A C DDS , A NG , 4 )  

l F I C DD . EQ , E R C O D E > C D D = C DM AX * S I N I A > + B 2 * C O S I A l  
F: E T U R f\1 
E f'·JD 

: I NTERPOLA T I ON ROUT J NE 

FUN C T ! ON A P O L T I I 1 AN G 1 A t C 1 NM l  

D I ME N S I ON A I 5 0 , 2 0 ) , C ( 5 0 , 2 0 )  

C OMMON / E R / E R C ODE 

APO L T = ER C O D E  

I F I ANG . L T . A I 1 1  I l . OR , AN G . GT , A I NM ,  l l l RE T U R N  

N = 1 

5 0  N = N -r· 1 

I F I A I N , I l , LT . A N G l G O T 0 5 0  
APOLT = C  I N - 1 ,  I ) + I C ( N ,  I )  - C  I f\l - 1 , I I I 1!· I A NG - A  I N - 1 ,  I ) )  I •: A I N , ! l - A  I N - 1 ,  I )  
F.: ETURN 

Ef\!D 

c 
F UN C T I ON A L O OK I F , X , X O , N l  

C F U N C T I ON T O  F I ND VALUE O F  F I X )  A T  X = X O  
D I ME N S I ON F I N > , X C N I  

C OMMON / ER / ER C ODE 

I F I E R C ODE . EQ . O ,  I ER C O D E = - 9 9 9 9 9 , 

N N = f\J - 1 

D O  1 0 I = 1 I [\)f\l 
X l = X I I >  
X 2 = X I I + l  I 
D l = A E:S I X l - X O I 
D 2 = A B S I X2 - X O l 
D O = AB S I X l - X2 l  
I F I D 1 , L E . D O . AN D , D2 . LE . D O l GO T0 1 0 0 

l. O  C ON T I NUE 
C X NOT FOUND I N  R A N G E  

ALOOI:: = E R C  ODE 
R E :'fi..JRf\l 

C CAL C ULA TE V A L UE O F 'F C X O l 
1 0 0 I F I X2 . NE . X 1 l GO T 0 1 1 0  

ALOOK = , 5 * 1 F I I l +F I I + 1 l l  
RETURN 

1 1 0 FAC = I X O - X l l / I X2 - X l l 
ALOOK = F I I > + FAC * I F < I + l ) - F ( I ) I  

RETURN 
EI\ID 

74 
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AEROVI RONMENT ROTOR ANALYS I S  PROGRAM 
FAP.T D ,  H I BBS 1 984 

MO� 0 I N  W I ND SHEAR 

ANALYS I S  PERFORMED ON l l �JUL-84 AT l7: 27 t l 7 
ROTOR GEOMETRJ' 

�MFEP. OF BLADES : 2, CONE qNGLE, DEGREES 3 , 00 

�·UJ: P.AD I US: 0 ,  0'52 
LOSS NODELS 
0 :  NONE 
l :  PRAN:JTL 
T I P  LOSS MODEL: . I  HUB LOSS MODEL: 

�NI\LYS I S PARAMETERS 

� C J RCUMFEF!ENTAL STAT IO�S A�ALI ZED OVER 0 . 5  POTAT I O�S 
1 '3  EI.01ENTS ANALIZED OVER A RAil IUS RANGE FROM O ,  052 TO � ,  000 
POTOP. ANALYZED AS WI NDTURB!NE 

NOfJ UNI FORM FLOWS 

l.IU�D EXPONErrr: 0 .: 1 -4:3 J.i!JB HE ICHTIRADIUS 1 
TQ\.IEFf' WAY.E W I DTHt 0 . 000 WAt:E DEF I C I T :  
TU?.BIJLAtJCE I NTENS ITY: 0, OIJO YAW ERROP., DECREES: 
TUP.BULANCE FF!EQUENCY/F!OTOP ROTAT I ON  FREQUENCY :  

D I MENS I ONAL VALUES 

F.'OTt'P. P.AD IUS: 1 9 . 5  M 
F!llTOP. RATE OF ROTAT I ON: 20 . 1;0 RPM 
DEtJS JTY: 1 . 220 J<C/11111 3 

E:L/\DE . STAT I ON DATA 
STAT ! ON PAD IUS CHORD Tlrl l ST CMO MA 

I Q . OS2 l 0 . 0297 o . oooo t .  0000 t . oooo 

2 0 . 2085 0 . 0782 o . oooo t .  0000 t . oooo 
? 0 . 4072 () , 0782 o . oooo • •  0000 t . oooo 
4 !' . �267 0 . 0657 0 . 000(.1 t . oooo 1 . 00(10 
5 0 . 67 1 7  0 . 06 1 2  O . Ql\00 1 . 0000 J .  0000 
6 IJ , (;;-23 0 .!.' 6 1 6  O , I)QI)O J .  (.1000 • •  0000 � 1) . 9759 (1 . 03.o!2 o . oooo t .  0000 J .  0000 
8 1 . 01)00 o . oooo o . oooo J ,  OOIJO t .  0000 

A l P.F"O J I. SECT I ON DATA FOR STAT I ON I 
1.\LPHA CL 1:\�.PIN CD 
-4. 0(!()� - 0 . �000 ·· 4 .  : i)OO (l . ooes 

C . O'iOO !) , 1 000 1) , 1)1)0{\ 0 . 0082 
-� . OI'O 'J 1) . 4400 4 . :Ji)00 0 . 0095 
e. . oooo 1) . 820() J3 , Q!JOO !) . 0 1 23 

1 2 . 0fiCO t .  1 300 J. O , (lOQO o . o t sz 
1 � . 000'> J , 40Cil 1_ 2 .  •)OQO 0 . •:1202 
1 :- . oooo 1 . 2001) 1 4 . 90!)� (.1 , ()2'50 � . oooo o . oooo I "7 .  'NOO :> . 1}520 

A J PF" O H .  SEC T l ON IIATA roP STAT I 0111 
: 

2 

0 . 974 

o . ooo 

o . ooo 
o . ooo ' 



ALPHI\ CL 1\LPHI\ CD 

- L , i){l(\0 - 0 . 8000 ·· 4 .  O Q OO 0 . 0085 

0 . <)000 o. 1 0 00 o . o o o o  o . OOB2 

4 . 0000 Q , 44!JO 4 . 0000 0 . 0095 

8 - 0 000 0 . 8200 B - 000 0  0 . 0 1 23 

J :;:' . O(l()(l t .  1 200 1 0 . 0 0 0 0  0 . 0 1 52 

1 5 . 0000 I ·  4000 1 :2 . 0 (} 0 0  0 . ()202 

1 7 . 1)000 t .  2000 1 4 . 0000 0 . 0250 

() , 000(1 o . oooo F" . oooo 0 . 0520 

A J P.F"O I L SECT I Q!\1 DATA tOP STAT t ON 8 
ALPHA CL lll.PHA CD 

- 4 - 0000 - 0 . 3000 - 4 • 00 00 0 . 0085 

c . oooo o . t ooo o . oooo o . oos2 

4 . 0!'00 0 . 4400 4 . 0000 0 . 0095 

�- . OOl\0 0 . 8200 9 . 90 0 0  O dH 23 

.t � .  0000 t .  1 '30 0  I 0 - 0 1) 00 0 . 0 1 52 

1 '5 - 00 0!) J , 4QOO 1 2 . 00 00 0 . 0202 

, ;· .  Q(l()Q I ·  2001) 1 4 . :101)0 0 . 0250 

C , Q(l00 o . oooo 1 7 . 0000 0 . 0520 

ll l F:F" O J L  SECT I ON DATA FOP. STAT I ON 4 
·t:..PH'-'1 CL <lLPHI\ C D  

- • - . 1)000 - 0 . 3000 ·· 4 .  JQOO o . oos5 
:; , ()(100 o . t ooo (1 . 0000 0 . 0082 

.t , 000() 0 . 4400 4 . 00 00 o . oo95 
f. , ()():)O 0 . 8200 9 . i>ooo :> . 0 1 2"3 

, � . 000') 1 . 1 300 1 0 . 0000 0 . 0 1 '52 

1 !5 . "00') (. 4000 I :2 . !)000 0 . 0202 

1 7 . 0!>0:1 1 . 20 0 0  1 4 - 000 0  o . o.zso 
--..1 :: . voao o . oooo t : ,  i)(lQO 0 . 0520 
0\ 

A J PFO I L SECTION DATA FOP STAT I ON '5 
ALPHA CL ALPHA C D  

- 4 . 0000 - 0 . 3000 - 4 . 0000 o . ooss 
o . oooo o . t ooo o . o o o o  0 . 0082 

.!. , (\!)00 !) . 4400 4 . 000() 0 . 0095 
6 . 1)(100 0 . 8200 s . oooo 0 . 0 1 23 

J £ , 000{• 1 . 1 ?00 1 0 . 0 0 0 0  o . o t s2 
1 5 . 000 0 1 . 4l\OO 1 2 . 0000 0 . 0202 

1 7 .  000() 1 . 2000 1 4 . 0 () 00 0 . 0250 

o . oooo o . oooo 1 7 . 0000 0 . 0520 

A l PFO I L  SECTJ O N  DATA FOP.. STATI OtJ G 
ALPHA CL "l.PHA [ I)  
- 4 . 0()00 - 0 . 3000 - 4 .  00(•0 o . ooss 

o . oooo o. 1 000 o . oooo 0 . 0082 

.t , OOO(l (.1 , 4400 4 . 0 000 o . oogs 

s . oooo o . e2oo � . 01)00 0 . 0 1 2"? 

1 2 . 0000 I ·  1 300 1 0 . 0000 o . o 1 s2 

1 5 . 000 0 1 . 4000 1 2 . 00 0 0  0 . 0202 

1 7 . {10{10 I . 2000 J A . QOO'J o . o2so 

o . oooo o . oooo 1 ;- . oooo 0 . 0520 

A t PFO i l  SECT I !:IN DATA Ff>P. STAT l OtJ 7 
ALPHA CL ll:LPI-!A CII 

- d , (l!)()(l - 0 , "3000 4 . ('1:•0 0  o .  0(•3': 

o . oooo O . I OOQ {l . OQOO '.) . 00!32 

4 .  OOC·Q ') , 440() 4 , () (1 0 0  0 . 0('95 

f?. , OOOO 0 - 8200 3 .  0')�10 0 . 0 1 2 ? 



1 2 . 000() 1 . 1 800 1 0 . 0000 0 . 0 1 52 
1 5 .  0 0 •)0 1 . 4000 1 2 . 0000 (.\ . 0202 
1 7 . 0000 1 .  2000 J 4 , 0000 0 . 0250 

o . oooo o . oooo 1 7 . 0000 0 � 0520 

A I RFO I L  SECTION DATA FOP. STAT I ON 8 
ALPHA CL ALPHA C D  
- 4 . 0000 - 0 . 8000 - 4 . 0000 0 . 0085 

o . o ooo 0 . 1 000 o . oooo o . 0082 
4 , 0000 0 . 4400 ..t , oooo 0 . 0095 
8 . 0000 0 . 8200 8 . 0000 0 . 0 1 23 

1 2 . 0000 1 . 1 :300 1 o . oooo o . o t s:z 
1 5 . 0000 ' 1 .  4000 1 2 . 0000 o . o2o2 
1 7 . 0000 1 . 2000 1 4 . 0000 0 · 0250 

o . oooo o . oooo 1 7 . 0000 0 . 0520 

D BETA X PC TC QC TCW J CP CT ETA FM VEL., MIS P•.JP , nl THP., t, NT 

o . o  1 5 . 7 1  0 . 21 27 0 . 97 l l o .  0 1 ·3'5 0 . 929 1 0 . 20() o . oooG7 0 · 0 1 525 0 . 2 1 90 2 . 2496 :z . es :z . 97E-7 5 . 074!? 

() , O  1 2 . 57 1) . 3�<.18 o . s<�76 O o 0282 0 . 8627 o . zso 0 . 002 1 7  0 . 02080 0 . 4 1 74 t .  t o;:·a 3 . 2'5 9 . €-7 1 5 !;; . 92 1 E  

o . o 1 0 . 47 0 . 40 1 4  0 . 7'5'55 o .  038.3 0 . 7723 0 . :300 0 . 00426 0 , (12670 . 0 . 53 1 8  o . S 1 8o 4 . 0:.? 1 /?- . 95�6 s . 8e ? l  

o . o 8 . 98 O • ..tOOG o . s722 0 . 1)446 O o 6843 o .  "3'50 0 . 00674 0 . 03234 0 . 5959 0 . 6879 4 . 69 ·;:.') . 0450 1 0 . 7'578 
o . o  7 . 85 0 . :3779 Q . '5973 0 . 048 1 o . 6o5o O o :40 0  0 . 0(19'50 0 . 037'53 0 . 6325 0 . 6 1 08 '5 . 36 4 2 . �(·5 1 1 2 . 48'54 
o . o 6 . 98 0 . 3459 0 . 53 1 2  o . o495 0 . 5348 o . -'150 0 . 0 1 238 0 . 04224 !) . 65 1 '2 0 . 55�6 6 . 08 35. 1 4 1 8  J 4 . 0S£5 

o . o  6 . 28 0 . 3 1 09 0 . 47 36 0 . 049'5 0 . 47;3'5 0 . 500 o . o l '526 0 . 046'50 0 . 6'564 o . S242 6 . 69 ; :- . 'l8 4 d  1 5 . 4597 
Q , O � h l' l  0 . :2759 () . 424 1 0 . 0483 0 . 4205 o . sso 0 . 0 1 80;3 () . 05038 0 . !;507 o . �oo4 7' . 25 8(1 • .  ? 1 1 9  J 6 , 7S00 

o . o  5 . 24 0 . 2425 O o 3808 0 . 0463 0 . 3739 0 . 600 0 . 020'57 O . OS28" () . 68(;7 () . 4346 s . o::t 9 1 . 6 1 '5 1  1 7 . 9 1 1 6 

o . o  4 . 83 ' 0 . 2 1 1 1  0 . ?4:29 0 . 0437 O o 3329 0 . 650 0 . 02277 0 . 0'5689 0 . 6 1 57 () , 47'56 8 . 70 1 9 1 . <!'259 1 8 . 92� 1 
o . o 4 . 49 o .  1 822 0 . 3099 0 . 0405 0 . 297 1 0 . 7(10 0 . 0:<'454 0 . ()5954 0 . 5879 !) . 4;:"2'5 9 . 37 1 09 . 3394 1 9 . 8.d Z J  
o . o  4 . 1 9  0 . 1 560 0 . 2808 0 . 0372 0 . 26::!4 0 . 7'50 0 . 02585 0 . 06202 0 . 55'57 o • .t768 1 0 . 04 l i S .  1 468 20 . !; 336 

o . o  3 . 93 o . t n5 0 . 2546 o . 0337 O o 2369 o . soo 0 . 02664 0 . 0641)() 0 . '5204 0 . 4848 1 0 . 7 1  1 1 8 . 6868 2 t . 2g 1 s  
o . o  3 . 70 o. 1 1 2 1  0 . 23 1 5  0 . 0303 o . :z u s  o . sso 0 . 0'27(13 0 . 06569 0 . 4842 Q , d969 l J ,  £18 1 2 (l , .cl2-t2 2 1 . 85•H> 

o . o 3 . 49 0 . 0949 0 . 2 1 1 '5  0 . 0272 O o 1 899 0 . 900 0 . 027 1 7  0 . 06727 () , 4487 0 . '5 1 24 1 2 . 05 1 2 1 . ')240 ::? 2 . Ec798 

() , () 3 . 3 1  o . oao 1 o .  1 938 0 . 0242 0 . 1 706 0 . 9'5 0  o . o2697 O o 06869 0 . 4 1 33 () , 5:?26 1 2 . 72 1 20 . 1 657 22 . �545 

o . o  8 . 1 4  0 . 0679 0 . 1 785 0 . 02 1 6  o . 1 537 t ;ooo 0 . 02668 () . (170 1 2  0 . 3805 o ; ss5z 1 3 . 39 1 1 S . SS52 23' "327" �-1 
o . o 2 . 99 () . 0580 o . t 6S6 O o 0 1 9 4 0 . 1 39 1  · 1 . 050 0 . 02637 0 . 07 1 68 0 . 3503 o . SB08 1 4 . 06 1 1 7 , 457 1 2'3 .  g.tg;-
o . o  2 .-a6 O o 0499 () , 1 '345 0 . 0 1 7'5 o .  1 264 • •  1 00 0 . 02607 0 . 07240 o • .  3229 0 . 608!; 1 4 , 73 1 1 6 .  1 436 £.4 , 4£1)3 
o . o  2 . 73 0 . 0431 0 . 1 448 . o .  0 1 58 0 . 1 1 '33 f ,  I SO 0 . 02574 0 . 075 1 8  0 . 2977 0 . 6390 1 5 . 4 (1 1 1 4 . E 67 1 25 . 0 l 2 d  

o . o 2 . 52 0 . 0375 o .  1 864 0 . 0 1 43 o . t o56 I . 200 0 . 02'544 () . 077 1 2  0 . 2749 () . 67 1 6  1 6 . 07 1 1 :3 . 3-·IG I 2':' . ��;- 1 
o . o 2 . '5 1 0 . ()328 0 . 1 290 0 . 0 1 3 1  0 . 0969 I , '2'50 0 . 025 1 6  0 . 079 1 7  0 . 2542 0 . 7065 1 6 . 74 l l 2 . 07 1 7  25 . '3400 
o . o  2 . 42 !) . 0289 o .  1 226 o . o 1 2o 0 . 0893 · · �0 0  () . 02492 0 . 08 1 34 0 . 2357 0 . 7427 1 7 . 4 1  1 1 1 . ()2;:"9 27 . 06 2 ? 
o . o  2 . 3.3 0 . 0256 O . I I G9 o . o u o  0 . 0827 1 . 850 0 . 0247'5 (1 . 08.370 () . 2 1 9 1 0 . 7805 1 8 . 08 1 1 0 . 27 1 7  2� . �4'31=3 
o . o  2 . 24 0 . 0229 () , I 1 20 o . o t o2 0 . 0769 1 . 400 0 . 02452 o . os6 H !  0 . 204 1 o . s t 9"' 1 8 . 75 1 1)9 . 6977 28 . 6:- l t 
o . o 2 . 1 7  O o 020'5 o . 1 o7s 0 . 009'5 o . o7 1 G  1 . 450 0 . 024'54 0 . 08878 0 . 1 906 0 . 8602 1 9 . 42 l t\9 . 300!'\ 29 . 5�7'2 
o . o  2 . 09 0 . 0 1 84 o . 1 o3s 0 . 0088 O . OG67 1 . 500 0 . 0244 1 o . o� t ..s:; 0 . 1 780 0 . 90.36 2 0 . 08 1 08 . 73'5'5 30 . 4 1 '5 1  
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AEP.OVI RONMENT ROTOR ANAVI'S I S  PROGRAM 
BART D. H I BBS 1 984 

ENERTECH 4 4 / 25 IN UNI FOP.�1 FLOW 

ANALYS I S  PERFORMED ON 26-JUL-84 AT 1 5 : 1 8 : 37 

P.OTOR GEOMETRY 

MJ�IE:ER OF BLADES: 3, CONE ANGLE, DEGREES 5 . 00 
HUB RAD I US :  0 . 1 00 

LOSS MODELS 
0: NONE 
1 :  PRANDTL 
T I P  LOSS MODEL : 

ANALYS I S  PARAMETERS 

HUB LOSS MODEL : 0 

I C I RCUMFEPENTAL STATI ONS ANAL I ZED OVER 1 , 0  ROTAT I ONS 
IS ELEMENTS ANAL I ZED OVER A RAD I US RANGE FROM 0 . 1 00 TO t . OOO 

ROTOR ANALYZED AS W JNDTURB J NE 

NON UN IFORM FLOWS 

W I ND EXPONENT: 0 • 000 HUB •lEl CHT /RAD I US :  
TOWER WAKE W I DTH: 0 . 000 WAKE DEF I C I T t  
TUF!BULANCE I NTENS I T"J' : 0 ,  000 YAW ERROR, DEGREES : 
TURBULANCE FREQUENCY / ROTOR ROTAT I ON FREQUENCY :  

D I MENSI ONAL VALUES 

ROTOR RAD IUS: 
ROTOR RATE OF ROTAT I ON :  
DENS J T"t : 

BLADE STAT I ON DATA 
STAT I ON RAD I US CHORD 

I 
2 
3 

A I RFO I L  
ALPHA 
- 4 . 0000 

6 . oooo 
e . oooo 

1 0 . 0000 
1 2 . 0000 
1 4 . 0000 
1 6 . 0000 

o . oooo 

o. 1 000 0 . 0666 
0 . 6360 0 . 0909 
1 . oooo 0 . 0758 

SEC T I ON DATA FOP 
CL 
o . oooo 
1 . oooo 
1 . 1 500 
l .  2500 
t .  3500 
l .  4200 
1 . 4200 
o . oooo 

6 . 7  

5 3 . 00 
1 . 220 

TWIST 
s . oooo 
2 o 9800 
o . oooo 

STAT I ON 
ALPHA 

- 4 . 0000 
4 . 0000 
6 . 0000 
a . oooo 

1 0 . 0000 
1 2 . 0000 
1 4 . 0000 
1 6 . 0000 

A I RFO IL SECTION DATA FOP STAT I ON 
ALPHA 
- 4 . 0000 

6 . 0000 
a . oooo 

1 0 . 0000 

CL 
o . oooo 
l .  0000 
1 . 1 500 
1 . 2500 

ALPHA 
- 4 . 0000 

4 . 0000 
6 . 0000 
a . oooo 

M 
RPM 
I<G/MH3 

CMO MA 
1 .  0000 1 . oooo 
J ,  0000 1 .  0000 
1 .  0000 1 . 0000 

I 
CD 

0 . 0 1 30 
0 . 0 1 30 
0 . 0 1 70 
0 . 0220 
0 . 0270 
0 . 04"30 
o . o5eo 
0 . 0820 

2 
C D  

0 . 0 1 30 
0 . 0 1 30 
0 . 0 1 70 
0 . 0220 

3 . 640 
o . ooo 
o . ooo 
o . ooo 



o . o  4 . 49 0 . 3887 0 . 7202 0 . 0866 0 . 6467 0 . 700 0 . 05236 0 .  J:::l8S9 0 . 539-9 0 . 786 1 8 . 29 1 9 . 1 223 4 . 27 1 3  
o . o 4 • .• 9 0 . 36 1 5 0 . 61; :3 1  0 . 0863 0 . 5903 0 . 750 0 . 05989 o. 1 46 48 () . 54'5 1 0 . 7469 a . 89 2 1 . 87 1 4  4 . 5 1 �7 

o . o  3 . 93 0 . 332 1  0 . 6 1 1 9  0 . 0846 0 . '5394 o . 8oo O . OG677 o .  1 '537-9 0 . '5427 0 . 7207 9 . 48 2 4 .  3821:; 4 . 7396 
o . o  3 . 70 0 . 3022 o . s649 0 . 08 1 8  0 . 4930 0 . 850 0 . 07 288 o .  1 6028 0 . 5:350 0 . 7 0 25 1 0 . 07 �G . t; l 6 �  4 . 9399 

o . o 3 . 49 0 . 2726 o . s22 1  0 . 0781 0 . 4503 0 . 900 0 . 07803 0 . 1 6609 () . 5220 0 . 69 2 1  1 0 . 66 28 . 49':'4 5. 1 1 89 
o . o  3 . ::u 0 . 2428 0 . 4832 o . o;-::;:.4 o .  •1 1 1 0 0 . 950 0 . 08 1 74 o. 1 7 1 25 0 . 502·1 0 . 69 1 8  1 1 . 26 29 . 8'504 '5 . 2780 

o . o  3 . 1 4 o. 2 1 40 0 · 4•177 0 . 068 1 0 . 3750 1 . 0 00 0 . 08403 0 . 1 7581 0 . 4780 0 . 7000 1 1 . 85 3Q . 6869 5 . 4 1 86 

o . o 2 . 99 · o . 1 876 o . 4 t 52 0 . 0627 0 . 3420 1 . 050 0 . 08527 0 . 1 7975 0 . 45 1 8 0 . 7 1 :3 1 1 2 . 44 3 1 . 1 4 1 0 5 . 540 1  

o . o  2 . 86 0 . 1 637 o . :3852 0 . 0573 0 . 3 1 1 7  I .  1 00 0 . 08555 o .  1 8303 0 . 4249 0 . 7303 1 3 . 0?- ;:l l . 2 4 1 •1 5 . 6 4 1 0 
o . o  2 . 73 0 . 1 430 0 . 3580 0 . 0523 0 . 2844 I . I SO 0 . 08538 o .  1 8'593 0 . 3993 0 . 7492 1 3 . 6 3  3 1  , I :?- I  P. '5 . 7?04 

o . o  2 . 62 0 . 1 250 o . 333B 0 . 0478 0 . 2600 1 . 200 0 . 08483 o .  1 8877 o .  :3745 0 . 77 1 4 J -4 . 22 30.  9;"9:3 5 . 8 1 (9 
o . o 2 . 5 1  0 . 1 1 0 1  0 . 3 1 30 0 . 04:38 o . 2389 I ,  2'50 0 . ()8445 o .  1 9205 () . 35 1 8  0 . 79'52 1 4 . 8 1  .=-.o . 84 1 6  5 . 9 1 9 1  

o . o 2 . 42 0 . 0968 o . 294 0 0 . 0 4 0 1  0 . 2200 1 . 300 0 . 083'5'5 0 .  1 9'509 0 . 3294 0 . 8229 1 5 . 40 ?0 . 5 1 24 6 . 0 1 28 

o . o  2 . 33 o . o851 O o 27G7 0 . 0366 0 . 2027 l o  3'50 0 . 08226 o .  1 9806 0 . 3076 0 . 8550 1 6 . 00 30 . 0 407 6 . 1 0 •15 

o . o  2 . 24 0 . 0754 0 . 26 1 7 0 · 0336 o. 1 87 4  1 . 400 0 . 08 1 28 0 . 20 1 46 0 . 2982 0 . 8877 1 6 . 59 29 . 61 H 4  6 . 2092 

o . o 2 . ( 7  0 . 0673 o . 2487 o . oa 1 o  o .  1 740 l . 4'50 o . o9os2 0 . 20'538 0 . 2704 0 . 9223 1 7 . ! 3 29 . 40 48 6 . 3299 

o . o  2 . 09 0 . 0603 0 · 2374 0 . 0288 o. 1620 1 . 5oo 0 . 07994 0 . 20972 {lo 254 1 0 . 9586 1 7 . 77 23 , ! 94?. 6. 46,?;-

o . o  2 . 03 0 . 0'544 0 · 2273 0 . 0268 o . 1 5 1 4  t . 550 0 . 07956 0 . 2 1 448 0 . 2393 0 . 9962 1 8 . 37 29 . 0536 6 . 6 1 0 •1 
o . o  1 . 96 0 . 0493 o.; 2 1 84 0 . 025 1 o .  i 4 1 9  1 . 600 0 . ()793 1 0 . 2 1 960 0 . 2257 l o 0 352 1 8 . 96 28. 9649 6 . 7682 
o . o I . 90 0 . 0449 0 . 2 1 05 0 . 02:36 o . t 334 1 . 65 0  0 . 07922 0 . 22506 o .  2 1 :33 1 .  0754 1 9 . 55 28 . 9294 6 . 936•1 
o . o  1 . 85 0 . 04 1 1 0 . 2034 0 . 0222 0 . 1 256 1 . 700 0 . 07926 0 . 2:3086 0 . 20 1 9  1 . ( 1 67 2 0 . 1 4  28 . 9 4 37 7 . 1 1 5 1  

D BETA X PC TC QC TCW J CP CT ETA FM VEL, M I S  PI-IR, KW THP., t:NT 

2 . 0 1 5 . 7 1  - 0 . 6 0 1 0  1 . 2885 - 0 . 0383 0 . 8020 0 . 200 - 0 . 0 0 1 89 0 . 02024 0 . 4664 - 1 . 2 1 68 2 . 37 - 0 . 6996 0 . 6238 
:z . o 1 2 . 57 - 0 . 064 1 1 . 1 823 - 0 . 005 1 0 ; 8935 O o 250 - 0 . 00039 0 . 02902 0 . 0542- 1 0 . 0297 2 . 96 ··0 . .  436 0 . 89 •1 3  
2 . 0  1 0 . 47 O o l 796 1 · 0974 0 . 0 1 72 0 . 9275 o . 3oo 0 . 00 1 90 0 . 03879 o . I E037 3 . 2006 3 . 55 0 . 69'54 1 . 1 954 

2 . 0  8 . 98 0 . 3069 • .• 0294 0 . 0342 0 . 9276 0 . 350 0 . 005 1 7 0 . 04952 0 . 298 1 1 . 7 0 1 6 4 . ! 5  1 . 8869 1 . 5262 
2 . 0  7 . 85 0 . 3793 0 . 97 1 7 0 . 0483 0 . 9046 0 . 400 0 . 00953 0 . 06 1 0'5 0 . 3903 1 . 2627 4 . 7 4 3 . 48 1 3 t . B3 1 7  
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