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A HORIZONTAL AXIS WIND TURBIf'EPERFORMANCE PREDICTION CODE 

FOR PERSONAL COMPUTERS 

Under contrqct to the Wind Energy Research Center (WERC), four contractors 

exercised their performance prediction methods to predict the performance of two 

horizontal axis machines (Reference I). Based on the results of that study, one of the 

methods (AeroVironment blade-element/momentum PROP code) was adopted for routine 

performance calculations at theWERC. Desirable features of the Aerovironment PROP 

code are that it is an efficiently written short code which can sweep tip speed ratio and 

blade pitch in one computer nJn. The code includes the Glauert approximation for low 

wind speed analysis and can O"J".,.ommodate a different airfoil data table for each blade 

element. In its original form f:-':Lscode had a few limitations. All calculations were done 

in a nondimensional format ''''lrh p.erformance expressed in terms of power coefficient 

versus tip speed ratio. Tr~ :::,gram was originally written with the blade segment 

number fixed at ten and no 7~/isions were included to account for yawed flow effects. 

To enhance its capability, th::: ',{~?/: has added the following improvements: 

o The code was reprogram~ :'7 ':::-nensional output 

o variable input blade segm:: "trC€f (up to 20) was added 

o crossflow effects were irr::!f~ :~analyze rotors operating off the wind axis or with 

shaft tilt. 

o a 3-D post-stall airfoil c:b:~ ~~€Sization routine was added (Reference 2) for better 

performance predictioncr -~ -:;- .r:c speeds. 

Some of the keyfe::T:.:r~ -~ the WERC modified-AeroVironment PROP code 

designated PROPSH are dis:;-~~ r 7 :e following sections. 

The Glauert Approximation 

The use of the Gla~ ~:-c:f approximation resulted from the inability of 

inviscid momentum theory 1: _ t ... "'-=: ~e viscous flow conditions of the wake at low wind 

speeds during the presence ~ :.. .. ,~-;tor/wake interaction. In this so-called windmill 

brake region, calculated t"i':--=- =--.::-.... ::ients derived from a blade-element/momentum 



balance are abnormally low relative to measured values. The Glauert empirical 

relationship, which is based on measured values (Reference 3), is used in lieu of 

momentum theory at low wind speeds when the axial induction at the blade exceeds 

38 percent of the free stream value. This typically occurs at low wind speeds for blade 

pitch angles away from optimum performance toward stall. 

3-Dimensional Post-Stall Synthesization 

Development of the 3-D post-stall airfoil data synthesization subroutine was 

motivated by the inadequacy of 2-D airfoil data tables in predicting maximum power. 

Typically, post-stall 2-D airfoil data tables substantially under-predict peak power. For 

a horizontal axis wind turbine, stall originates at the blade root. With an increase in 

wind speed, stall propagates outboard along the blade. When peak power is reached, most 

of the blade is stalled. The stall region experiences angles of attack in the ra~ge of 15 to 

40 degrees with the angular distribution decreasing toward the tip. In the stall region, 

the airfoi I data characteristics become less dependent on airfoi I geometry and Reynolds 

number and more governed by 3-D effects. The 3-D effects are, in large part, influenced 

by the blades' aspect ratio. This is the scenario upon which the 3-D post-stall 

synthesization (Reference 2) is based. A convenient feature of this routine is that it 

automatically provides a smooth curve fit from where the 2-D data leaves off up through 

the highest stalled angle of attack experienced by each blade section. The resulting 

synthesization is dependent only on the blades' characteristic aspect ratio. Although this 

method provides a better estimate of peak power it still underpredicts peak power by 3 

to 15 percent (Reference 4). The remaining underprediction is thought to be due to 

additional, unaccounted for stall relief resulting from radial flow effects induced by the 

spanwise pressure gradient associated with blade rotation. Work is in progress to refine 

the synthesization theory so that this shortcoming of the program can be eliminated. 

Cross-Flow /Shaft-Tilt Effects 

Yawed flow effects are neglected by most performance prediction codes. A 

designer typically assumes his machine will operate on the wind axis. However, 

experience shows that, particularly for downwind machines, it is the exception rather 

than the rule for a machine to accurately track the wind throughout its operating range. 
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The causes of off-axis operation are numerous. Two common causes are rotor shaft tilt 

for tower clearance purposes and tower shadow-induced asymmetrical loading for 

downwind machines. Ifoff-axis operation is not corrected, a machine can have a wind 

tracking error up to 10 to 30 degrees depending on the wind speed. Substantial losses in 

aerodynamic efficiency will result by allowing a machine to operate off-axis by more 

than 10 degrees. Aerodynamic performance codes need to accommodate this parameter 

so that predicted performance can be compared to measured performance. This 

capability is important not only for predicting net power but for calculating cyclic blade 

loads. 
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f\Iomenclafure 

a axial interference factor at the plane of the rotor 

a f circumferential interference factor at the plane of the rotor 

Co drag coefficient 

CL lift coefficient 

c/R nondimensional chord 

d/R nondimensional hub height 

J advance ratio 

i local blade element 

MO blade root bending moment 

NS number of blade segments (or elements) 

Pc power coefficient (used in PROPSH for Cp) 

Q C torque coefficient 

r /R nondimensional radius along blade 

T C thrust coefficient 

X tip speed ratio 

Symbols 

a angle of attack 

S angle measured from the plane of rotation to the blade chord line which describes 

blade twist 

o rotor solidity ratio 

cp inflow angle 

-/; not equal to 
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USER'S MANUAL FOR THE PROPSHCODE 

The PROPSH code calculates tabulated output of rotor performance parameters as a 

function of either tip speed ratio (wind turbine default option) or advance ratio 

(propellers) for a given set of blade pitch angles. Whether the rotor Is specified os a wind 

turbine or propeller, the principles used for the calculation are the same. The following 

paragraphs provide details of the required input data file. 

The PROPSH code is programmed in FORTRAN computer language and all input 

data lines have the format (7F I 0.0). The following is a Hne-by-line description of the 

input data set which is read sequentially during the execution of the program. 

INPUT 

Line I 

RD 

RPM 

RHO 

Line 2 

BN 

CONE 

HUB 

Line 3 

LTIP 

LHUB 

- blade radius, ft. 

- rotor revolutions per minute 

- air density, slugs/ft.3 

- number of blades 

- cone angle of rotor, degrees 

- normalized hub radius (i.e., ratio of hub radius to rotor 

radius) 

- tip loss model: o· = none 

I = Prandt I loss model 

- hub loss model: o = none 

= Prandtl loss model 
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USEAP 

IBR 

Line 4 

MODE 

WEXP 

HH 

NS 

NSEC 

- swirl suppression: 

- brake state model: 

- rotor type: 

o = suppress swirl 

= include effects of swirl 

o = classical model 

= advance model 

= turbine 

-I = propeller 

The mode parameter does not change the results of the 

analysis but only changes the sign of some output values. 

These values are P C,T C' GC' s" and Q. In addition,the 

definition of a, the angle of attack, is changed os shown: 

. . propeller 

. wind turbine 

a=<f> - 8 

a=8- cp 

- ~ind bound.ory l<';lyer profile exponent. If this is zero 

HH~06NS EC . are automatically set to 1.0 and do not 

need to be input. 

- normalized hub height (i.e., ratio of hub height to rotor 

radius). 

- number of segments {or elements) comprising the blade. A 

typical value isl 0, and the maximum value is 20. 

number of circumferential sectors to be used in the 

analysis. If WEXPJ; 0 or rotor shaft or yaw angle 1= 0, NSEC 

will default to 4 if NSEC is less than this required value. 

Lines 5 to Line (4 +NS) (Blade Geometry Data) 

The code considers the blade split into NS equal segments; for each element the 

following data pair is required (I set per line) (see attached example). 
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TW 

Line (5 + NS) 

- normalized blade chord (i.e., ratio of blade chord to rotor 

radius). 

- blade twist angle, degrees (positive value toward feather). 

The next several lines of data describe theairfoiI performance characteristics at 

each element. The data begins with element I. 

NS 

MM 

NN 

- blade segment number (from I to NS). 

- the number of points required to define the a versus CL 
curve for the airfoil shape at each element. 

- the number of points required to define the a versus CD 

curve for the airfoil shape at each blade element or 

segment. 

Line (6 + NS) to Line (5 + NS + MM +NN) 

Each of these lines contain one coordinate pair defining successive points on the 

airfoil characteristic curves. First, the a versus CL curve is defined beginning with the 

most negative angle of attack with the coordinates in the order: 

AL 

CL 

- angle of attack, degrees. 

- lift coefficient. 

IQ) not alter the chord distribution to represent a blade root cutout. The 
b I ode t s chord dis t r i but ion rrus t be detenni ned based on an extrapo I ot i on to the 
rotor's center of rotat ion.---rFi is procedure ensures co I cu lot i on of the proper 
equivalent chord upon vAlich the post stall airfoil data synthesization routine 
is based. 
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Following these data, the a versus CD coordinates are then required in a similar 

form: 

AD 

CD 

- angle of attack, degrees. 

- drag coefficient. 

For angles of attack greater than those covered by the user's input data, the 

program synthesizes airfoil data based on a stalled flat plate with an effective aspect 

ratio corresponding to that of the blade. Two options are available. The post stall 

synthesization method (default option) is preferred and requires no user interaction. This 

method provides a smooth curve fit to where the 2-D data ends. The second method is 

the AeroVironment flat plate model which requires some work on the user's part to 

interface with the 2-D data. To properly interface with the AeroVironment flat p~ate 

characteristics, it is good practice to include the point a = 26.5" CL = 1.047 and 

Co = 0.522 as the last points in input data. If negative angles of attack are important, 

then the point a = -26.5" CL = -1.047 and Co = 0.522 can be used as the first data 

points. 

Data of the same form as for Line (5 + NS) onwards is then required for elements 2 

through lOin order. However, provision has been made so that the quantity of input data 

can be reduced when two or more blade segments have the same airfoil characteristics. 

If, for example, segment 7 has the same airfoil shape as segment 3, then the total data 

needed for segment 7 becomes: 

NS 

MM 

NN 

= 7 (segment number). 

= 0 (no new data required). 

= 3 (airfoil characteristics are the same as for segment 3). 

No further data for segment 7 is necessary and data for segment 8 must follow, which 

mayor may not also be of this form. The variable NSis used by the program only to 

check that the input data is in correct order. An error will result if this is not the case. 

Up to 14 coordinate points for each CL or CD curve can be input. 

Data to this point will occupy a different number of lines depending on the rotor. 

Assume that the last line used is N so that the following input lines begin with N + I. 
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Line N + I 

151 

152 

Line N + 2 

FS 

FF 

FD 

Line N + 3 

IS 

INCV 

ISTL 

LineN + 4 

SH 

- the number of the first segment to be used in the analysis. 

This will normally be I. The computer will automatically 

ignore elements completely inside the radius specified by 

HUB. 

- the last segment to be used in the analysis. This will 

generally by NS, but if IS2 = lSI, the performance of a 

particular segment can be examined and optimized 

individually. 

- the most negative pitch angle to be examined, degrees. 

- the most positive pitch angle to be examined, degrees. 

- the increment in pitch angle, degrees. 

- blade elements data 

- tip speed ratio or 

advance ratio 

- post stall airfoil 

data synthesization 

o = none 

= blade element data printed 

o = tip speed ratio {wind 

turbine} 

= advance ratio (propeller) 

o = flat plate model 

I = Viterna stall routine 

- (Y or N), this variable determines whether asymmetrical 

loading due to shaft tilt or yaw angle is calculated. A "yes" 

reply includes crossflow effects in calculating 

performance. Anno" reply assumes the rotor is properly 

oriented with the wind direction. (Note: yaw angle can be 
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Line N + 5 

XJS 

XJE 

DXJ 

IXDIM 

OUTPUT 

treated as a shaft tilt only if wind shear is neglected) 

degrees 

- the lowest value of tip speed ratio (X) or advance ratio (J 

to be considered. Dimensional values of mph, m/ sec, 0 

ft /sec can be used in place of tip speed ratio. 

- the largest value of tip speed ratio (X) or advance ratio (J 

to be considered. 

- the increment in tip speed ratio (X) or advance ratio (J). 

- 3 = tip speed ratio 

2 = mph 

I = m/sec 

o = ft/sec 

All data read by the program are output exactly as read. This allows easy check in! 

of the input given to the program. 

The program first outputs the rotor geometry. This includes the number of blades 

rpm, radius, hub cutout, air density, cone angle, shaft tilt, and the tip and hub los 

models. Following this the brake state model to be used is listed;. the post stall airfoi 

data synthesization method used is listed; and the analysis mode (wind turbine 0 

propeller) is listed. The wind shear, ratio of hub height to rotor radius, and the numbe 

of blade and circumferential stations used are then listed. 

The blade element data for each of the NS segments are now output. For eacl 

segment, the blade chord and twist are given. 

The airfoil section data (the data points making up the a versus CL and a versus C[ 

curves) are now listed for each segment. The segments which are included in the analysi 

are then output followed by the results of the analysis. 
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The program sets the pitch angle to the initial value prescribed by the input and 

analyzes the rotor at all the desired tip speed ratios or wind speeds. The pitch angle is 

then incremented and the analysis is repeated. In this manner, the performance at all of 

the desired pitch angles is analyzed. At each value of X or J, the values of X, T C' Ge, 
Pc and the efficiency are given along with dimensional output. 

If b lade element data are to be output then the values of a, a', section 

CL and CD' the airflow angle, cJl the angle of attack, a, T Cp ' GCp' and PCp are 

given for each blade segment along with dimensional output. If more than one 

circumferential station is specified, then the results for each station are given. The 

circumferential angle for the current station is output along with the freestream flow 

velocity at that point. 
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Radius, ft. 

6.56 

Blade 
Number 

3.0 

Tip 
Loss 

1.0 

Wind 
Mode Exp. 

1.0 0.00 

EXAMPLE If\PUT FILE FOR PROPSH (ENERTEa-f 1500) 

RPM 

162.0 

Hub 
Loss 

1.0 

Air Density, slugs/ft.3 

Coning 
Angle 

0.0 

0.002378 

Hub Cut­
out, r/R 

Swirl 
Suppression 

1.0 

0.25 

Brake State 
Model 

1.0 

Hub Number of Number of 
Circu lor Sectors Height, d/R Blade Segments 

6.0 10.0 1.0 

Blade* 
Stations 

Nondimensional 
Chord, c/R 

Blade 
Twist, deg. 

5% 
15% 
25% 
35% 
45% 
55% 
65% 
75% 
85% 
95% 

0.089 
0.089 
0.089 
0.089 
0.089 
0.089 
0.089 
0.089 
0.086 
0.084 

0.000 
4.870 
4.300 
3.730 
3.150 
2.580 
2.010 
1.430 
0.860 
0.287 

'*locat i on of b lode segrent centers fran root to tip when 10 stat ions are 
used. (just a reference, not an input) 
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Blade Segment 
Number 

1.0 
- -7.0 }. T.O '. 

TIf.(). ngles 
T4JJ for CL llf.O" . 
-=b.U" 
o:rr 
L:rr ngles 
--s:rr for CD 
--s:rr 
T"41f 

blade 
segments 
2-10 

First Blade 
Segment 

1.0 

First Blade 
Pitch 

-1.0 

Blade Element 
Data 

0.0 

Shaft 
Angle 

0.0 

First X or 
Wind Speed 

2.0 

Number of 
Lift Coefficients 

5.0 
- -0.400 ~ 1.000 

UOO.· . values 
T.mr ·f CL 
~ 

0.0 
Olf 
OJ) 

~ 
~ 
(f.'QL'j va lues 
"U:U16 of CD 
~ 
0.085 

u:rr zero indicates 
o:rr segments CL, 
u:rr CD are a 
If.rr repeat 
o.n-
o:rr 

Last Blade 
Segment 

10.0 

Last Blade 
Pitch 

4.0 

Wind Turbine 
Propeller 

0.0 

Last X or 
Wind Speed 

Increment 
Size 

12.0 2.0 
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Number of 
Drag Coefficients 

6.0 

indicates 
repeat 
segment 
I CL, 
CD aata 

Increment 
Size 

1.0 

Viterna Stall 
Routine 

1.0 

3 = X, 2 = mph 
I = m/sec,O = ft/sec 

3.0 
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