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ABSTRACT 

The effects of flow nonuniformities on the perfo_rmance of a horizontal axis 
wind turbine are calculated taking dynamic stall into account. The well-known 
program PROP is modified to incorporate the above effects, and exercised to 
produce quantitative comparisons with the uniform flow case. 

J 

After study of various existing models, the MIT model (developed in 1983) is 
used to represent dynamic stall. This model is considered to provide 
sufficient accuracy for turbine performance analysis and yet is relatively 
simple. ·Using reduced frequency as a parameter, it predicts dynamic lift 
coefficients substantially higher than the static maximum values and includes 
a crude model of the vortex roll-off phenomenon. An associated model for drag 
is used. 

The dynamic stall model was tested against experimental data for three typical 
reduced frequencies. Good instantaneous correlation is obtained, while a 
comparison of average values of lift and drag coefficient over a cy~le show 
excellent correlation. ~ 

l 
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 mechanics at each radial 
station vary as the blade rot~tes, making it possible to represent a flow 
which is not uniform across the disk. 

The nonuniformities are wind shear, modeled by a power law; tower wake, 
modeled by an approximate Gaussian deficit; yaw, modeled by additional flows 
in the rotor-disk plane and large-scale turbulence, modeled by an axial flow 
with sinusoidal temporal changes in magnitude. 

Representative turbines used to exercise the model are the Westinghouse Mod 0 
and the Enertech 44/25. The comparison of field test data from the units with 
model predicted performance is good, lending credence to the basic PROP 
model. The effects of nonuniformities (using parameters typical of normal 
wind turbine environments) with and without the dynamic stall 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 principally due to the 
compensating effects of increased dynamic lift and increased dynamic drag. It 
is further shown that the performance with nonuniform flow compared with the 
uniform flow case diff.ers by only a few· percent. 

The new PROP model provides a powerful general capability to handle nonuniform 
flows rationally. The results indicate that the performance in these cases is 
not greatly different from the uniform flow situation, indicating that over a 
cycle the rotating blade acts as a very effective averaging mechanism.· 
However, the instantaneous changes in rotor loads due to nonuniformities are 
significant and can be predicted with the new program. 

iv 
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SECTION 1.0 

INTRODUCTION 

The phenomenon of dynamic stall can occur whenever the angle of attack of an 
airfoil increases relatively quickly from below to abQve the angle of stall. 
When this happens, the flow over the airfoil can remain attached at angles of 
attack above the angle at which steady-state (static case) flow separation 
normally occurs. This results in the airfoil generating higher lift forces 
than would otherwise be possible. In extreme cases, the lift coefficient can 
be increased by a factor of two or three by this dynamic effect, The flow 
over the airfoil can then separate suddenly, resulting in a rapid decrease in 
lift and an increase in drag. In the case of wind turbine rotors, the angle 
of attack can vary due to the effects of tower shadow, wind shear, off-axis 
operation, and turbulence. As a result, the turbine blades can experience lift 
forces that are different (usually larger) than would be expected from static 
performance alone. 

The increased lift forces will have two main effects on the \ turbine: 
increased blade bending loads, and a performance change. The ~fect of 
dynamic stall on blade loads has been examined by Noll and Ham (1983). In 
their report, the effects of tower shadow and unsteady winds were examined. 
Here the effect on output power under the influence of the four unsteady flows 
given above is examined by iptroducing dynamic stall effects into the PROP 
computer codes (Hibbs and Radkey 1983). 

The PROP code is well suited for performance prediction, but due to the 
assumptions used in the code it is not well suited for structural loads. PROP 
makes a rigid rotor assumption. In order to properly predict loads, it is 
necessary to include the effects of blade elasticity, teeter, and tower elas­
ticity. These effects result in blade motions not experienced by a rigid 
rotor. Such motions can be expected to affect the rotor structural loads. 

Current computer codes do a good job of finding the turbine performance when 
the flow over the blades is attached. For most turbines this co~responds to 
light wind conditions with the power output below rated. In stronger winds, 
many turbines are stall controlled to limit power output by allowing the flow 
to separate from the rotor blades. In these conditions the computer predic­
tions tend to be inaccurate. Generally they underpredict the output power, 
sometimes by very large amounts. One possible reason this may be happening is 
that the flow is remaining attached at higher angles of attack than those 
associated with static stall due to the effects of dynamic stall. Thus, it is 
desirable to quantify the effects of dynamic stall on wind turbine perfor­
mance. 

The purpose of this project is to modify the PROP computer code (Hibbs and 
Rodkey 1983) to include the effects of nonuniform flow and dynamic stall. The 
project is divided into three parts. The first part is to ~elect an appro­
priate dynamic stall model.· The second part is to modify PROP as required. 
Finally, the new computer program is exercised on several test cases. 

1 
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The first part of the project starts with an examination of the available 
dynamic stall models as given in the literature. Current understanding of 
dynamic stall is not sufficient to calculate the blade forces from first 
principles of fluid mechanics. Thus, most models are empirical in nature. A 
model must be selected that is easy to use, gives reasonable results, and is 
compatible with the PROP computer code. The dynamic stall model is discussed 
in Section 2.0. 

Next, the PROP code must be modified. These modifications include several 
changes made by Rocky Flats (Tangler 1983) as well as those needed for this 
project. The new code is required to handle the four nonunifo~m flow cases 
given above either singly or together. It must be possible ta include the 
effects of dynamic stall as desired. A complete description of the modifica­
tions is given in Section 3.0. 

The code was exercised by examining the performance predictions of two tur­
bines under various conditions of wind shear, tower shadow, and the otner 
nonuniform flow conditions. Predictions with and' without the effects of 
dynamic stall are made and compared with actual turbine performanc~. The full 
results are given in Section 4.0. ~ 

1 

2 



STR-2732 

SECTION 2.0 

DYNAMIC STALL MODEL 

Dynamic stall is a highly complex phenomenon. It involves time-dependent 
interactions between potential flow and viscous flow effects. These complex­
ities make it very difficult to determine the forces on an airfoil t~oreti­
cally, that is, from the airfoil shape and the time history of the flow 
alone. As a result, most models that predict the airfoil forces during 
dynamic stall are empirical in nature. Essentially, these models are sets of 
equations that fit the experimental data. These equations are al~o based on 
knowledge of the physical mechanism of dynamic stall. The resulting methods 
thus require some experimental data on a given airfoil to create a model to 
predict its behavior. In general, methods that rely on a more extensive data 
base for a given airfoil will give better predictions. 

In this project it is desirable to get a first look at the effects of dynamic 
stall on rotor power output. Thus it is necessary to have a method ~hat gives 
good predictions of the dynamic lift and drag forces, but frequentl~, because 
of other inaccuracies, a complicated model giving the best possible ptediction 
is not justified. This means a simpler method can be used. All dynamic stall 
methods require some input data for use in finding the airfoil characteris­
tics. A method that requir~s only the static airfoil lift and drag data will 
in principle be simplest. 

Another consideration in choosing a dynamic stall model is the ease with which 
it can be incorporated into the PROP cod.e. The PROP code must find the lift 
coefficient and drag coefficient of an airfoil at a given angle of attack. 
These coefficients can then be used to find the forces for a blade element. 
When unsteady flows are to be taken into account it is necessary to find the 
forces on each blade element at several azimuthal stations during rotation. 
If dynamic stall effects are to be considered, then the number of circumferen­
tial stations that must be considered can be quite large, say over 100. In 
addition, the conditions at past stations affect the forces developed at a 
future station. The history of the blade element must be remembered by the 
code that implements the dynamic stall method. It is desirable to use a 
method that has the least parameters involved in remembering the necessary 
information • 

. A further complication is that the PROP code solves for the performance of 
each station in an iterative manner. The section lift and drag coefficients 
must be computed for several different angles of attack at each station during 
this iterative procedure, keeping the past history the same. The chosen 
dynamic stall method must be adaptable to this solution method to be usable in 
PROP. 

2.1 AVAILABLE METHODS 

Several available dynamic stall methods have been reviewed in the report of 
Noll (1983). The methods reviewed are the Boeing-Vertol (sometimes known as 
the Gormont method), UTRC, MIT, Lockheed, and Sikorsky methods. The descrip-

3 
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tion of these methods is not repeated here. Noll concluded that the MIT model 
was the best one to use for turbine blade work. This model incorporates 
aspects of both the Boeing-Vertol method and the Sikorsky method. From the 
Boeing-Vertol method, the MIT method borrows t~e equations used to predict the 
angle of attack at which dynamic stall occurs. From the Sikorsky method comes 
the equations that model the lift and drag coefficients during and after 
dynamic stall. The MIT method results in a fairly accurate prediction of 
dynamic stall 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 interesting 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 
usefulness to this program~ 

The new UTRC method uses an effective angle of attack equation to determine 
the airfoil characteristics. The method uses this effective angle in a set,"of 
equations to find the airfoil lift and drag coefficients under unsteady condi­
tions. These equations require several (about 20) constants t1'!.at must be 
found by a least square curve fit of test data, which must cover ~ wide range 
of dynamic conditions to be useful. Any airfoil for which such dfnamic data 
are not available cannot be modeled via this method. This strong reliance on 
test data makes this method undesirable for use here. 

The Tran and Petot method uses differential equations to find the unsteady 
lift coefficient. It is of' interest because the method does not have"modes" 
that must be switched on and off as the airfoil goes from one condition to' 
another. The solution to the differential equation is sufficient. This makes 
the method very suitable for being incorporated into a computer code. Unfor­
tunately, it requires several coefficients, each of which is particular to the 
airfoil and is a function of angle of attack. In addition, it does not give 
results for the airfoil drag coefficient, but only its lift coefficient. Both 
of these characteristics make it unsuitable for use here. 

Both the new UTRC method and the Tran and Petot method can be expected to give 
quite accurate predictions. However, both require considerable tunnel data on 
the airfoil to be modeled, data that must be taken as the airfoil undergoes 
dynamic stall. Such data are available for some airfoils, but usually only 
the type of 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 best 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 is simple, easy to use, and has been used before. It will work 
for any airfoil for which static airfoil data are available. Thus, the tur­
bine designer need not be concerned about finding and analyzing dynamic stall 
data for the airfoil selected for a particular turbine design. With the MIT 
model incorporated' into PROP, turbine analysis with dynamic stall can be 
carried out for a little more effort than finding turbine performance without 
dynamic stall effects being considered. 

4 
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It is felt that for most turbine work these advantages outweighed the impor­
tance of any inaccuracies the MIT model might have with respect to the more 
advanced models. This is especially true at this early stage of the work. If 
simple models show that important new insights can be gained from the consi­
deraton of dynamic stall, then the extra effort can be expanded to develop the 
more complex models. 

In the future it may be desirable to work on one of these more advanced 
methods so it can be used for turbine performance prediction. Thus, it was 
decided to modify PROP in such a way to permit the later inclusion of almost 
any generally dynamic stall model with little effort. 

The mechanism of the MIT model consists of four regimes or modes. In this 
description the parts of the model associated with determining the moment 
coefficient have been left out. This is a significant simplification and is 
acceptable because PROP does not need moment coefficient data to predict power 
output. 

First, the method starts by using the standard airfoil data (Mode ~). When 
the angle of attack increases from below the static stall value to a~ove, the 
method extrapolates the lift coefficient up to a higher value than \iven by 
the static data (Mode 2). As the angle of attack continues to increase, the 
method computes the dynamic stall angle, which is a function of the rate of 
increase in angle of attack. Once the dynamic stall angle is reached, the 
method models the dynamic staB process (Mode 3). During dynamic stall, a 
vortex forms near the leading edge of the airfoil and rolls off along the 
upper surface of the airfoil and off the trailing edge, accompanied by a 
sudden increase in the airfoil lift coefficient. The magnitude of this 
increase is a function of the rate of increase in angle of attack at the 
moment of dynamic stall. The lift coefficient then remains at this elevated 
level until the angle of attack begins to decrease. After the decrease has 
begun, the lift and drag coefficients exponentially decay to their static 
values (Mode 4). When the coefficients are sufficiently close to the static 
values, the method resumes using them as it did at the beginning. Thus we 
return to Mode 1. 

A problem with the method as described lies in the assumption that the dynamic 
lift coefficient remains at.an elevated level until the angle of attack begins 
to decrease. Consider the case of a wind turbine operating with a tower 
wake. Assume that when the blade is outside the tower wake the flow is separ­
ated, but it is attached while in the tower wake. The blade will experience 
dynamic stall when it leaves the wake. However, with the method described 
above, the lift coefficient will remain at a high value for virtually the 
entire blade rotation. This is because the angle of attack will increase as 
the blade leaves the wake and then stay high for most of the rest of the 
rotation until the blade reenters the wake. 

A better model of dynamic stall would be to have the lift coefficient remain 
at its elevated level for a fixed amount of time regardless of the airfoil 
motion. The length of time to be used is· related to the movement of the 
separation vortex down the airfoil. 

5 
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When putting the method into the computer program, it is convenient to divide 
it into several modes. Each mode contains rules for determining the lift and 
drag coefficients as well as when to switch modes. 

In preparation to use the method, it is necessary to find the static stall 
angle, ass. This angle is defined as the angle at which the lift coefficient 
slope has a value of 0.05 per degree. With this angle known, as well as the 
static stall lift coefficent, CL ' the method starts with Mode 1. 

ss 

2.2 MODE 1 

The lift and drag coefficients are determined from the static values. These 
values are input parameters to the program and are particular to the airfoil 
used on the turbine. The lift and drag coefficient values are specified at 
several different angles of attack and at several blade radial stations. 
Coefficient values at intermediate angles and stations are formed by linear 
interpolation. The method continues to stay in Mode 1 until the angle of 
attack increases from below the static stall angle to above. Then the method 

'goes to Mode 2. ~ 

l 
2.3 MODE 2 

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

CL = CL + O.l(a - ass) • ss 

The drag coefficient is found from the static values. The method also finds 
the angle of dynamic stall, ads: 

( lic ) 1/2 ads = ass + y 2V. , 

where & is the rate of change of a with time, V is the local relative speed, 
and C the local chord, while y is 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. It is convenient to put this equation 
into the following form: 

ad s = ass + y (:: 2~) 1 I 2 , 
where da/de is the rate of change of a with respect to e, the blade circumfer­
ential position, and R is the radius of the station under consideration; it is 
assumed that the tip speed ratio is high enough that V is closely approximated 
by the circumferential blade velocity. If the angle of attack is below the 
dynamic stall angle, then the method stays in Mode 2, otherwise it goes to 

6 
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Mode 3. The position at which dynamic stall occurs, eds' is saved, and the 
maximum lift coefficient is found from the following algorithm: 

if 

while if 40 

and if 

40 l:~1 ~ 
2.4 MODE 3 

do 
de 

C 
R 

> 2: CL max 

, ., 
This mode finds the forces during the vortex rolloff period of th~ dynamic 
stall. The vortex is assumed to form at the leading edge of the airfoil and 
convect downstream at half the forward speed of the airfoil. While the vortex 
is between the leading edge and the midchord point of the airfoil, the lift 
coefficient is found as in Mode 2, by extrapolating the lift coefficient to 
the current angle of attack. However, the lift coefficient is not allowed to 
increase above CL • The drag coefficient is found by assuming the airfoil 
acts like a fully~lled flat plate, that is: 

Co = CL sin 0 • 

After the vortex passes the airfoil midchord point, the lift coefficient is 
set to CL • The drag coefficient is found from the stalled flat plate 
asusmptionm4iS above. When the vortex passes the trailing edge; the method 
saves the current blade position, eo' and goes to Mode 4. 

2.5 MODE 4 

This is the exponential decay mode or the recovery mode. The lift and drag 
coefficients are found from the following equations: 

2R 
CL = CL + (CL - CL ) e(e - eo)-C s max s . 

2R 
CD = CD + (CD - CD ) e(e - eo)-C s max s 
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where CL and CD are the lift and drag coefficient values at the end of 
Mode 3, 1.W& CL afi1§x CD are the values that the airfoil would have under 
static conditio~s. Mode s4 stays in effect until the lift and drag coefficient 
values are within 1% of the static values. The method then returns to Mode 1. 

It is important to determine how well the model predicts the coefficient 
values during dynamic stall. This can be done by comparing results from the 
model with wind tunnel test results. A good set of dynamic stall< data was 
taken by McCroskey (1983). He examined several airfoils under different 
conditions of oscillation frequency, amplitude, and mean angle of attack. All 
dynamic lift and drag coefficients were taken with the airfoil undergoing 
simple sinusoidal oscillations. In addition, static data were taken for each 
airfoil. The static data were taken for angles up to 300 and are thus quite 
suitable for use in the dynamic stall model without having to make any assump­
tions about the coefficients at high angles. 

It, was decided to check the MIT model against data for the NACA 0012 air­
foil. The static data for this airfoil measured by McCrosky are given in 
Table 2-1. These data are somewhat smoothed from the original qata. Three 
dynamic cases were examined. Two of the cases had a mean angle ~f attack of 
100 , and oscillated ±So. The reduced frequency, k, for these ca$es was 0.1 
and 0.2, where k is defined as: 

k = wC 
2V ' 

where w is the angluar oscillation frequency. 

The third case had an average angle of attack of 15 0 and oscillated ±100 • The 
reduced frequency was 0.15 for this case. The test cases cover a range of 
conditions for which significant dynamic stall effects take place, and can be 
expected to occur for wind turbine blades. .For these three cases, the step 
size was taken as 1/120 of a complete cycle. Trials with other step signs 
(not shown) showed this size to be a good compromise between speed and 
accuracy; further reductions in the step size result in negligible improve­
ments in accuracy. This step was also used for the wind turbine analysis 
cases. 

There is one significant difference in this comparison. The test data were 
taken with airfoil angle of attack variations caused by airfoil rotation about 
the quarter chord point. In the MIT theoretical model case, airfoil angle of 
attack changes are caused by changes in the vertical component of the 
velocity. This is equivalent to a heaving motion of the airfoil. The differ­
ence in the motions of these two cases can be expected to cause some differ­
ences in the two curves. 

8 
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Table 2-1. Static Airfoil Data for the MACA 
0012 Used in Theoretical Dynamic 
Stall Predictions 

a CL a CD 

0 0 0 0.006 

5 0.68 5 0.009 

10 loll 10 0.013 

13.4 1.36 13.4 0.018 

15 1.19 15 0.150 

17 .5 1.08 20 0.286 

20 1.05 25 0.440 
\ 

25 1.02 30 0.630 t 
30 0.97 

Figure 2-1 shows the results for the first case. Here the lift coefficient 
and drag coefficient are shown as a function of time, as measured by angular 
position. The angular position varies by 3600 for each complete cycle. Both 
the computed and experimental values are shown on the figure along with the 
curve that results when dynamic effects are ignored, called the static case. 
The predicted lift coefficient has a somewhat lower peak value, and peaks at a 
later time than do the data. There is a significant hysteresis lift loss 
between e = 2000 and 3000 in the experiment that is not predicted by the 
theory. The predicted drag curve is somewhat narrower and higher than the 
data. 

The next case is shown in Figure 2-2. Here again the maximum lift coefficient 
is underpredicted, and there is a similar phase shift and hysteresis loss. 

The third case is shown in Figure 2-3. For this case the lift coefficient is 
predicted quite well. The peak value is overpredicted, but the general shape 
of the curve is matched fairly closely although there is the same hysteresis 
loss around e = 3000 • The same is true for the drag curve, except the peak 
value occurs too soon. Figure 2-4 shows the hysteresis loop for this case. 
Again, the overprediction of lift for the latter quarter of the loop is 
apparent. 

These examples show that the MIT method is capable of reproducing experimental 
data on a qualitative level, but is not highly accurate on a quantitative 
level. In all the cases examined, the minimum lift coefficient is not well 
predicted (the hysteresis effect). The lift coefficient values given by the 
data are sometimes lower than would be expected from static data. A review of 
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the MIT method shows that it will never give a lift 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-

. ieon 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' CD) for the three 
cases are shown in Table 2-2. Note that in all three cases the drag coeffi­
cient is underpredicted and the lift coefficient is overpredicted~ This would 
indicate that predictions of power output would be high; howev.r, the pre­
dicted average values are within 10% 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 0.15 

Alpha range 10o±5° 10o±So lS o±lOo 

CL, theory 1.09 1.11 1.298 

CL, experiment 0.994 0.94 1.148 

CD, theory 0.0557 0.0812 0.242 

CD, experiment 0.0675 0.0938 0.255 
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3.0~------------------------------------------------------' 
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Figure 2-1. 

CL, Static ~ 
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Dynamic Airfoil Characteristics for the NACA 0012, 
Comparison between Theory and Experiment for a Reduced 
Frequency of 0.1, a = 100 ±5° 
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3.~~--------------~~------------------------------~ 
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Figure 2-2. Dynamic Airfoil Characteristics for the RACA 0012, 
Comparison between Theory and Experiment for a Reduced 
Frequency of 0.2, a = 10o±5° 
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3.0~------------------------------------------------------, 
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Figure 2-3. Dynamic Airfoil Characteristics for the NACA 0012, 
Comparison between Theory and Experiment for a Reduced 
Frequency ofO.1S, a = 150 ±100 

13 



STR-2732 

3.0~----------------______________________________________ ~ 
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Figure 2-4. Dynamic Stall Hysteresis Loop for the MACA 0012, 
Comp.arison between Theory and Experiment for a Reduced 
Frequency of 0.15, a = 150 ±10o 
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SECTION 3.0 

MODIFICATIONS TO PROP 

Several modifications have been made to the rotor analysis program PROP. The 
modifications cover changes made by Rocky Flats, changes required for this 
program, and several additional changes to improve the useability of tne code. 

Rocky Flats has made extensive use of the PROP code and has made several 
changes (Tangler 1983). The computation of dimensional values has been 
added. The original version computed only dimensionless values, ~hereas the 
new program, given the rotor diameter, rate of rotation, and fluid density, 
will find the shaft power output, thrust, and wind speed at each tip speed 
ratio. These values are computed under the assumption that the rotor rate of 
rotation is fixed. For turbines driving synchronous generators, the assump­
tion is exact. For turbines driving induction generators, it is not quite 
exact due to generator slip. It is recommended here to use the rate of rota­
tion of the blade when at full power. 

" Another modification is varying the number of radial stations at ,hich the 
analysis is carried out. The original program used 10 radial stations evenly 
spaced from the axis of rotation to the tip. The new code allows an arbitrary 
number of analysis points to be defined over an arbitrary radius range. In 
addition, Rocky Flats added the capability of nonuniform spacing the analysis 
points, with the points clustered near the ends of the radius (the rotor 
tip). However, trials with this option have shown that it makes little dif­
ference, so it was not included in the new version of PROP being developed 
here. Figure 3-1 shows the effect of varying the number of radial stations. 
The power versus wind speed curve is shown for a MOD-O wind turbine with 5, 
10, and 20 radial stations spaced along the blade. Note that the case with 
only five stations has an irregular curve. This is caused by each station 
undergoing stall at different times. As there are only five stations, when 
one stalls out it has a major effect on the overall output curve. Increasing 
the number of stations to 10 results in a much smoother curve. Here the 
contribution from each station is sufficently small that stalling of a station 
does not have a major effect on the overall curve. Increasing the number of 
stations to 20 causes only a small change in the power curve. 

From these results it appears that 10 to 20 radial stations will be sufficient 
for most work. It was decided to use 15 stations for the test cases reported 
here. 

The last modification made by Rocky Flats was to the post-stall data synthesi­
zation routine. This routine defines the lift and drag coefficient values at 
angles of attack above the highest value available from the data. The old 
version of PROP contained a routine that assumed the forces developed by the 
stalled airfoil are normal to the chord line. The stalled airfoil will as a 
result develop zero force parallel to the chord line. 

However, test data on stalled airfoils indicate that some amount of chordwise 
force is in fact generated. To account for this force, more advanced methods 
of modeling post-stall airfoil characteristics have been developed. One 
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Figure 3-1. Mod 0 Turbine Performance Prediction with 5, 10, 
and 20 Analysis Stations along the Blade 
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method developed by Viterna and Corrigan (1981) has been modified by Tangler 
and Ostowari (1984). The modifications are based on nonrotating tests made on 
several airfoils at high angle of attack. 

Lift coefficient: 

where 

A2 = 

= 

CL = s 

COmax = 

AR = 

CDmax cos 2a 
CL = 2 sin 2a + A2 ~~.;;; sin a 

CL 

(CL - CD sin as cos as) s max 

angle of attack at stall, or the highest angle for which 
data are available 

at as 

1 + 0.065 AR 
(0.9 + tIc) 

aspect ratio 

tIc = nondimensional airfoil thickness 

Drag coefficient for a = 27.50 to 900 

= C sin a + (CO - CD sin as) cos a 
°max s max cos as 

For a less than 27.50 , use these values to determine CD: 

a Qo 

150 0.100 
200 0.175 
250 0.275 

27.50 0.365 

with intermediate values found by linear interpolation. 
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These equations have been incorporated into the new version of PROP. When 
using them, it is generally best to input data for the airfoil lift coeffi­
cient up to the stall angle or beyond. The input drag coefficient data should 
be as extensive as possible, with the last point being on the curve defined by 
the O! versus CD data given above. The angle as is taken to be the largest 
angle input by the user. 

The post-stall synthesization routine given by Viterna and Corrigan (1981) LS 

shown below: 

Lift coefficient: same as given above 

Drag coefficient: O! greater than stall 

c = 1.11 + 0.018 AR 
Dmax 

where 

= 

Use of these equations 1n PROP tends to give a higher prediction of peak power 
output, as they tend to give a lower estimate for CD. PROP can easily be 
modified to use these equations. 

It is important to note that the use can bypass the post-stall routines simply 
by entering in CL and Cn data for angles up to 90°. PROP will not resort to 
these routines until angles outside of the range defined by the user are 
encountered. 

The original version of PROP required the blade chord, twist, and airfoil lift 
and drag characteristics to be defined at each of the 10 radial stations. 
With the new ability to vary the number of radial stations at which the analy­
sis is carried out, it is inconvenient to define the blade parameters at each 
station. PROP was thus modifed to allow the blade parameters to be defined at 
an arbitrary number of radial points, arbitrarily spaced. The chord and twist 
at any station along the blade is then found by linear interpolation. For 
blades that are linearly tapered and twisted, only two radial points need be 
input. For more complex shapes, a larger number of points can be defined as 
required. 
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The airfoil characteristics are also defined at these arbitrarily selected 
radial points, with lift and drag coefficient values at other stations being 
found by linear interpolation. The method used is as follows. For a given 
angle of attack and radial station, the lift and drag coefficients are found 
for the neighboring points where the airfoil characteristics are defined. 
Once these values are known, the lift and drag values at the station of inter­
est are found by linear interpolation. 

Note that this method determines the static airfoil coefficients. If dynamic 
stall is involved, then these static values must be used by the dynamic stall 
model. As the dynamic stall model requires only the past history of the 
coefficients and angle of attack, and the current static coeffic~ents, this 
method of finding the static coefficients is completely compatible with the 
dynamic stall model. 

3.1 NONUNIFORM FLOW MODELS 

The PROP program has been modified to accept several new nonunif,orm flows 
caused by wind shear, tower shadow, off-axis flow, and turbulence.~ Each of 
these conditions can be used during the analysis of a turbine, eithfr singly 
or together. 

The wind shear model utilized was developed for the original PROP code. It 
assumes that the wind speed vaFies with height as defined by the power law: 

where V is the wind velocity at height hand Vo is the wind velocity at height 
hoe The power law exponent is a. The inputs required by the wind shear model 
are the ratio of the rotor hub height to the rotor radius, and the power law 
exponent. 

The tower shadow model is used to describe the wake behind the tower as seen 
by the blade. The wake is assumed to have constant width and to extend from 
the bottom of the rotor disk to hub height. The velocity deficit in the wake 
at any distance Y from the wake centerline is defined by: 

where VD is the maximum velocity deficit at the wake centerline, and Y is the 
total wake width. Both VD and Yw are needed as input parameters to ~escribe 
the tower shadow. They can be obtained either via experimental data or esti­
mated from the tower diameter Dt and drag coefficient eDt (Schlichting 
1968). The wake width and deficit are approximately: 
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with 

_ (CntOt ) 1/2 
Vo - -X- , 

where X is the distance downstream of the tower centerline. Theory indicates 
that in the far wake the velocity distribution will approximate a Gaussian 
curve while in the near wake the velocity curve will be sharp~r edged and 
almost rectangular. It is felt that the cosine-squared curve used here is a 
good compromise between these two extremes and will be adequate for most work. 

The yaw error model .requir.esonly the yaw error angle as input. The yaw error 
procedure is fully described in Section 3.2, which d~scribes momentum 
theory. There are several ways a turbine can be operating in off-axis flow. 
The most obvious is through a yaw tracking error. The flow will also be off­
axis in the case of a vertical component in the wind, or if the rotor shaft is 
set off horizontal, with a shaft tilt. The program is set up to handle yaw 

. errors only in the horizontal plane, not in the vertical. However, if yaw 
error is used alone, without wind shear or tower shadow, then off-axis errors 
in the vertical plane can be simulated. ; 

. 1 1 . ··d 11 . . d ht b· I The turbu ence mode 1mpresses a S1nUS01 a y.vary1ng W1n on t e tur 1ne. n 
other words, the speed across the entire disk varies with time but not with 
space: at any instant the speed experienced by the whole disk is the same. 
This carries the implication that the scale of the turbulence is significantly 
larger than the disk diameter. The frequency of the variation and its ampli­
tude are input parameters. The frequency is defined as a multiple of the 
rotor rotation frequency. Usually, an integer multiple should be used so that 
an integer number of turbulent cycles will take place over one blade rotation. 
In addition, recent studies of the turbulence spectra as seen by a rotating 
blade show that most of the turbulent energy is concentrated at the harmonics 
of the blade rotation frequency. Thus, choosing integer multiples of the 
rotor frequency for the turbulence frequency would seem most appropriate. 

3.2 MOMENTUM THEORY 

To accept the nonuniform flows, standard momentum/strip theory must be modi­
fied. It is necessary to consider the effects of cross flow caused by yaw and 
variations in the axial flow velocity. These modifications are introduced 
below. 

The following definitions are used in this analysis. The length of the rotor 
blade, measured from the center of rotation to the blade tip, is defined as 
RT • The rotor cone angle is '¥. The projected rotor radius is thus RTcos'!'. 
The dimensional blade chord, c, and rotor radial position, r, normalized by 
RT, give C and R respectively. The mean velocity of the flow impingent on the 
rotor at hub height is Vo. This value is used to normalize all other veloci-
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ties. At any given point on the rotor disc, the flow can be resolved into 
three components: 

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

the radial component, perpendicular to the axis of rotation, 
which is normalized to Vr = vr/vo 

vc ' the circumferential component, which is normalized to Vc = vc/vo. 

The tip speed ratio, X, is defined as: 

X = 

where' is the rate of rotation in radians per second. The flow velocities as 
experienced by a blade element at distance r from the hub are 1shown in 
Figure 3-2. The flow velocity perpendicular to the cone of rotation ts vi: 

v· - v (1 
1 X a) cos , + vr sin' , 

--:y== v. = r OO+a') cos til + Vc .... __ J._--:-______ .....;;."....., 

Plane of rotation 

Figure 3-2. Flow Velocities as Experienced by a Blade Element 
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where a is the axial interference factor. This normalizes to: 

Vi = vx(l - a) cos '1' + Vr sin '1' • 

The flow component parallel to the plane of rotation, Vj' is: 

Vj = r 0(1 + a') cos '1' + Vc , 

where a' is the circumferential interference factor. This normalizes to: 

Vj = R X (1 + a') + Vc • 

The flow component along the length of the blade is ignored :i:,n this analy­
sis. The total normalized flow component as seen by the blad'b is Wand is 
given by: t 

W = V.2 + V.2 1/2 
1 J 

The local inflow angle as seen by the blade is ~ and is given by: 

The local rotor solidity, 0, is the portion of any given annulus covered by 
blades, and is given by: 

Be 
. 0 = -=--::---:-::-21fR cos '1' ' 

where B is the number of blades. 

The velocities V , Vr:' and V are functions of the nonuniform flows. V is 
the mean hub heigtt wlnd speeJ seen by the rotor. The local total velocity Ve 
is equal to: 

Ve = (V 2 + V 2 + V 2)1/2 x r c , 
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where Cw is the wind shear component: 

H + Z 
H 

a 
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where H is the ratio of hub height to rotor radius, Z is the nor~alized height 
of the blade element relative to the hub, and a is the wind shear exponent. 
Cs is the tower shadow coefficient, given by: 

when Y < Yw/2 and Z < 0 • 

Ct is the turbulence coefficient, given by: 

where Ti is the turbulence intensity, Tf is the turbulence frequency divided 
by the blade rotational frequency, and e is the blade rotational position. 

The velocities Vx ' Vr , and Vc are as follows: 

Vx = Ve cos y 

Vc = Ve sin y cos e 

Vr = Ve sin y sin e 

where y is the yaw angle. 

Blade annulus theory assumes that each blade element is 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 
this way the interference variables a and a' can be found. When nonuniform 
flow cases are to be examined, it becomes necessary to extend strip theory to 
sectors of an annulus. Here it is assumed that the forces developed on the 
blades as they sweep through a sector of an annulus are equal to the change in 
momentum of the flow as it passes through the same area. Each sector and 
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annulus is assumed to be independent of all others. Thus, the performance of 
the entire rotor can be found by analyzing its performance at sev~ral differ­
ent radial and circumferential stations and integrating to obtain the final 
result. 

3.3 AXIAL FORCE EQUATION 

The axial force equation is used to find the axial interference factor, a. 
The flow approaching the turbine decelerates, passes through the turbine, and 
decelerates further. In classical momentum theory the theoretical results 
indicate that the total ~mount of deceleration the flow experiences in the far 
wake is twice the deceleration seen at the rotor disk. 

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

dT = t pw2 CL CB cos $ cos ~ dr • 

~ 
The blade contributes only a portion of this thrust to a given ~ctor of width 
de. This defines the incremental thrust as: 

dT = ! PW2CL CB cos $ cos ~ dr de 
~ 2~ 

The pressure drop across the rotor is: 

where CH is the head loss coefficient. It is the dimensionless measure of. the 
amount of energy a fluid parcel loses as it passes through the rotor. Note 
that the normalizing velocity is Vx instead of Vo. This is because v is the 
axial component of the velocity, and the force produced by p is in tSe axial 
direction. Only the axial components of both force and velocity are under 
consideration here. The incremental thrust due to this pressure drop is: 

dT = A pr cos2~ dr de • 

The two equations for dT can now be equated: 
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Canceling like terms we get: 

Normalizing by Vo and RT, and using the relation for the rotor solidity, we 
have: 

The head loss coefficient is a function of a. Since it is a measure of the 
energy lost by the flow, it can be found by taking the difference in the 
energy of the flow far ahead of the rotor and far behind it. Sufficiently far 
away from the rotor the pressure perturbation of the rotor will be insignifi~ 
cant and all of the energy perturbation will be kinetic. The normalized veloc­
ity far upwind is 1.0; far downwind it is 1 - 2a. Thus, for CH we ha~e: 

" 
CH = 1 - (1 - 2a)2 = 4aO - a) • 

4 

This is the classical result. Note that according to the above equation, 
values of CH cannot exceed 1:0. To do so would imply that more energy is 
being removed from the flow than it possesses. In practice, however, values 
of CH greater than one are observed as shown in Figure 3-3 (Hibbs and Radkey 
1983). The extra energy comes from turbulent mixing of the wake with the 
outer flow. An approximate relation between CH and a for a greater than 0.9 
is: 

CH = 0.889 - 0.444a + 1.55a2 • 

The variables W and ~ are functions of ! along with C. In addition, CL is a 
function of the section angle of attack, which is a Punction of ~, and hence 
!. The variable ! thus appears on both sides of the equation for CH• To 
solve for! this equation must be solved iteratively. 

3.4 CIRCUMFERENTIAL FORCE EQUATIOH 

The circumferential interference factor a' is found by equating the blade 
torque to the angular momentum added to the air. The. torque produced by a 
blade element must equal the angular momentum. The torque generated by a 
blade element o·f iength dr sweeping out a sector of width de is: 

blade incremental torque = ! pw2 B c r CL sin ~ cos ~ dr de 
2 2n 
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The mass flow through the section of the rotor swept by the blade is: 

mass flow = pVi r cos ~ dr de • 

The increment in cross velocity is: 

cross velocity increment = 2a' 0 r cos ~ • 

Multiplying these two terms together and by the radius of the element, we get 
the amount of angular momentum added to the fluid: 

angular momentum = 2a'Or3 cos3~ vi pdr de • 

Equating this to the torque given above, we have: 

= 1 pw2 Bcr CL sin ~ cos ~ dr de 2 2n 

Canceling out like terms: 

Normalizing by RT and Vo ' and using the relation for X: 

4na'R2 X Vi = i W2 BC CL sin ~ • 

The solidity a can now be included, as well as the relation sin ~ = vi/w: 

a' = W a CL 
4XR 

Again, this equation must be solved iteratively and the iterations must be 
done in conjunction with the. equation for a. 

3.5 TIP LOSS CORRECTION 
. 

The basic analysis presented above does not take into account the aerodynamic 
losses caused by vortices shed from the tips of finite blades. A tip loss 
correction is required because there is a finite number of blades of finite 
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tip chord, while blade element theory implies an infinite number of vanishing­
ly small blades. Tip loss correction is important because tip losses can 
cause a decrease in torque and, hence, power output from the blade. Thus, it 
is necessary to examine the properties of tip loss and how it can be modeled. 

The standard strip theory, as described? assumes that the flow through each 
annulus is uniform. In fact, each blade sheds a discrete vortex near the 
tip. The effect of this helical vortex is to produce an induced flow field 
that is not uniform, but varies around the annulus, with a period related to 
the number of blades. This causes an increase in both the axial and circum­
ferential interference factors in the vicinity of the blade tip. This causes 
a decrease in section ~ngle of attack, as well as a decrease in the circum­
ferential component of the lift force, resulting in decreased torque. The 
effect is greatest for blade elements near the tip, and decreases for inner 
elements. The effect is also smaller if the helical wake formed by the vor­
tices is tighter, which occurs when the tip speed ratio is increased. This 
would also be the case if the number of blades is increased, causing the flow 
more nearly to approach blade annulus theory. 

A good approximation to the tip loss is given by the Prandtl~model (Glauert 
1935). This model is a close approximation to the actual loals factor. The 
formulas used are simple and have been used with good success. The Prandtl 
tip loss factor, FT, is: 

where 

= 2 arc cos (e-f ) , 
11" 

B RT - R 
f = 2" RT sin <PT ' 

and RT is the radius of the tip while B 1S the number of blades. 

In the expression for f, the factor, RT sin <PT' can be approximated by R 
sin/<p, which is more easily computed. 

If the blade terminates before reaching the aX1S, then there will be a hub 
loss factor, FH, similar to the tip loss factor. The equation for FH will be 
the same as forFT, but f is now: 

B R - RH 
f = 2" RH sin ~ , 

where RH is the radius of the hub. The total loss factor, F, 15 simply the 
product of FT and FH, or 
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The loss factor can now be applied to the equations for a and a l • The flow 
velocity components through the annulus averaged around the annulus are less 
by the factor F. An examination of the equation for F reveals that F has a 
value approaching 1.0 far from the tip, decreasing to zero at the tip. 
Because the average flow velocity (again, averaged around the annulus) deter­
mines the rate of momentum transfer to the air, the equations for a and a l 
should be modified by using aF and alF in place of ! and ~. 

The tip loss factor is also. useful in the post-stall data synthesization 
routine given above. In that routine the blade lift and drag coefficients are 
functions of the aspect ratio. The aspect ratio determines how flow around 
the blade tips affects the overall blade characteristcs. However~ on a wind 
turbine the flow around the tips is a function of the number of blades and the 
tip speed ratio. The actual aspect ratio of the blade is not used to find tip 
loss. The tip loss factor gives the mangnitude of the flow about the tip. It 
can be related to the aspect ratio as follows. 

One interpretation of the tip loss factor is that it is 
lost; that is: 

the amount of lift 

where CL is the actual lift coefficient, and CL is the lift coefficient that 
would be obtained if there were no tip loss. A ~imi1ar relationship holds for 
finite aspect ratio wings as given by the well-known result from wind theory 
for wings of moderate-to-high aspect ratio (AR > 2): 

Equating these two relationships, 

1 
F = 1 + 2/AR ' 

and solving for the aspect ratio 

AR = 2F 
l7F 

gives an equation for an apparent aspect ratio as a function of F. 

This apparent aspect ratio is used directly in the post-stall data synthesiza­
tion routines. 

29 



STR-2732 

Once the values of a and a' have 
coefficients can be calculated. 
thrust coefficient CT1 is 

been found, the local thrust and torque 
After algebraic manipulation, the local 

and the local torque coefficient Cq1 is: 

Cql = ~2 oR (CL sin t = CD cos t)/cos ~ • 

The local power coefficient is equal to the local torque coefficient times the 
tip speed ratio. 

The total thrust, torque, and power coefficients are then found by integrating 
the local values over all stations. Note that all coefficient~ are normalized 
by the hub height,mean velocity ~nd ~he projected area. The prb.jected area of 
the entire rotor 1S equal to ~RT cos. . t 
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SECTION 4.0 

TEST CASES 

The effect of the nonuniform flows and dynamic stall was tested on several 
test cases using the new code. These test cases c.over the four types of 
nonuniform flows, as well as combination of those flows. Eight cases were 
considered. They are 

• Uniform flow 

• Wind shear, one seventh power law 

• Tower shadow 

• Wind shear and tower shadow combined 

• Yaw error, 200 ~ 

4 
• Wind shear, tower shadow, and yaw error combined 

• Turbulence, intensity of 20% and a frequency of two cycles per revolution 
, 

• Turbulence, intensity of 20% and a frequency of three cycles per revolu­
tion. 

Each of these cases was run both with and without the effects of dynamic stall 
(except, of course, the uniform flow case). 

It was desirable to subject two different turbines to these cases. In select­
ing which two turbines to consider, several factors had to be examined. 
First, test data should be available on the turbine power output. Sufficient 
information should be available so that the shaft power output can be deter­
mined, as normally only the electrical power output is measured. The computer 
code predicts shaft power. The turbines considered should have a downwind 
rotor so that tower shadow will have an effect on the turbine. Finally, there 
should be some configurational difference between the two turbines considered. 

The two turbines selected are the Mod 0 in the aileron control configuration, 
and the Enertech 44/25. For the Mod 0, data of direct shaft power measure­
ments are available for direct comparison with the computer predictions. It 
operates in the downwind configuration and is thus subject to tower shadow. 
In addition, it has a tower height that is 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 untwisted, tapered blade with a NACA 23024 
airfoil. The rotor is teetered for load relief. PROP does not take teeter 
into consideration, thus resulting in some inaccuracies. It was hoped that 
the analysis of this turbine would help evaluate the magnitude of those inac­
curacies. 
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The second turbine considered, the Enertech 44/25, has three blades and a 
rigid hub. The rigid hub of this turbine allows for direct comparison between 
the computer prediction and the measured power curve without the effects of 
teeter. The Enertech rotor operates downwind and in the tower shadow. The 
hub is quite high in comparison to the rotor diameter, so the effects of wind 
shear should not be very apparent. 

The blades of the Enertech have a small amount of twist and taper. The a1r­
foil is a 44 series NACA section, with a thickness of 24% near the root ~ 
tapering to 12% at the tip. At the three-quarter radius station the blade 
thickness is 18%. When the rotor was analyzed, the airfoil section thickness 
change was not accounted for, and the data for the l8%-thick airfoil were used 
in order to have the results of the prediction comparable to previous work 
(TangleI' 1983). Test data on the Enertech have been taken at Rocky Flats. 
These data give the electrical power output of the turbine as a function of 
wind speed. Data on the efficiency of the power train allow for the determin­
ation of the shaft power developed by the rotor. Table 4-1 gives the power 
curve for the Enertech with the blades set at a pitch setting of 00 at the 
tip. 

4.1 TEST CASE RESULTS 

A few remarks can be made that generally cover all the test cases consider­
ed. First, the nonuniform flows made almost no difference in the turbine 
performance. Peak power output was almost always decreased by the presence of 
nonuniform flow, but only by a few percent. Dynamic stall had an even smaller 
effect. In many cases the dynamic stall results are virtually indistinguish­
able from the nonuniform flow results. What effect dynamic stall had was 
almost always negative: rotor power was reduced. 

4.2 MOD 0 TEST CASES 

The first test case for the Mod 0 is the uniform flow case. Figure 4-1 shows 
the results for this case at the design pitch angle and design ±2°. Also 
shown are the experimental data. Agreement between the experimental data and 
theory is good up to 9 m/s. Between 9 and 13 mis, the theoretical curve lies 
slightly above the experimental curve by a maximum of 5 kW. Above that speed 
the experimental data begin to diverge to higher power levels than 
predicted. Overall, agreement is good, the differences being equivalent to 
less than 10 of pitch at any given wind speed. 

It should be mentioned that the closeness of the agreement is, 1n part, due to 
the maximum lift coefficient used in the input data. The 23024 airfoil has a 
maximum CL of 1.2 at the Reynolds number of the Mod 0 blade. However, 
observation of the actual blade used in these tests by the author indicated 
that there was a small amount of aft camber on the aileron section of the 
blade. Thus, it was felt that increasing CL max to 1.4 was justified. If a 
value of 1.2 is used, PROP will underpredict the experimental data by about 
15 kW. 
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55'1 1*1 
Table 4-1. Power Curve for the 

Enertech 44/25 

Wind Electrical Power Shaft 
Speed Power Train Power 
(m/s) (kW) Efficiency (kW) 

5 1.25 0.30 4.2 

6 3.5 0.64 5.5 

7 8.8 0.79 11.1 

8 13.0 0.79 16.5 

9 17 .5 0.77 22.7 

10 20.5 0.72 28.5 

11 22.3 0.68 32.8 ~ 

l 
12 24 0.65 36.9 

13 25 0.64 39.1 
, 

14 25.5 0.63 40.5 

15 26 0.62 41.9 

A second consideration is the rotor rate of rotation used in finding power 
output from the coefficient data found by PROP. In the stall region the 
power is approximately proportional to the cube of the rotor rotation 
rate. Thus, prediction accuracy is increased if the rotation rate at full 
power is used; that is, the slip of the induction generator is accounted 
for. For the Mod 0, the slip at full power is 3%. 

A full listing of the input data used for the Mod 0 and Enertech turbines is 
given in the example runs shown in Appendix C. 

The next case is the Mod 0 in wind shear. The results for this case are 
shown in Figure 4-2. The uniform flow case is shown along with the nonuni­
form flow case and the dynamic stall case. The three curves are essentially 
identical. Neither nonuniform flow nor dynamic stall have much of an effect 
on the turbine performance. It is instructive to examine this case more 
closely to see why these results are obtained. 

Figure 4-3 shows the time history of lift and drag coefficients of a blade 
element located at 0.75 radius. The rotor was operating at a tip speed of 
4.2, which results in this element moving in and out of stall. The figure 
shows the time history of the nonuniform flow case with and without dynamic 
stall. For most of the cycle, the curves are identical. They separate as 
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Figure 4-1. Mod 0 Performance in Uniform Flow, Comparison to 
Experimental Data 
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Figure 4-2. Mod 0 Performance with Wind Shear 

35 



STR-2732 

1.6r-----------·--------------------------~~S~1~----------~ 
CL With Dynamic ~a 1 

1.4 

1.2 

l.l'l 

CL Without Dynamic Stall! 

CD With Dynamic Stall 
j 

CD Without Dynamic Stall 

THETR 

Figure 4-30 Lift and Drag Coefficent Time Histories for the Mod 0 
Turbine Blade at aiR = 0.75 and a Tip Speed Ratio of 4.2, 
both with and without the Effects of Dynamic Stall 
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the blade enters the stall region at about a e angle of 150 • Note that the 
dynamic stall lift coefficient curve does indeed show some increase in lift, 
which should generate extra power. The drag coefficient also shows an 
increase, decreasing the power output. These two effects tend to, cancel 
each other, resulting in almost no net change' in the power output. The 
hysteresis loop for this case is shown in Figure 4-4. 

It would appear from these results tha a small change in the dynamic ,stall 
model may cause a large change in the results. The effects of the' lift 
coefficient increase would no longer balance the eff,ects of the drag coeffi­
cient increase. To test this idea, a sensitivity run was made in which the 
increase in the drag coefficient was eliminated. This shows the sensitivity 
of major changes in the model. 

Figure 4-5 shows the power curve prediction with the modifed model. Also 
shown is the uniform flow results and the nonuniform flow without dynamic 
stall results. The effect of dynamic stall is still small, adding only 5 kW 
to the peak power. 

Although dynamic stall results in little change in performance, h does 
result in significant changes in the cyclic loads as seen by the bla~e. The 
peak-to-peak variation in the lift coefficient is nearly doubled. The peak­
to-peak variation in the drag coefficient is increased by a large factor. 
It would appear that dynamic stall has an impact on both the flatwise and 
edgewise cyclic fatigue loads. 

Figure 4-6 shows the results for the tower shadow case with the Mod O. The 
tower shadow was assumed to have a total width of 0.114 times the rotor 
radius, and a deficit of 0.4 times the undisturbed flow velocity. Again, 
the effects of the nonuniform flow as dynamic stall are very small. When 
wind shear and tower shadow are combined, the turbine performs as shown in 
Figure 4-7. The decrease in peak power caused by the two nonuniform flows 
combined is larger than either shown. In fact, the deficit appears to be 
approximately equal to the deficit caused by each of the nonuniform flows 
added together. 

The case wi th a 200 yaw er,ror is shown in Figure 4-8. The results show that 
yaw error does not reduce peak power output, but shifts it to a higher wind 
speed. In fact, the entire power curve has been stretched to higher wind 
speeds. Again, dynamic stall has almost no effect. Figure 4-9 shows the 
results of shear, shadow, and yaw error combined. The same stretching of 
the power curve to higher wind speeds is apparent. However, the effects of 
the other nonuniform flows do not appear to be very great. The effects of 
each nonuniform flow are not adding in a linear fashion. 

_Figures 4-10 and 4-11 show the effects of two cycles per revolution and 
three cycles per revolution turbulence. Turbulence has the largest effect 
on peak power of all the nonuniform flows. At high wind speeds, turbulence 
increases the power output. The result is that the curve is flattened. 
Figure 4-8, showing the yaw error case, shows a similar result. The power 
curve with the nonuniform flow is somewhat flattened. As operation off axis 
is a likely result of operation in turbulence, it would appear that turbu­
lence can flatten the power curve through several means. 
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Figure 4-4. Lift and Drag Coefficient Hysteresis Loops for the Mod 0 
Turbine Blade at RfRo = 0.75 and a Tip Speed Ratio of 4.2 
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Figure 4-5. Mod 0 Performance with Wind Shear and Tower Shadow, 
Drag Rise during Dynamic Stall not Included 
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Figure 4-6. Mod 0 Performance with Tower Shadow 
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Figure 4-7. Mod 0 Performance with Wind Shear and Tower Shadow 
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Figure 4-8. Mod 0 Performance with 200 Yaw Error 
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Figure 4-9. Mod 0 Performance with Wind Shear, Tower Shadow, 
and Yaw Error 
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Figure 4-10. Mod 0 Performance with Two Cycles per 
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Figure 4-11. Mod 0 Performance with Three Cycles 
per Revolution Turbulence 
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4.3 ENERTECH TEST CASES 

The uniform flow case is shown in Figure 4-l2~ along with the test data. 
The test data lie very close to the prediction at 2° tip pitch angle. It is 
possible that this difference may be due to the airfoil used by Enertech, 
which has a dropped leading edge and is thus not a true NACA 44XX series 
airfoil. This modification can be expected to result in an increase in the 
maximum lift coefficient. The effect of this increase in lift coefficient 
is similar to the effect of an increase in the pitch angle; more power in 
high winds. However, this does show quite graphically the difficulty in 
predicting peak power. 

The case with wind shear showed no difference in performance from the uni­
form flow case. This case is not shown. The case with tower shadow is shown 
in Figure 4-13. For the Enertech, the tower wake was assumed to have a 
total width of 0.173 rotor radii, and a maximum deficit of 0.83 times the 
local undisturbed flow. Again, the effects of nonuniform flow or dynamic 
stall are minor. These effects are mainly seen at wind speeds below peak 
power, in contrast to the Mod 0 where the effects were greatest ljear peak 
power. This is most likely due to the lower tip speed ratios of ~he 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 almost the same perfor­
mance as the case with tower shadow alone, and hence is not shown. 

Figure 4-14 shows the performance prediction for the Enertech with a 200 yaw 
error. The same trend of the curve being "stretched" to higher wind speeds 
is seen~ as it was with the Mod O. In addition, the tendency for the power 
curve to flatten out at high wind speeds is quite apparent. 

Figures 4-15 and 4-16 show the two turbulence cases: two cycles per revolu­
tion and three cycles per revolution. The turbulence tends to reduce the 
peak power and flatten the power curve, as was seen before. Dynamic stall 
has a somewhat more than negligible effect on performance at wind speeds 
just below the rated wind speed. 

The last case, wind shear~ tower shadow, and yaw error, is shown 1n 
Figure 4-17. This case bears a strong resemblance to the case with yaw 
error only. The only notable aspect is that the peak power seems to be 
increased slightly by the nonuniform flows. 
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Figure 4-12. Enertech 44/25 Performance, Uniform Flow 
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Figure 4-14. Enertech 44/25 Performance with 20° Yaw Error 
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Figure 4-15. Enertech 44/25 Performance in Two Cycles per 
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Figure 4-16. Enertech 44/25 Performance in Three Cycles per 
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SECTION 5.0 

CONCLUSIONS 

A modified version of the rotor analysis program PROP has been developed. 
This new code incorporates several improvements. The rotor geometry can be 
described at arbitrary radial points, instead of at 10 equally, spaced 
points. The rotor disc can be divided into an arbitrary number of radial and 
circumferential stations for analysis purposes. The turbine performance can 
be analyzed under the influence of four differnt types of nonuniform flow: 
wind shear, tower shadow, turbulence, and off-axis flow. The effects of 
dynamic stall, as determined by the MIT model, can be included. The program 
outputs the dimensionless turbine performance as well as dimensional values. 

The new computer code was exercised on two turbines, the Mod 0 with aileron­
controlled blades and the Enertech 44/25. Each of these turbines was examined 
under seven conditions of nonuniform flow involving various combinations of 
the four basic nonuniformities both with and without the effects of dynamic 
stall included. ~ 

j 
The results showed that the nonuniform flows caused about a 2% change in the 
peak power prediction in most cases. Both increases and decreases in peak 
powers were predicted for different cases. Dynamic stall caused even less of 
a change in performance, and generally that change was toward lower perfor­
mance. Detailed analysis of the results showed that the lift rise associated 
with dynamic stall caused a performance increase, but the drag rise caused a 
performance loss. These two effects tend to cancel. A sensitivity run was 
conducted in which the drag rise was eliminated. This gave a performance 
increase of about 5%. This is a first order change to the dynamic stall 
method and thus a significant perturbation, consequently it indicates the 
maximum theoretical performance change expected from dynamic stall. 

The nonuniform flow cases that caused the greatest changes were the turbulence 
and yaw error cases. For both these nonuniform flows the power output is 
reduced for wind speeds below rated, peak power is either reduced or un­
changed, and power output in high winds is increased. The net result is that 
the power curve is shifted in a way that makes it resemble the experimental 
curves more closely, although the peak power output prediction is still low; 
that is, below that experimentally measured. 

It is concluded that dynamic stall has little significant effect on the per­
formance of horizontal axis wind turbines. Most strip theory models underpre­
dict the peak power output of turbines, but this discrepancy does not appear 
to be due to not taking dynamic stall into account. It now appears that the 
discrepancy betwen theory and experiment may be due to other effects that have 
not been incorporated in the PROP model. Some likely effects are: radial 
flow causing delay in blade stall and creating aerodynamic performance differ­
ent from dynamic stall; aeroelastic twist of the blades due to aerodynamic 
loads causing the rotor twist geometry to vary from the nominal settings; and 
improperly modeled airfoil characteristics in the stall region. Other post­
stall routines, like those given by Viterna and Corrigan (1981), may be an 
improvement in this area. 
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An additional conclusion is that dynamic stall increases the cyclic loads, 
both flatwise and edgewise seen by the blades. This may be an important 
consideration in the fatigue analysis of the blade. 
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APPENDIX A 

NOTES ON NOMENCLATURE 

The NUPROP computer program is designed to handle both wind turbines and pro­
peller rotors. It should be noted that the standard definition of power coef­
ficient for propellers is not the same as the one used for wind turbines. For 
propellers, the power coefficient is found by normalizing power by pn303 , 
where p is the density, n is the rate of rotation in cycles per se30nd, and 0 
is the diameter. For wind turbines, the normalizing factor is pV nR2. 

o 

In propeller nomenclature, both power coefficient definitions are used, and 
both are loosely called the power coefficient. However, the wind turbine 
definition is normallyy given the variable name PC' and the propeller defini­
tion is given the variable name C. These are the conventions used in the 
NUPROP code, and we distinguish be¥ween them by calling Pc the power coeffi­
cient and Cp the coefficient of power. 

Below is a list of the definitions used 1n the NUPROP code. 

Coefficient of power: 

Coefficient of torque: 

Coefficient of thrust: 

Diameter: 

Advance ratio: 

Rotation rate, cycles per second: 

Power: 

Power coefficient: 

Torque: 

Torque coefficient: 

Radius: 

Thrust: 

Thrust coefficient: 

Free stream velocity: 

Tip speed ratio: 

Oensity: 

Rotation rate, medians (second): 
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0 

J 

n 

R 

Cp = p/(pn305 ) :::: 2 nCQ 

CQ = Q/(pn30 5) 

CT = T/(pn2n4) 

= 2 R 

= V/n n = niX 

P = ! pV3nR2p = pn3n5C 2 0 c P 

Pc = P/(1/2 pv~ nR2) = 8Cp/(nJ3) 

Q = i pv~ nR3 Qc = pn2 05 CQ 

Qc = Q/(l/2 PV~ nR3) 

T = t PV~ nR2 Tc = n204CT 

TC = T/(1/2 pV2 nR2) ~ 8 CT/(nJ2) 
o 

Vo 

X = OR/V = n/J 

p 

o ::: 2 11'n 
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APPENDIX B 

USER'S GUIDE FOR THE PROGRAM PROP 

The modified version of the PROP computer code, called NUPROP, is written as 
an interactive program. The programming language is FORTRAN. When run, 
NUPROP displays a menu of 12 commands. After each command is completed, the 
menu is again displayed. Each of the menu commands is explained below. 

• Command 1 -- Radius of Each Station 

In NUPROP, the blade chord, twist, and airfoil section data can be defined at 
arbitrary radial stations. Values at intermediate points are formed as 
required. This command is used to define the raidal position of each 
station. The program asks for the number of stations, and then the normalized 
radius of each staion. The number of staions should be between 2 and 20. The 
radial values should be in the range zero to one, with the first value being 
near the hub (and usually at the inner end of the blade), and the lAst point 
near the tip (usually with a value of one). 1 

• Command 2 -- Airfoil Section Data Input 

This command allows the airfoil lift and drag characteristics to be defined at 
each station. At each staion the user is asked which input mode is to be used 
to define the data. The possible modes are: 

Mode -1: Input the data from a disc file. The user will be asked for the 
file name. 

Mode 0: Keyboard input. 

Mode 1 to 20: Copy the airfoil section data from Station 1 to 20. This 
mode is useful when the blade has the same airfoil along its entire span. 
The first station is input using either Mode -lor Mode 0, and then the 
Station 1 data are duplicated at all other stations by using Mode 1. 

The input format for the section data used for Modes -1 and 0 is as follows: 

The first value input is the number of points used to define the lift 
coefficient curve. This is followed by angle of attack and lift coefficient 
values, one set per line. The lowest angle should be entered first. After 
the appropriate number of data points have been entered, the number of points 
used to define the drag coefficient curve is entered. The angle of attack and 
drag coefficient values are then entered in a manner similar to the lift 
coefficient values. After the appropriate number of data elements have been 
input, the program will move on to the next station. 

For Mode -1 the above data are contained in a disc file. For Mode 0 they are 
entered from the keyboard in response to queries. 
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o Command 3 ~- Rotor Characteristics 

The user is queried for the following information: 
angle, and hub radius. 

Number of blades, cone 

The cone angle is in degrees, and the hub radius is normalized and usually set 
to the radius of Station 1~ as defined by Command 1. 

The tip and hub loss models to be used are asked for. 
Prandtl model or no loss model are available. 

• Command 4 -- Blade Chord and Twist 

Currently only the 

The user is queried for the chord and twist at each station as defined by 
Command 1. The chord is normalized by the blade length and the twist is in 
degrees, positive being leading edge into the wind. 

• Command 5 -- Real Rotor Data 

This command provides output giVing dimensional values for the rotor 
performance. The rotor radius (in meters), rate of rotation (in RPM) ~ and 
fluid density (in kilograms per cubic meter) must be input. 

e Command 6 -- Analysis Parameter~ 

This command allows the user to define the number of radial and 
circumferential elements to be analyzed, and some other analysis parameters. 

The user is first queried for the radius range over which to analyze and the 
number of radial elements to analyze. Normally the radius range should be 
from the hub to the tip. Other values are also useful, for isolating Ii 

portion of the rotor for detailed analysis, or rotor design work. The number 
of radial elements can have any value, but experience has shown that 10 to 20 
elements work best. Note that the number and position of the analysis 
elements need not have any relationship to the number and position of the 
radial station as defined by Command 1. 

Next the user is queried for the number of blade rotations to analyze over and 
the numbero£ circumferential elements to consider. The values to use for 
these two parameters are highly dependent on the nonuniform flows that are 
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being included in the analysis (see Command 7). The table below covers most of 
the cases. 

Case Number Number of Circum-
of Rotations ferential Elements 

Uniform flow 1 1 

Wind shear 0.5 5 

Tower shadow 0.5 50 

Yaw error 1 10 

Turbulence 1/2 cycle* 10 

Dynamic stall 1 or more 100 or more 

*Example: for turbulence with a frequency of three 
cycles per revolution, it would only be necessary 
to analyze over 1}6 of a revolution. 

Next the user is prompted for whether or not to suppress the swirl term. This 
should be answered with a "y" or "N". The swirl term is suppressed when a 
system that includes stator vanes or counter-rotating rotors is analyzed. 

The user is then prompted for whether or not to analyze the rotor as a 
propeller, requiring answer "y" or "N". Analyzing the rotor as a propeller 
changes the sign of the angle of attack, the interference factors, the torque, 
power, and thrust. 

Lastly, the user is asked whether or not to include the effects of dynamic 
stall. Answer "y" or "N" is required. 

• Command 7 -- Nonuniform Flow Input 

With this command the user may define the parameters of the four nonuniform 
flows considered by NUPROP. For wind shear, the user is prompted for the 
shear exponent and the hub height divided by the rotor radius. For tower 
shadow, the user is queried for the wake width and deficit. The width is 
defined as full width divided by the rotor radius. For turbulence, the user 
is asked for the turbulence frequency divided by the rotor rotation frequency, 
and the turbulence intensity as the peak variation of the wind speed divided 
by the free stream flow speed. For yaw error, the user is queried for the yaw 
error of the rotor in degrees. 
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• Command 8 -- Rotor Analysis 

This command results in the rotor, as defined by the above commands, to be 
analyzed. 

The user is first queried for the collective pitch angles (delta beta) over 
which to analyze. Then the program asks whether or not to display the 
analysis results for each blade element. Answer "y" or "N". Answ~ring "y" 
can result in an enormous amount of output. Next the user is asked whether to 
increment the variable X, the tip speed ratio, or J, the advance ratio for 
each analysis point. An answer of "X" or "J" is required. Then the user is 
asked for the range of X {or J) values over which to analyze. 

Finally, the user will be asked where the output should go. Usually this will 
be a disc file. However, the output can be sent to the terminal or printer if 
the proper device name is given. These names are, of course, system 
dependent. 

The analysis output first consists of a listing of all the input parameters • 
Then the analysis starts with the first collective pitch angle and the first X 
or J value specified. The X or J value is then incremented b~tween each 
analysis until the maximum specified value is reached. The collective pitch 
angle is then incremented and the required X or J values are again analyzed. 
This continues until all of the collective pitch angles are examined. 

• Command 9 -- Change B1ad~ Chord or Twist at One Station 

This command allows the blade chord and/or twist angle to be changed at any 
one station. Generally this command is used for rotor design studies. 

, Command 10 -- Augmentation Input 

With this command, the effects of a duct or shroud on rotor performance can be 
included. The flow velocity through the rotor is 

60 



STR-2732 

Normally for free rotors Cm and Ma have a value of 1.0. For these cases, 
this command need not be us~d. Some values for Cm and Ma in various cases 
are given below. 0 

Case 

Free rotor (default) 1 1 

Rotor in cylindrical duct 1 2 

Rotor in a pipe 1 o 

Free rotor with a large center body * 1 

Rotor in a noncylindrical duct * * 
*These values must be determined from potential flow 
theory based on the specific geometry. 

• Command 11 -- Header Input 

This command allows the user to input a run header. This header is printed 

out when the rotor is analyzed. 

• Command 12 -- Exit; Terminates NUPROP 

Output 

If blade element data are requested, then the program will output the 

following information: 

For each collective pitch angle, advance ratio, blade element, and 

circumferential station, the values of the axial velocity component, !, 

~, ~, a, CL, CO' PC1 ' QC1' Cpl , CTl and n are output. 
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For a complete rotor: 

For each feather angle and advance ratio, the values of X, PC' TC' QC' 

TCw' J, Cp ' CT' n, Fm' Vo ' P, T are output. Note that the last three 

values are dimensional. TCw is the thrust coefficient based on 

integration of the inviscid portion of the wake. Generally, it is only 

useful for ducted props. Fm is the propeller figure of merit. 

Program Listing 

A listing of the NUPROP program follows. 
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APPENDIX C 

EXAMPLE OF RUB OF THE PROP CODE 

This appendix contains two sample runs of 
Mod 0 turbine operating in wind shear. 
operating in uniform flow. The runs show 
well as the input data used to analyze the 
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C AV PROP PROGRAM~ NON PLOTT~NG VERSION 

rIMENSION GH(20),TW(20l,PV(12'!CMO(20I,GMA(20; 
DIMENSION NPL(20l,NPDt20),RSTAT(20) 

DIMENSION VMIN(2:.VMAX(2"VTICI2l,FN(3),HEADEP:SO),DAT(3 1 ,TIM(3l 
COMMON X,PC,TC,QCtTCW.A~,CP,CT,ETA!FM,VELO!PWR!THF 
COMMJN !F~!~RCODE 
COMMO~ /DY~AM!MODEDY. IDFLG 
EQUIVALENCE (PVll),X) 

1 "::::T" r "Fr"" t "V" t "F'! ";' / 
::F".TA 

i":m)~, ~'JSEC I LT! P t l"iODEDY I LHU:E:! HlJ:E:, CONE i BLRDT! :3* 1 t 2-1.'- 0 t 2* 0" ! 1. f ,/ 

R 1 I F;2; NAr\li~\L,I 0 • , 1 , ;' ::. 0.1 
DAT?>, 

DATp, r\JST;\1~tF~STAT/l01 {05, t 15 t t25 1 t:35 t .45 t .55 t .55 1 +75 t 185 t .95 1 10*1~/ 
DATA EPCODE!-99999.! 

C. C: c} ~~1 r'1 ~~ f\I D I rJ F' ~,J 'T 
~ TYPE 1000 
100S FORMAT!' 1 RADIUS OF EACH STATION'! 

+ 2 
+ " 3 
+ 4· 
+ 5 
+ E, 
+ 7 
+ 21 
+ 9 
+ 1 
+ 1 
+ 1 

fi -,,! 

1 
.... , 
.:: 

AIRFOIL SECT:ON DATA INPUT'; 
ROTOR CHARACTERISTICS'! 
BLADE CHOPD AND T~IST'I 
REAL ROTOR SIZE, SPEED'! 
ANALYSIS PARAMETEPS'; 
NON UNIFORM FLOW INPUT'! 
ANALIZE TH~ ?OTO?'; 
CHANGE CHOPD OR TWIST AT ONE STATION'! 
AUGMENTATION JATA INPUT'; 
HE'~iDER } I\JPUT" ! 
EXIT'!/ 

+" $COM~1AND? ") 
ACCEPT *t 12 
GOTOCSO t l00,200,800 t 500,320,340 t 600,400,4l0,430,9931, 12 

C STATION RADIUS [~PUT 
50 TYPE 1001 
1001 FORMAT ( '$NUMBER OF STAT:ONS? ') 

ACCEPT *,NSTAT 
DO 60 I=l,NSTAT 
TYPE 1002, I 

10(j2 FORMAT ( 'SFOR STPIT I DN #',! :3," PAD I US? ") 
ED ACCEPT *,RSTAT(I) 

GOTOS 
c 
C ELEMENT CHARACTERISTIC INPUT ICL,CD) 
100 TYPE 1003 

FORMAT(' SECTION DATA INPUT SOURCES:'!; 
i' -1 DISC FILE HJPUT" / 
I' 0 KEYBOARD IN?UY'j 
1.' 1-10 COP'y' FRO~1 SECTIm~ i-iO"i) 
DO 110 I=l,r\JST~\T 

~10 CALL SECTONCI,NPL,AL,CL,NFDjAD,CD) 
,GOTOS 

'-
C POTOR CHARACTEPrSTIC !NPU~ 
200 TYPE 1004 
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FORMAT!' NUMBER or BLADES, 
ACCEPT .,2N,CONE,HUB 
COP::COE; ( COiIJE,:' DR) 
SIP=SlNCCONE/DRl 

CONE ANGLE, HUB ~AD[US? '$) 

'rY1:JE J 029 
FORMAT(' LOSS MOJELS' /' 0: NONE'I' 1: ?RANDTL') 
FORMAT(' T1P LOSS MODEL, HUB LOSS MODEL? '$) 

AC c: E:OT *'. LT 1 P j LHUB 
i ~ ( L TIP. L ::' . C , 'J F i L, T I::' ; G T , 1 • em • L HUB .L T • 0 • [! R • L H U1:: . C- T. 1 :' GOT.J 2 ::',0 
GOTO:; 

\ ... , 

C INPUT STATION CHORD, TWIST 
800 DO 810 I=i,NSTAT 

TYPE 101 ~ I It PSTAT( r) 

~CCEPT *,CH(!),TWD 
'Tv.1 (I) =TWDiDR 

:;:::0 CONTINUE 
GOT05 

C ~NALYSIS PARAMETERS 
8:0 TYPE 1017 
101.7 FORMAT( '$PAD1US RANGE TO ANALIZE: INNER, 

ACCEPT *,Rl,R2,NANAL 
OUTER, # OF ELEMENTS? ') 

,':) 

TYPE 105::! 
FORMATe' ELADE ROTAT:ONS TO AVERAGE 
1, NUMBER OF ANNULA~ STATIONS? '$) 

ACCEPT *,BLROT,NSEC 
TYPE 1026 

:026 FORMAT(' SUPPRES SWIRL TERM? '$) 

ACCEPT 102:3 t IVJcr1 
~D28 FORMAT(A21 

USEf-1P= 1 • 
IF(MCM.EQ.IHYlUSEAP=O. 
MODE=l 
T'lPE 10:30 

1030 FORMAT(' ANA~YZE AS PROP? '$) 

ACCEPT 102:3, ['1CI"1 
IF(MCM.EG.1HY)MODE=-1 
f>1DDEDY=O 
TYPE 1031 

1021 FORMAT( '.INCLUDE DYNAMIC STALL EFFECTS? ') 

c 

ACCEPT 1 02:3! ['1CM 
I r- (~!CM. EQ, 'y' ) ['WIlED"!,,::: i 
GOT05 

C ~ON UNIFORM FLOWS 
3~O TYPE 1052 
1052 FORMAT ( '.WIND EXPONENT,HUB HEIGHT/ROTOR RADIUS? ') 

ACCEPT *,WEXPlHH 
TYPE 1008 

1008 FORMAT('$TOWER WAKE WIDTH, DEFICIT? ') 
ACCEPT *,WWIDTH,WDEF 
TYPE 100'3 

1005 FORMAT( '$TURBULANCE~ FPEQUENCY/ROTOR ROTATION F?EQUENCY? ') 
(-lCCEPT * I FTURB 
TYPE 1016 

1016 FORMAT('$TURBULANCE INTENSITY? ') 
,';CCEPT *' t TURI::I 
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ACCEPT *,YAW 

C >·L':~;'.IC;::: STAT I Of'\1 ':>'jOPD, Tl",II ST 
4DD TYPE 1013 
:013 COPMAT( '$STATI(IN TO CHANGE? ') 

TYPE 10 1 ~1., C H ( I ) 
:, C!.!..:: FORf"IAT ( "$~)LD CHOPD" f ::-7 t L't' f\]EI.~ CHORD? ") 

i-

~IC:CEPT :,;. t I:·~ ( } ) 
T ir:\; I} ::: T'i,:.: ': I ) *' I) 1;: 
'"["{FE 1 (; 15! r~J:D 

~ ~UGMENTArION INPUT 
410 DO 420 I=l,NSTAT 

T'y'PE J,O 1 Eo t I 
:D,:,£, FOR~1~'I'j'(" FOP STATION' ,1:3,' CMO, r'1A? '$) 

420 ACCEPT *,CMO(I),CMAII) 

c 
C ··lE,li,J)!::.? INPUT 
4EO TYPE 1038 
1036 FORMAT! 'SRUN HEA~ER~ ') 

ACCEPT 1041 1 HEAD::'P 
i () ,:, ~ FOR~1AT ( 30{~~~ j 

GOT05 
c 
C PEAL ?OTOP DIMENSIONS 
500 TYPE 1007 
1007 FORMAT! 'SPOrOR RADIUS 1M), RATE OF ROTATION (RPM)? ') 

ACCEPT *,RADIUS,RPM 
TY'PE 1010 

~010 FOPMAT('$DENSITY (KG/M.*3'? 'I 
ACCEPT *,RHO 
GOT05 

c 
C ~NALYZE PROP! ! ! 
C SET Ri (IF NEEDED)j GET DELTA RADIUS 
600 IF(Rl.LT.HUB)Pl=HUB 

DRAD=IR2-Rl)!NANAL 
T'lPE 1032 

1032 FORMAT(' DELTA BETA ANGLES~ INITIAL, FINAL t INC?EMENT? '$) 

ACCEPT *,FS,FF,FD 
T''(PE 1 0 1 =J 

:D19 FORMAT(' SHOW ELEMENT DATA? '$) 
(~,CCEPT 1023,15 

1025 FORMAT ( , INCREMENT X OR J? '$) 

ACCEPT 102:3, I NC'v' 
TY'PE 1020, I NCV 

:, 02(0 FORr<I~\ T (A3;" ST('\PT" Ef'D t I NCRE~1ENT? "$,) 

ACCEPT *tXJS,XJE,DXJ 
TYPE 10,35 

1035 FORMAT! '$OUTPUT TO ITT:, LS:, OR FILE NAME)? 'I 
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1012 FORMAT(SA4) 
OPEN(UNIT=10,NAM~=FN) 

(: :) iJr;:-' ~ . .I'T :-.\ E A Ii E R 
C00 CALL DATE(DATI 

CALL T! ME (T I!"i) 
It,lRTTE( 1[:. 1051 >r·lr.~~DE;;.~, DiY:', TIr"I, F.:N, COf\JE, HUE: 

:. :) ::: ~ F 0 Rf"i;'\ T ( 1 0>:: t "A [PO\l I POf',J l"i'Ei\I'~ PO TOR ;'\ r~AL '/ S :r~; PF?OG F ~~r'JI ' / 

+" ROTOR GEW'1ETR:(",I / 
+" r~!)MBEP J~' I:LA~)E5 ~ , , T20, F'.:.1, 0 I' CCJ'JE ~J.JGL:::. l:"<,;:Gl;::F:::::S ~ " ; T4~:i t Ff.:, , ~'::,.' 

~' HUE RA:IUS: ',~201?G,8/) 
I..JP I TE ( 10, 1 (} 2D :. 
\>,l]~ I TE ( 10; 1 O~~,:) ) LT:: p ~ LHU:E: 

::(),:,C FOF:f'1AT(" 1'1F' L:)~::'::: ;'W::)EL~", r::i, !-IUEl LOE;~3 r\'1DDEL~", I :-i-I:' 

WR!TE(lO, l08S)NSECJB~FOTI~ANAL,Rl,R2 
:l () :~':S rC'Rr"lf:!iT ( /" MML\Ti I S ?lt1RAMETERS".I / 

.J. 14," C I RCUMFERENTAL STt!l,T I m~s ANAL I ZED (')\IER" I F5. 1." ROTAT IONS' 
+18,' ELEMENTS ANAL!ZED OVER A RADIUS RANGE FROM ',FS.S 
4, i" TO "I FS I :3 ) 
IF (["10DE. E(''2. 1 HJR! TE ( 10, 10:33) 
IF(MODE.NE. 1)WRITE(10, 1034) 

1033 FORMAT!' ROTOR ANALYZED AS WINDTURBINE' I 
:,D3 L FORMAT(' ROTOR ANALYZED AS PROPELLER') 

IF ( USEJ-IP. EQ + I), ) WF' 1 T~ ( 10, 1 0 ~;? ) 
~027 FORMAT(' SWIRL T~RM SUPPRESSED') 

IF(MODE.NE.1)GOT061S 
r F ( MODED'y' • EG! ( :I ) ltJr':;:] TE ( :l 0, j, (42) 

10·:,2 FORMAT(' Dr'~~,l'11'1J:C ST(.\LL EFFECTS INCLUDED') 
i,.JR I TE ( 10, 1(54) I,.,IEXP t HH, 1,'1J~' I DTH I WDEF, 'fURB 1 t Y (-\I,...', F'T Ul;:B 

1054 FORMAT!/' NON UNlrO~M FLOWS'II 
-+" \t.,1IND EXPONENT:', T2~S. FEi,:3, , HUB HEl(;HT/RAD1US:" I T55, F6.:?,/ 
+ "TOI;.'ER It)AVE W I DT,~-h ' , 1'25, FEi • :~j I" W(')KE DEF I CIT ~ , I 1":1:1 t FEi • :3./ 
+' TURBULANCE INTENSITY: 'T25,F6.S, 
+' YAW ERROR, DEGREES: ',T55,FS.3/ 
+' TURBULANCE FREQUENCY/ROTOR ROTATION FREQUE~CY: ',T55,FS.8) 

(:,I.~ WRITE(10, !.O(5)F:ADIUS.F.:PM.RHO 
l005 FORMAT(/' DIMENSIONAL VALLES'II 

+" ROTOR RI;DH)S~", 1'25, F9. 1," r"l' / 

620 
1047 

+' ROTOF.: RATE OF ROTATION:",T25,F9,2;' RPM"/ 
+" DENSITy': '~T25~F9,:~," I<C/MH,S') 
\.oIR I TE ( 10 1 1 043 ) 
FORMAT(/' BLADE STATION DATA'/' STATION RADIUS 
1,' Cf'lO MP,') 
DO 620 I=l,NSTAT 
n~D=TW ': I ) *DR 
WR I TE ( lOt 1. 047) r , RSTAT ( I ) t C H ( ! I , TWD, 010 ( I ) , C ~lA ( I ) 
FORf"lAT ( ! 6, SF9 • 4 ) 
DO 6:30 I::: 1, NSTAT 
I;.'RITE(10,1048)1 

CHORD 

FORMAT(/' AIRFOIL SECTION DATA FOR STATION', 13/' ALPHA 

1049 

c 

l' ALPHA CD') 
N=MAXO(NPLIII,NPD(I) ) 
DO E.:30 ,J::l,N 
i,o,IRITE( 10, lO,49IAL(J, 1) I CL(J, I), AD(J, I) I CD(J, I) 
FORMAT(2F9.4,5X,2F9.4) 
COf'JT I NUE 
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-, -c:o J-.J=,r_, 

7~~ FLR=FL/DR 
c 
C F!RST X (DR J) VALUE 

~ RES~T INTEGRATED VALUES 
71 (I ':C=O. 

QC: = C ~ 

C 7~E ~IRST X OR J VALUE 
):::;X .. 1 

LC)()F 

71 ~ 

IF(!NCV.EG,lHJlX=PI/XJ 
:F( IE:.E0, li-l"(H~prTE( 10, 1036)FL,X 
~ORMAT(/' BLADE ELEMENT DATA FOR DELTA 
lFE.2!' R/ROTHETA VEL A 

CL CD DPe DTC 
ETp,' ) 

THPU ALL P{.\D I AL ELEMENTS 
DO 780 I=l,NANAL 

C RADIUS OF THIS SECTION 
P=DPAD*(I-.5)+Rl 

C :HOPD, TWIST, AUGMENTATION OF THIS SECTION 
CHU=ALOOKICH,RSTAT,R,NSTAT) 
IF(CHU.EG,ERCODE)GOT0990 
TWU=ALOOKITW,RSTAT,R,NSTAT) 
CMOU=ALOOY(CMO,PSTAT,P,NSTAT) 
CMAU=ALOOKCCMA,RSTAT,P,NSTAT) 

C RESE'!' SECT IOi'J DATA SUBROelJT 1 NE 
IDFLG=l 
CALL SECDATICHUJR,RSTAT,NSTAT,ANG,O.,F. 
lNPLtAL,CL,NPD,AD~CD,CLU,CDD) 

C FIRST GUESS FOR At A PRIME 
Al=O. 
APl =0. 

C SOL I D! T'''' 
SL=BN*CHUI (PI*CDP*R*2, ) 

C LOOP THRU ALL ANNULAR ELEMENTS 
DO 7-30 NS::l,NSEC 
THETA=860.*BLROT*(NS-.5)/NSEC 
IDFLG=2 

C NON UNIFORM FLOW 

E:E'TA:::" t FE' fo ~~! ' )"'- " .- , 
AP ,P~! ~;~'JC 

DQC DCP 

CALL NUFL(VX,VC,VRtX,R,THETA.HH,WEXP,WWIDTH,WDE~,FTURB,TURBI,YAW) 
C RESET A, A PRIME STEP VALUES 

,Cl,!< = (\. 0 
APK=O.O 

C START OF ITERATION LOOP 
C LOCAL AUGMENTATION 
730 CM=CMOU-CMAU*Al 
C LOCAL FLOW VELOCITIES 

VI=VX*CM*COP+VR*SIP 

W=SQRT(VI**2+VJ.-2) 
C J NFLOIt,1 ANGLE 

P=1.57 
IF(V,J.NE.O. )p=~\TAr\J2(VI,VJ) 
IF ( ABS (P) . L T, 1 E - 5) P= 1 E - 5 
CO=COS(P) 
Sl=SIN(P) 
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C ANGLE OF ATTACK 
,:;=P-TWU-FLP 
Ar\JG= A* DR*fVIODE 

C TIP AND HUB LOSSES 
FT= 1 . 
IFn.,TIP.EG!.l )FT::cPRAND(Br~1 1.. I PI S,I) 
r:"H= i , 
IF(LHUE:.EO. 1 +A[lJD,HUB,r~E. O. iFH=PRpIND(E:r~1 PI HUBI aI) 
F=FT*FH 

CALL SECDAT(CHU,R,RSTAT,NSTAT,ANG1THETA,F. 
lNPL,AL,CL I NPD,AD,CD , CLU,CDD) 
CLL=-CLU*MODE 

IF(DCH.LT .• 96)A2=(,5~.5*SQRT(1, -DCH) )fF 
IF(DCH.GE •• 96)A2=(, 143+SQRT( ,0230-.642*(.889-DCH) )fF 

C FIND A PRIME 2 
AP2=SL*CLLtW*USEAP!(4.*F*X*P) 

C FIN~ NEW Al, APi FOR NEXT ITERATION 
CALL AITER(Al,A2,AKI 
CALL AITER(AP1,AP2 I APK) 

790 IF(ABS(AK).GT •• OOOl.OR.ABS(APKI.GT •• OOOl)GO TO 780 
C LOOP OVER, COMPUTE STUFF 
C LDCl4L V,c.,LIJES 

PHl:::P*DR 
TCL=SL*W*W*(CLL*CO+CDD*SI)*MODE 
QCL=SL*W*W*R*MODE*(C~L·SI-CDD*COI!COP 
PCL:.::X*GlCL 
TCLW=4,*Al*CM*F*MODE 
Aj=Al*MODE 
~\P i =AP 1 'i<'10DE 
CTL=TCL*PI88/(X*X) 
CPL=PCL*PI48JIX*X*X) 
ETA=O, 
IF(PCL,NE,O. )ETA=ABS(TCL/PCL) 
IF(ETA,CT.l.IETA=l./ETA 

C. INTEGRATED VALUES 
TCW=TCW+TCLW*DRAD*2.*R/NSEC 
TC=TC+TCL*DRAD*2.*R/NSEC 
GlC=QC+QCL*DRAD*2.*R/NSEC 
IF (IS. EQ. lHY' HJRITE (10,1024 I P, THETA, \,lX, Ai, AP1, PHI, ANG t CLU, 
lCDDIPCL,~CL,QCL,CPL,CTLIETA 

1024 FORMAT(F8.4,F8.2,3F8.4,2F8.2,8F8.4) 
C TELL SECTION DATA ROUTINE TO ADVANCE TO NEW STATION 

IDFLG=:3 
CALL SECDAT(CHIJ,R,RSTAT~NSTAT,ANG,THETA,F, 
lNPL,AL,CL,NPD,AD,CD,CLU,CDD) 

780 CONT I [\JUE 
C DONE WITH ALL STATIONS 

PC=QC*X 
CT=TC*PI:381 (X*X) 
CP=PC*PI48/(X*X*X) 
AJ=PI/X 

C DIMENSIONAL STUFF 
PWR=CP*RHO*RPM**8*RADIUS**5*1,48148E-7 
THR=CT*RHOfRPM**2*RADIUS**4*4,444444E-6 
VELO=AJ*RPM*RADIUSJ80. 
ETA=O. 
IF(PC,NE.O. )ETA=ABSITC!PC) 
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IF (C?, j\JE, 0, ) Ff''i=:, 7'S7S8*td::S': CT) 7H:.1 ,5/CP 
r F ( I!::.. E G, 1 f-: "r') !,.} PIT E ( 1 0, 1 0 2 1 : 
FORMAT!!' J BETA X PC TC: 

CF (:1' ETA Fr'! 
'T'HR, 1::: NT " ) 

i,.,iRITE': i 0, i,022iFL, ~t:7 ~ICI Te, QC, TC,,!, AJ, CF', CT, ETP\, Fi'1" \,lELO. P~JR, :'i-IR 
~022 FORMAT!!X,F5, 1,FS.2!4F9.4,F7,3 1 2FiO.5,2F8.4,F7.2,2Fl0.4) 

>:,.J = X J + D >: .J 
!F(XJ,LE.XJElCO TO 710 
FI....=FL+F:) 
I~!FL.LE.FF.AND,FD,GT.O. lGO TO 705 
CLDE:E(UNIT::iO) 

C: 
c 

SUBROUTINE SECTON(I,NPLtAL,CL,NPD~AD.CD) 
C READ IN SECTION DATA 

DIMENSION AL(SO.20),CL(50 j 201,AD(SO,201,CDI5D,20) 
DIMENSION NPLI20l,NPDI20I,FN(3) 

C SEE WHERE TO GET THE DATA 
105 TYPE 1002, I 
1002 FORMAT!' FOR STATION', I4' DATA SOURCE? '$) 

ACCEPT * I ,J 
IF(J.GT.O)GOT0120 
IF(J.EQ.-l'GOT0200 

C ~EY INPUT, GET # OF CL pbINTS 
160 TYPE 1003 
1003 FORMAT(' NUMBER OF POINTS IN CL CURVE? '$) 

ACCEPT *,NPLII) 
C GET THE ALPHA, CL POINTS 

DO 130 J=i,NPLII) 
TYPE 1004,J 

1004 FORMAT ( " POINT' j 14," ALPHA, CL? '$) 

1:30 ACCEPT *, ALlJ,I), CL(Jd) 
1005 FORMAT(3F15.0) 

Tr'PE 1007 
C THE CD CURVE 
1007 FORMAT ( , NUMBER OF POINTS IN CD CURVE? '$) 

,ACCEPT *, NPD ( I ) 
DO 140 J=l,NPD(Il 
TYPE 100B,J 

:1002 FORMAT{' PClH~T"tI4,' ALPHA,' CD? "$) 

140 ACCEPT *,AD(J,I);CD(J,I) 
C GO AND SET THE REST TO ZERO 

GOT0230 

C DUPLICATE FROM ANOTHER STATION 
120 DO 150 N=1,50 

AL(N,I)=AL(N!J) 
CL(r\l, II=CL(N,J) 
AD (r\l, I ) =AD IN; J ) 

150 CD(N,I)=CD(N'l.l) 
NPL(I)=NPLIJ) 
r\lPD ( I ) =NPD ( J ) 
RETURN 

70 

J 



c 
C READ IN DATA FILE 
200 TYPE 1009 
1009 FORMAT(' AIRFOIL SECTION DATA FILE NAME? :$' 

ACCEPT 1000,FN 
1000 FORMAT(8A4) 

OPEN(UNIT=9,TYPE='OLD',NAME=FN,ERR=200) 
READ(9,*)NPL(I) 
DO 210 J=l.NPLII) 

21 0 EEAD ( 9 I '* ) (.\L ( J I 1 ) t CL ( J, I ) 
READ(9,*)NPD(I) 
DO 220 J=l,NPD(I) 

220 READ ( 9, '* ) AD (,..1 I I ) , CD (,..1, I ) 
CLOSE(UNIT=9) 

C SET THE REST TO ZERO 
230 DO 240 J=NPD(I)+l,50 

AD ( ,J, I ) = 0 • 
240 CD(J, 1 )=0. 

DO ~50 J=NPL(I)+1,50 
AL (J, I ) =0. 

250 CL(J,1)=O. 

C 
C 

RETURN 
END 

C PRANDTL TIP LOSS MODEL 
FUNCTION PRAND(B,Rl,R2,SI) 
F=EXP(-ABS(B*(Rl-R2)/(R2*SI*2») 
PRAND=1.-.63662*ATAN(F/SQRT(1.-F*F» 
RETURN 
END 

C 
C ITERATION ROUTINE 

c 

SUBROUTINE AITER(Al,A2,AK) 
IF(A1CEG.O. )At.:=.5*(A2-Al) 
IF(ABS(Al+AK~A2).GT.ABS(At-AK-A2»AK=-At.:*.5 
IF(ABS(Al+AK-A2).GT.ABSIA1+AK*.5-A2)AK=AK*.5 
A 1 =Al +At~ 
RETURN 
END 

C NON UNIFORM FLOWS 
C 

SUBROUTINE NUFL(VX,VC,VR,X,R,THETA,HH,WEXP,WWIDTH,WDEF,FT,TI,Y) 
DATA DR,PI/57.2958,8.14159! 
XBL=R*SIN(THETA/DR) 
YBL=R*COSITHETA/DR) 

C WIND SHEAR 
V=(l.+YBL/HH>**WEXP 

C TOWER SHADOW 
IF(ABS(XBL).GT.WWIDTH/2 •• 0R.YBL.GT.O. )GOT010 
V=v*(1.-WDEF*ICOS(XBL,*PI/WWIDTH»**2) 

C TURBULANCE 
10 V=V*(l.+TI,*COS(THETA*FT/DR)) 
C OFF AXIS FLOW 

VX=V*COS ('t IDR) 
VC=V*SIN(Y/DR)*COS(THETA/DP) 
VR=V*SIN(Y/DR).SIN(THETA/DR) 
RETURN 
END 
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------~~--------------------------~---~ 

r SEC T: ('Ii~ DI:'" T;, ~ D\"h.iAr"'L C f.:TALL 
SUBROUTINE SECDAT(CtR.RS,NS,ANG,TH,F,NPL,AL,CL,NPD, 
lADl CD, CLU, CDU:' 
DIMENSION AL(SO,20),CL(SO,20I,AD(SO,20).CDI50,20) 
DIMENSION NPL(20I,NPD(20I,RS(20) 
COMMON fER/ERCODE 
COMMON IDYNAM/MODEDY, IDFLC 
DATA GAMMA,DP/60.,57.29581 
COTO(5,100,510)IDFLG 

L RESE7 THE ROUTINE 
5 f"10DESV=5" 
C FIND STATIC STALL ANGLE 

Af\)G=O. 
F:: 1 • 

10 CLLST=CLU 
A~JG =:Af",JG + • 5" 

IF(CLU-,02S.GT.CLLSTIGOT010 
ANGE;S=ANG-. :5 
CLSS=CLLST 
PET URN 

C SET NON-DYNAMIC DATA, SEE WHICH MODE 
100 CALL SD(R,RS,NS,ANG,F,NPLtAL,CL,NPDtADtCD,CLU,CDU~ 

IFIMODEDY.NE.l)RETURN . , 
MODE=MODESV • 
SI=SINIANG/DP) 
GOTO(110,200,800,400,SOOIMODESV 

c 
C MODE 1; SIMPLE ATTACHED·FLOW 
110 IF(ANG.LE.ANGSS.OR.ANG.LE.ANGLST.OR.ANGLST.GT.ANGSSlRETURN 

MODE=2 
C 
C r'1 0 Dl:: 
200 

2; DYLAMIC PRE-STALL 
IF(ANG.GT.ANGSS)GOT0210 

Dy'NAI"I r C STALL C !\JO 
I"10DE= 1 
RETURN 

210 DADT=(ANG-ANGLST)/(TH-THLST) 
C DYNAMIC, BUT ATTACHED 

ANGDS=ANGSS+GAMMA*SQRTIAMAX1(PADT*C/2,/R,O. ) 
IFIANG.GT.ANGDS)GOT0220 
CLU=CLSS+,l*(ANG-ANGSS) 
RETURN 

220 MODE=3 
C START OF VORTEX ROLLOFF 

CLU=CLSS+.l*CANG-ANGSS) 
THDS=TH 
DCL=AMIN1(2.,40.*DADT*C/R) 
CLMAX=AMAX1(CLU,CLSS+DCL) 

C 
C MODE 8; VORTEX ROLLOFF MODE 
300 IF«TH-THDS)*R/C/DR.GT. 1, IGOT0810 
C INITAL VORTEX ROLLOFF 

CLU=AMIN1ICLMAX,CLSS+.l*(ANG-ANGSS» 
CDU=CLIJ*Sr 
RETURN 

310 IFIITH-THDS)*P/C/DR.GT.2)GOT0330 
C FINAL VORTEX ROLLOFF 

CLIJ=CL~1AX 

72 



CDU=C:"'U*SI 
RETURN 

330 MODE=4 

c 

STALLED 
THO=TH 

C LIFT DECAY MODE 
400 EXPT=EXP( (THO-TH)*2*R/C/DR) 

IFIEXPT.LT.O.OllGOT0500 
C STALLED 

CLU=(CLMAX-CLU)*EXPT+CLU 
CDU=(CLMAX*SI-CDUI*EXPT+CDU 
RETURN 

C FLOW REATTACHED 
500 MODE=l 

RETURN 
C SAVE LAST MODE, ANGLE AND ,THETA 
510 MODESV=MODE 

C 
C 

Ar~GLST=Af\!G 
THLST=TH 
RETURN 
END 

'\ 
C SECTION DATA, INTERPOLATE BETWEEN 2 STATIONS 1 

SUBROUTINE SD(R,RS,NS,ANGtF,NPL,AL,CL,NPD,AD,CD,CLU,C~U) 
DIMENSION AL(SO,20),CL(SO,20I,AD(SO,20),CD(SO,20) 
DIMENSION NPL(20),NPD(20),RS(20) 
COMMON !ER/ERCODE 

C FIND STATIONS WE ARE BETWEEN 

10 
20 

C 

DO 10 12=2,NS 
IF(R.LT.RS(I2»GOT020 
CONTINUE 
11=12-1 
CALL GETSECII1,ANG,F,NPL,AL,CL,NPD,AD,CD,CL1,CD1) 
CALL GETSEC(I2,ANG,F,NPL,AL,CL,NPD,AD,CD,CL2,CD2) 
F 1 = I RS ( I 2 ) - R ) I ( RS ( I 2 ) - RS ( I 1 ) ) 
F2 = ( R - RS ( I 1 ) ) I ( RS ( 1:2) - RS ( I 1 ) ) 
CLU=CL1*Fl+CL2*F2 
CDU=CD1*Fl+CD2*F2: 
RETURN 
END 

C SECTION DATA SUBROUTINE, VITERNA MODEL MODIFIED BY TANGLER 
C 

SUBROUTINE GETSECII,ANG,F,NPL,AL,CL,NPD,AD,CD,CLU,CDD) 
DIMENSION AL(50,20),CL(SO,20I,AD(50,20),CD(SO,20) 
DIMENSION NPL(20),NPD(20),CDDSI4),ACDDSI4) 
DATA CDDS, ACDDS/15., 20. ,25.,27.5,.1, • 17S, .275, .3681 
COMMON IER/ERCODE 
DATA TC,DR/.15,S7.29581 
CLU=APOLT(I,ANC;AL,CL,NPLII» 
CDD=APOLTII,ANG,AD,CD,NPDII) ) 
IF(CDD.NE.ERCODE.ANDtCLU.NE.ERCODE)RETURN 

C FIND AR 
AR=17 
IFIF.GE •• B95)COTOI0 
AR=2*F/II-F) 
CDMAX=ll.+.06S*AR)/1.9+TC) 
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C MAX ANGLES FOf CL AND CD IN TABLE 
ASD=AD(NPDII),I)/DR 

C CL~ 

C 
,.. .. _, 
1,_,J.,..1 

C cr) 

ASL=AL (NFL ( I ) , I ) /DP 
A=Af\lG/DR 
:E:2::: (CD \f\JPD ( I ) I'I ) - Cm1P:X *8 If\! (ASD) i / CDS (AED) 
A2=(CL(NFL(II, l)-CDMAX~SIN(ASL)*COS(ASL) ),SINIASL)!COS(ASL)**2 

IFICDD.NE.ERCODElRETURN 
CDD=AL00KICDDS,ACDDS,ANG,4) 

IF(CDD.EQ.ERCODE)CDD~CDMAX*SIN(A)+B2*COS(A) 
RETURf\1 

: INTEPPOLATION ROUTINE 

50 

c 

FUNCT!ON APOLT(I,ANC,A,C,NM) 
DIMENSION A(SO,20),C(SO,20) 
COMMON !ER/ERCODE 
APOLT=ERCODE 
IF ( N\lC . LT. A ( i, I ) • OR + .~NG • GT • A ( Nr'1 I I I ) RETURN 
N=1 
N=N+1 . 
IF(A(N! I).LT.ANCICOTOSO ~ 
AP 0 L T::: C ( N - 1 , I ) ... ( C ( N I I ) - C ([\l- 1 , I ) ) olf· ( A NG - A ([\1- 1 I I l ) ./ ': A t N I I ) - A ( f\J - 1 , I ) :> 

RETl')RI\J 
Hm 

FUNCTION ALOOKIF,X,XO,N) 
C FUNCTION TO FIND VALUE O~ FIX) AT X=XO 

DIMENSION F(N),X(NI 
COMMON IER/ERCODE 
IF(ERCODE.EQ.O.IERCODE=-99999. 
1\1hJ=N-l 
DO 10 1=1, NI'J 
Xl=X( 1) 

X2=X( 1+1) 
Dl=AE:S(Xl-XO) 
D2=ABS(X2-XO) 
DO=ABS(Xl-X2) 
IFID1.LE.DO.AND.D2.LE.DOIGOT0100 

1. 0 CONT r NUE 
C X NOT FOUND IN RANGE 

ALGOl:: =EReODE 
RETURi\l 

C CALCULATE VALUE OFF(XO) 
100 IFIX2.NE,Xl'GOT0110 

ALOOK=.5*IFII'+FII+1)) 
RETURf\l 

110 FAC=(XO-Xl'/(X2-Xl) 
ALOOK = F ( I ) + F AC * ( F ( I + 1 ) - FIr) I 
RETURr\) 
END 
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lJ1 

AEROVIRONMENT ROTOR ANALYSIS PROGRAM 
FART D. HIBBS 1984 

MOP () IN WIND SHEAR 

ANI'oLYSIS PERFORMED ON 11~JUL-B4 AT 17,27:17 

ROTOR GEOMETRY' 

NUMFER OF BLADES, 2. CONE ~NGLE. DEGREES ~.OO 

~'IJF' RAD IUS: O. 0'52 

LOSS ~IODELS 

0: NONE 
1: PRAII[)TL 
TIP Lose MODEL: 

PNI'oLYSIS PARAMETERS 

HUB LOSS MODEL: 

-:; tJRCU~IFERENTAL 9TATIOIIIS A~ALlZED OVER 0.5 POTATIONS 
IS Er.nlENTS ANALIZED OVER A RAlllUS RANGE FROM 0.052 TO !. flOO 
ROTOR ANALYZED AS WINDTURS:NE 

NorJ UNIFORM FLOWS 

WHJD E:XPONENT: 0; 1·403 HUB HEIGHT/RADIUSI 
T()I,IEP. WAI:E WIDTH: 0.000 WAI(E DEFICIT: 
TU~P.IJLArJCE INTENSITY, O. (1)0 YAW ERROR. DEGREES: 
TVPBVLANCE FREQUENCY/ROTOR ROTATION FREQUENCY, 

DI~lE1\JSIONAL VALUES 

ROTJ.:lP RAD IUS: 19.5 M 
ROTOR RATE OF ROTATlON, 20.60 RPM 
DEfJSITY: 1.220 I<G/f1H3 

tVIDE STATION DATA 
STATION PPDIUS CHORD nllST CMO MA 

1 0.0521 0.0297 0.0000 1.0000 1.0000 
2 0.2085 0.0782 O.QOOO 1.0000 1.0000 
2 0.4072 0,0782 0.0000 1.0000 1.0000 
4 0.6267 0.0657 0.0000 1.0000 1.0000 
5 0.6717 0.0612 0.0000 1.0000 1.0000 
6 0.6723 0.0616 0.1)01)0 1.0000 1.0000 

0.9759 0.03"'2 (l.O!HIO 1.0000 1.0000 
B 1.01)00 0.0000 0.0000 1.001)0 1.0000 

A1PFOIl. SECTIOIII DATA FOP STATION' I 
lILPHA CL lI~.PH'~ CD 
-4. O(l(!~ -0.3000 ·-4. :000 (I. oDes 

C.O'iOO 0.1000 0.1)00(1 0.0082 
·~.OP'OJ 0 .... "00 4.3000 0.0095. 
&.000;) 1J.820(! 8.0000 1).012'3 

12.0f·CO 1. BOO 10.(10(10 0.0152 
1~.O(lO·) 1.40CI) \2. ')000 0.0202 
1:-.0000 1.2000 14. ~O!)~ (I. ()250 

::.000;') 0.0000 1:'".;')0)00 ).1)520 

AlF'rDIL SECTION DATA rop STAT1,)'" i 2 

0.974 
0.000 
0.000 
0.000 ' 

g~"" .. "! 



ALPHI\ CL I\LPHQ CD 
-L.;:)OQO -0.3000 --4_ (11)00 O.OPSS 

O. ')(l00 O.IO!H) O.!)!JOO 0.0082 
,~. 0000 0.4400 4.0000 0.0095 
8.0000 0.8200 8·0000 0.0123 

12.0!'0!l 1.1200 10.0000 0.01'52 
IS.0000 1.4000 1'2.0()00 0.0202 
17.1)000 1.2000 14.0000 0.0250 
0.0000 0.0000 17.01)00 0.0'520 

AIPFOIL SECTIQN DATA FOP STATtON 8 
ALPHA CL l\LP~A CD 
-4.0000 -0.2000 -4. (lOt'O 0.0085 

C.OOOO 0.1000 0.01)00 0.0082 
4.01'00 0.4400 4.0000 0.0095 
I"-.IJOOO 0.B200 9.0000 0":)123 

1::.0000 1.1300 10.0"00 0.0152 
15.0000 l.dOOO 12.0IJOO 0.0202 
1;-.0('00 1.2000 14. JOOt' 0.025(1 

C.t'J(lOO 0.0000 !7.0000 0.0520 

A1F:FOIL SECTION DATA FOR STATION -4 
'LPH'I CL ;\LPHA CD 
-,-.1)000 -0. :3000 --4. JflOO 0.0085 

:;.0(101) 0.1000 0.1)(101) 0.0082 
.l..O!HH) 0.4400 4.01)00 0.0095 
E-.OOJO 0.8200 9.0000 :).0123 

I::. (10(1') 1.1300 10.0000 0.01'32 
15. n OOO f.4000 12.1)1)00 0.0202 
17.0!10:! 1.2000 14.0000 0.0250 

" ~. ('vOI) 0.0000 l:.onoo 0.0520 
(J\ 

AJPFOIL SECTION DATA FOR STATION '5 
ALPHA CL ALPHA CD 
-,1.0000 -0.3000 -4.0000 0.0085 
0.0000 0.1000 0.01)00 0.00B2 
,,!-.(l000 ().440Q 4.0000 0.0095 
6. ()(l00 0.8200 8.0000 0.0123 

t2.000{· I. 1300 10.0000 0.01'52 
1'3.1)000 1.4000 12.0000 0.!l202 
J7.0000 1.2000 14.0000 0.0250 

0.1)000 0.0000 17.0000 0.0520 

A1F:FOIL SECTION DATA FOR. STATlorJ 6 
ALPHA CL {,LPHA [[I 

-4.0000 -0.3000 - 4.00('0 0.0085 
0.0000 0.10('0 0.0000 0.!lOB2 
,1.0000 {I.A4{10 4.0000 0.009'5 
9.0000 0.B200 ~.O·JOI} 0.0123 

12.0000 1.1300 10.0000 0.0152 
15.0000 1.4000 '2.0000 0.0202 
17.0000 1.2000 ' .... 000(; 0.02'50 
0.0000 0.0000 1;-.0000 :!.0'520 

~~."f;JI.o<-'~' 

AIPFOIl SECTION [lATA FfoP. STlIT10rJ 7 

ALPHA CL lI:l.PHA CD 
-4.0000 -0.-3000 4. r~'oo 0.0(18": 
0.0000 0.1000 O.OO(lO ('I.OfJ32 
"1. O~0~ ().4400 4.000() 0.0!!95 
"'.0000 ('.8200 3.!),)00 Q.Ot2? 



12.000{l 1.1800 10.0{l00 0.0152 
15.0000 1.4000 12.0000 0.0202 
17.0000 1.2000 1".0000 0.0250 
0.0000 0.0000 17.0000 0.0520 

AIRFOIL SECTION DATA FOP-STATION 8 
ALPHA CL ALPHA CD 
-4.0000 -0.3000 -4.0000 0.0085 
0.0000 0.1000 0.01)00 0.0082 
4.0000. 0.4400 ".0000 0.0095 
8.0000 0.8200 8.0000 0.0123 

12.0000 1.1:300 10.0000 0.0152 
15.0000 ' 1.4000 12.0000 0.0202 
17.0000 1.200!) 14.0000 0.0250 
0.0000 O.!)OOO 17.0000 0.0520 

D BETA X PC TC QC TCW J CP CT ETA FM VEl •• MIS p''!p.nl THP..I,NT 

0.0 15.71 0.2J27 0.9711 0.01·35 0.9291 0.200 1).000£.7 0.0152'3 0.2190 2.:;:'496 2.EB 2.9iE-7 S.07d~ 

0.0 12,57 0.3538 0.8476 0.0282 0.8627 !).2'50 0.00217 0.02080 0.4174 1.1028 3.23 91E·715 5.9216 

0.0 10.47 0.4014 0.7'355 0.0383 0.772:3 0,300 0.00426 0.1)2670 ·0.5313 0.!H80 4.0:;- 1·~.95S6 8.se?1 

0.0 8.98 0 • .1006 0.5722 0.044 6 0.6843 0.'350 0.00674 0.03234 0.5959 0.6e·79 4.69 '31).0450 10.7'5:-8 

0.0 7.85 0.3779 0.5973 0.0481 0.6050 0.:400 0.009'50 0.037'53 0.6326 0.6108 '5.86 42.3(151 12.4854 

0.0 6.99 0.3459 0.5312 0·0495 0.5348 0 • .lf50 0.01238 0.04224 9.6512 0.55~6 £'.Q3 '55. 141 B 14. !)525 

0.0 6.28 0.310.9 0.4736. 0.049'5 0.473'5 0.500 0.01526 0.046'50 0.65£'4 0.5242 6.69 [,7.984" 15. 4 697 

Q.O '5. rJ 0.,2759 0.4::!4t 0.0483 0.4205 0.550 0.01803. 0.05088 !).6507 0.~004 7.26 13Q.·3119 11;.-'"1500 

0.0 5.24 0.2425 0.3808 0.0463 0.3739 0.600 0.0205, 0.0528 d 0.68(';7 O. '1346 s.()~ 91.61'51 17.9116 

0.0 4.83 '0.211J 0.2429 0.0437 0.3329 0.650 0.02277 0.0'5689 0.6157 0.4756 8.70 101. "'259 18.9281 

0.0 .4.49 0.1822 0.3099 0.0406 0.2971 0.700 0.02·l54 0.05964 0.5879 0.47:;05 9.37 109.3394 19.8.121 

0.0 4.19 0.1560 0.2808 0.0372 - 0.26~4 0.750 0.02585 0.06202 0.S557 0.~769 10.04 II";' 1468 20. ~33£. 
..... 0.0 3.93 0.ln5 0.2546 0.0337 0.2369 0.1300 0.02664 0.06"1)0 0.'5204 0.4848 10.71 IIB.6B6/'!. 21,2~IS 

..... thO :3.70 . 0.1121 0.2815 0.6303 0.2118 0.850 0.02703 0.06569 0.4842 0."969 11.28 120.42A2 21.85·10 

0;0 3,49 0.0949 0.211S 0.0272 0.1899 0.900 0.02717 0.06727 0 .... 497 0.'5124 12.05 121.1]241] 22 •. ~;!"98 

Q .• () 3.31 0.0801 0.1938 0.0242 0.1706 0.9'50 0.02£.97 0.06869 0.4133 0.5:0'26 12.72 120. 16S;" 22. e.545 

0 .• 0 3.14 q.0.679 0.1785 0.0216 0.1537 1.000 0.02668 0.07012 0.3805 0.5552 13.39 IIS.8552 23. 32;'" ~-1 

0 .•. 0 2..99 0.0580 0.16'56 0.0194 0.1391 ·1. {ISO 0.02637 0.07168 0.3503 0.5808 14.06 117. ,15,1 2"3.8..187 

0.0 2.86 0.0499 0.1545 0.017'5 0.1264 1.100 0.02607 0.07240 0,.3229 0.6086 14 , 73 116.1436 2A.47')"3 

0.0 2.73 0.0431 0.1448 .0.0158 0.11'53 1.150 0.02574 0.07518 0.2977 0.£.3~0 15.40 II4.E671 25.012'" 

0.0 2.62 0.0375 0.1:364 0.0143 0.105£. 1.200 0.02544 0.07712 0.2749 0.6716 H;.07 118. ::'-I£.1 2S.E-~;-1 

0.0 2.'51 0.0328 0.1290 0.0131 0.0963 1.2'50 0.02516 0.07917 0.2542 0.70£.5 16.;"4 It2.0;"17 26.3400 

0.0 2.42 0.0289 0.1226 0.0120 0.0893 1.3.00 0.02492 0.08134 0.2357 0.7427 17.41 111.0279 2;".062::> 

0.0 2.33 0.0256 0 •. 1169 0.0110 0.0827 1.3'50 0.024,5 {I. 08370 0.2191 0.780'5 18.08 II O. 2717 2;'.!;l4S6 

0.0 2.24 0.0229 0.1120 0.0102 0.0769 1.400 0.02"'62 0.08618 0.2041 0.eI9~ 18.75 11)9.697;' 28.6;"1 I 

0.0 2,17 0.0205 0.1075 0.0095 0.0716 1.450 0.02454 0.08879 !).1906 0.B602 19.42 109.300g 29.5::-72 

0.0 2.09 0.0184 0.1035 0.0089 0.0(;67 1.500 0.02441 0.09142 0.1780 0.903(; 20.08 103.7355 :>'0.41'51 

~ 
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AEROVIRONMENT ROTOR ANALYSIS PROGRAM 
BART D. HIBBS 1984 

ENERTECU 44/25 IN UNIFORM FLOW 

ANAL'fSIS PERFORMED ON 26-JUL-84 AT IS: 18::37 

ROTOR GEOMETRY 

NurmER OF BLADES: 3. CONE ANGLE, DEGREES 5.00 
HUB RADIUS: 0.100 

LOSS MODELS 
0: NONE 
I: PRANDTL 
TI P LOSS MODEL: 

ANALYSIS PARAMETERS 

HUB LOSS MODEL: 0 

1 CIRCUMFEPENTAL STATIONS ANALIZED OVER 1.0 ROTATIONS 
15 ELEMENTS ANALIZED OVER A RADIUS RANCE FROM 0.100 TO 1.000 
ROTOR ANALYZED AS WINDTURBINE 

NON UNIFORM FLOWS 

WIND EXPONENT: 0.000 HUB UEIGHT/RADIUS: 
TOWER WAKE WIDTH: 0.000 WAKE DEFICIT: 
TURWLANCE INTENSITY: 0.000 YAW ERROR. DEGREES: 
TURBULANCE FREQUENCY/ROTOR ROTATION FREQUENCY: 

DIMENSIONAL VALUES 

ROTOR RADIUS: 6.7 M 
ROTOR RATE OF ROTATION: 53.00 RPM 
DENSITY: 1.220 KC/M"*3 

BLADE STATION DATA 
STATION RADIUS CHORD TWIST CMO MA 

I 0.1000 0.0666 5.0000 1.0000 1.0000 
2 0.6360 0.0909 2.9800 1.0000 1.0000 
::I 1.0000 0.0758 0.0000 I. 0000 1. 0000 

AIRFOIL SECTION DATA FOP STATION 1 
ALPHA CL ALPHA CD 
-4.0000 0.0000 -4.0000 0.0130 
6.0000 1.0000 4.0000 0.01:30 
8.0000 1.1500 6.0000 0.0170 

10.0000 1.2'500 8.0000 0.0220 
12.0000 1.3500 10.0000 0.0270 
14.0000 1.4200 12.0000 0.0430 
16.0000 1.4200 14.0000 0.0580 
0.0000 0.0000 16.0000 0.0820 

AIRFOIL SECTION DATA FOP STATION 2 
ALPHA CL ALPHA CD 
-4.0000 0.0000 -4.0000 0.0130 
6.0000 t.OOOO 4.0000 O. 0130 
8.0000 1.1500 6.0000 0.0170 

10.0000 1.2500 8.0000 0.0220 

3.640 
0.000 
0.000 
0.000 

p~"'--.!' 



-....! 
\D 

0.0 4.49 
0.0 4. i9 
0.0 3.93 
0.0 3.70 
0.0 3.49 
0.0 3.31 
0.0 3.14 
0.0 2.99 
0.0 2.86 
0.0 2.73 
0.0 2.62 
0.0 2.51 
0.0 2.42 
0.0 2.33 
0.0 2.24 
0.0 2.17 
0.0 2.09 
0.0 2.03 
0.0 1.96 
0.0 1.90 
0.01.85 

D BETA ]( 
2.0 1'5.71 
2.0 J2.57 
2.0 10.47 
2.11 8.98 
2.0 7.85 
2.0 6.98 
2.0 6.28 
2.0 '5.71 
2.0 5.24 
2.0 4.83 
2.0 4.49 
2.0 4.19 
2~ 0 3.9:3 
2.0 3.70 
2.0 3.49 
2.0 3.31 
2.0 3.14 
2.1) 2.99 
2.0 2.86 
2,{' 2.73 
2,{) 2.62 
2.0 2.51 
2.0 2.42 
2.0 2.33 
201) 2.24 
2'() 2.17 
2.0 2.09 
2.0 2.03 
2.0 1.96 
2.0 i.90 
2.01.85 

0.3887 
0.3615 
0.3321 
0,3022 
0.2726 
Ou2428 
0.2140 

'0.18("6 
0.1637 
0.1430 
O. 1250 
0.1101 
0.0368 
0.OB51 
0.0754 
0.0673 
0.0603 
0.0544 
0.0493 
0.0449 
0.0411 

PC 
-0.6010 
-0.06·H 
0. !796 
0,3069 
0.3793 
0.4236 
0.44'58 
0.4482 
0.4:377 
0.4194 
0.3969 
0.3717 
0.3445 
0.3174 
0.2911 
0.2645 
0.2392 
0.2147 
0.1915 
0.!70-l 
O. i510 
0.1340 
(I. 1189 
0.10£;1 
0.0950 
0.0846 
0.07513 
O'()61B 
0.0619 
0.0564 
0.0516 

0.7202 
0.6G:31 
0.6U9 
0.56'19 
0.5221 
0.48:32 
0.4'177 
0.4152 
0.:3852 
0.3580 
0.:3:338 
0.3130 
0.2940 
0.2"1G7 
0.2617 
0.2487 
{l.2:374 
0.2273 
0.2184 
0.2105 
0.2034 

TC 
1.2885 
I. 1823 
1.0974 
t.0294 
0.9717 
1).9218 
0.8741 
0.8236 
0.7734 
0.7232 
0.6735 
0.6262 
0.5315 
0.5409 
0.504<4 
0.4701 
0.4388 
1).4101 
0.:3836 
0.3538 
0.:3357 
0.3149 
0.2961 
0.2796 
0.26-16 
0.2504 
0.2382 
0.2275 
0.2182 
0.2099 
0.2025 

0.0866 
0.0863 
0.0846 
O.OBIS 
0.0781 
0.07:34 
0.0681 
0.0627 
0.057:3 
0.0523 
0,0478 
0.04:38 
0.0401 
0.0366 
0.0336 
0.1[)310 
0.0288 
0.0268 
0.0252 
0,0236 
0.0222 

QC 
-0.0383 
-0,0051 
0.0172 
0.0342 
0.048-3 
0.0£;07 
0.0710 
0.0785 
0.0836 
0.0868 
0.0884 
0.0887 
0.0877 
0,0859 
0.0834 
0.1)800 
1),0761 
0,0718 
0.0671 
0.0624 
0.{)577 
0.0533 
0.0492 
0.0456 
0.0423 
0.0390 
0.0362 
0.0:3:37 
0.0316 
0.0296 
0.02("9 

0.6467 
0.5903 
0.5394 
0.4930 
0.450:3 
0.4110 
0.3750 
0.3420 
0.3117 
0.2844 
0.2600 
0.2389 
0.2200 
OQ2027 
0.1874 
0.1740 
0.1620 
0.1514 
1).1419 
0.1334 
0.1256 

TCW 
0.8020 
0.8935 
1).9275 
0.9276 
0.9046 
0.8669 
0.8H10 
0.7663 
0.7149 
0.6636 
0.6130 
0.5649 
0.'5193 
0.4790 
0.4417 
0.4068 
0.3747 
0.34'51 
0.3175 
0.2919 
0.2681 
0.2466 
0.2272 
0.2l02 
0.19'17 
0.1803 
0.1677 
0.1565 
0.1464 
0.1374 
0.1294 

0,700 
0.750 
O.SOI' 
0.850 
0.900 
0.950 
j.OOO 
1.050 
t. i 00 
1.150 
1.200 
1.250 
1.300 
i .350 
1.400 
I .450 
1.500 
1.550 
1.600 
1.650 
t.700 

J 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 
0.550 
I}, 600 
0.650 
0,700 
0.750 
0.300 
0.350 
0.900 
0.950 
1.000 
1.1l50 
I. too 
i.150 
1.200 
1.250 
1.300 
t ~ 350 
i .400 
1.450 
1.50l) 
1.550 
1.60{l 
1.650 
t .700 

0.05236 
0.05939 
0.0&677 
0.07"283 
0.0780:3 
0.08174 
0.08403 
0.03527 
0.08555 
0.03533 
0.08483 
{l.03445 
0.013355 
0.03226 
0.03123 
0.08052 
0.07994 
0.07956 
0.{)7931 
0.07922 
0.07926 

CP 
-0.00189 
-0.00039 
0.00190 
0.00517 
0.00953 
0.01516 
0.02188 
0.02928 
0.03713 
0.04"523 
0.05346 
{l.06159 
0.06926 
0.07655 
0.033:34 
0.IW904 
0.09:393 
0.09761 
O. 100! I 
O. 1017"6 
0.10250 
o. !02m 
0.10261 
0.10253 
0.10234 
0.10125 
0.10047 
0.0999'5 
0.09-364 
0.03954 
0.09962 

0.13359 
0.14£·48 
0.15378 
0.1£;028 
0.16609 
0.17125 
0.17581 
0.17975 
1).18303 
0.18593 
0.13877 
0.19205 
0.195(l':! 
0.19306 
0.2(l146 
0.2(1538 
0.20972 
0.21448 
0.21960 
0.22506 
0.2:3086 

CT 
0.02024 
0.02902 
0.0:3879 
0.04952 
0.06105 
0.07330 
0.li85BI 
0.09784 
0.10934 
0.11999 
0.12960 
0.13832 
(). J.l615 
0.15348 
0.1604:3 
0.16660 
0.1723:3 
0.17757 
0.13226 
0.18684 
O. Hl9lH 
1),19321 
0.19651 
0.20010 
0.20363 
0.20673 
0.21045 
0.21467 
0.21933 
0.22440 
0.22993 

0.539·9 
(1.54'51 
0.5427 
0.5350 
0.5220 
0.502·1 
0.4("80 
0.45Hl 
0.4243 
0.3993 
O. :3("45 
0.351B 
0.:3294 
0.3076 
0.2882 
0.2704 
0.2541 
0.2393 
O~22S7 

0.2133 
0.2019 

0.7861 
0.("469 
0.7207 
0.7025 
0.6921 
O.6?18 
0.7000 
(J .71::01 
0.730:3 
0.7492 
0.7714 
0.7952 
0.8229 
0.8550 
(J.8877 
0.9223 
0.9586 
0.9962 
1.0352 
1.0754 
1.1167 

ETA FM 
0.·1664 -1.2168 
0.05,12-10.0297 
0.1637 3.2006 
O. 298! I .7016 
0.3903 1.2627 
O. 4595 I . 0-1-17 
0.5101 0.91F5 
o . 5441 0 ./1339 
0.5659 0.7770 
0.5800 0.7332 
0.589:3 O. [,96-3 
0.5937 0.6664 
0.5924 0.6437 
0.'5868 0.6267 
0.5("72 {).6152 
0.5626 0.6094 
0.5·150 0.6077 
{),52:::O5 0.611;-
0.4993 0.6201 
0.47,19 0.6:30;-
0.449-3 0.6439 
0.4256 0.6593 
O. 4017 ('. 677" 
0.3796 (J.6S65 
0,:3590 0.7164 
0.3378 
0.31113 
0.3004 
OQ 28-39 
·J,2638 
0.2550 

0.7407 
0.766:-
0.("940 
0.8225 
!l.8520 
0.8325 

8,29 
13.89 
9.48 

10.07 
10,66 
I 1.26 
11.83 
12.4,1 
1"3.0? 
13.63 
14.22 
14.8t 
15.40 
16.00 
16.39 
17.13 
17.77 
18,37 
18.96 
19.55 
20.14 

VEL,MIS 
2.37 
2.96 
3.55 
4.15 
4.74 
5.3:3 
5.92 
6.52 
7. II 
7.70 
8.29 
13.39 
9.48 

10.07 
10.66 
11.26 
11.13S 
12.44 
13.03 
13.63 
14.22 
14.81 
15.40 
1i3.00 
!6.59 
1(".18 
17.(";­
lB. 3;:-
18.96 
19.55 
20. '·1 

i9.122-3 
21.3714 
24. 382~ 
26.I;IE"; 
23.49':'-' 
29.8504 
:::'{\. £.B69 
31.1-110 
31. ?-I\" 
31.Wlg 
aO.9;-9:3 
.'«1. 8416 
?0.3124 
31) '(H07 
29.6814 
29.40-18 
2';1. [94,0-

29,0536 
28.%49 
28.9294 
23,94-37 

PIJR, KIJ 
-0. Hl96 
-0.1'136 
0.6954 
I.BE-69 
3.481:3 
5.5356 
7,9922 

10.6934 
13. '5532 
16.5133 
19.52'13 
22,,1911 
25.2930 
2(".9551 
30.43-12 
:32.5165 
34.3025 
3"3.[,432 
?E.560:3 
37.163·1 
3:-.4316 
-3(".5353 
_?7. -1'29 
37. -\'139 
37·3737 
::'6.9775 
310.6923 
36.5016 
3<;.3896 
36,0''524 
36.3:-96 

4.2713 
'1.5147 
4. 739£. 
4.9399 
5.1189 
5.2780 
5.4186 
5.3401 
5,6410 
5.731H 
5.81,3 
5.9!91 
6.0128 
6.1045 
6.2092 
['.3299 
[,.463:-
6.610-1 
6.7682 
6.936-1 
7.1151 

THR. t:NT 
0.6238 
0.8943 
1.1954 
1.5262 
1.8317 
2.2593 
2.64-18 
:3.015'5 
3.3699 
3.6981 
3.994'5 
4."630 
4.5045 
01,(";:104 
4.94-1;-
5.1:"-18 
5.:31 H 
5.472H 
5.6!74 
5.("-1"31 
5~H'50B 

5.9549 
6.0566 
6.1671 
6.2760 
6.3716 
£,.4361 
6.6163 
6. :-'0'':'9 
6.9161 
7.0P-36 



00 
o 

12.0000 
14.0000 
U;.OOOO 
0.0000 

!.3500 
1.4200 
1.4200 
0.0000 

AiRFOIL SECTION DATA 
ALPHA CL 
-4.0000 0.0000 
6.0000 1.0000 
B.OOOO 1.1500 

10.0000 1.2500 
12.0000 1.3500 
14.0000 1.4200 
16.0000 1.4200 
0.0000 0.0000 

D BETA X 
-2.0 15.71 
-2.0 12.57 
-2.0 10.47 
-2.0 8.98 
-2.0 7.85 
-2.0 6.98 
-2,0 6.28 
-2.0 5.71 
-2.0 5.24 
-2.0 4.133 
-2.0 4.49 
-2.0 4.19 
-2.0 3.93 
-2.0 3.70 
-2.0 3.49 
-2.0 3.31 
-2.0 3.14 
-2.0 2.99 
-2.0 2.86 
-2.0 2.73 
-2.0 2.62 
-2.0 2.51 
-2,0 2§42 
-2.0 2.33 
-2.0 2.24 
-2.02.17 
-2.0 2.09 
-2.0 2.03 
-2.0 1.96 
-2.0 1.90 
-2.0 [.95 

I) !lETA 
!!.iJ 
C.O 
0.0 
0.0 
0.0) 

0.0 
!! d) 
0,0 
o,!) 
0.0 

X 
i5.7t 
12,57 
! O. '17 
8.98 
7.85 
6.98 
10.28 
5.71 
5.24 
4.83 

PC 
-1.4497 
-0.5178 
-0.0853 

{),1342 
0.2532 
0.3191 
0.3519 
0.3696 
0,3797 
0.3B28 
0.3667 
0.3394 
0.3084 
0.2748 
0.2404 
0.20i6 
0.1779 
0.1525 
0.1307 
0.113:3 
0.0977 
0.0845 
0.0737 
0.0648 
0.0573 
0.05H 
o '()457 
0.0412 
0.0:373 
0.0339 
0.0-309 

PC 
-0.9110 
-0.2357 

0.07::!B 
0.2:431 
0.3208 . 
0.3;'"25 
0.4031 
0.4157 
0.4201 
(1.4093 

10.0000 
12.0000 
14.0000 
16.0000 

0.0270 
0.0430 
0.0580 
0.0820 

FOR STATION 
ALPHA 

3 
CD 

-4.0000 
4.0000 
6.0000 
a.oooo 

10.0000 
12.0000 
14.0000 
16.0000 

TC 
2.2702 
1.8704 
1.6064 
1.4124 
1.2647 
I • 1470 
1.0507 
0.91;85 
0.8944 
0.8265 
0.7583 
0.6943 
0.6355 
0.5816 
0.~B32 

0.4896 
0.4493 
0.4138 
0.3324 
0.3554 
O. :3:306 
0.3090 
0.2907 
O~ 27"'&3 
0.2607 
0.2434 
0.2375 
0.2278 
0.2192 
0.2115 
0.2046 

T~ 

1.7628 
j.5091 
1. a:~E~ 
1.207'! 
I. J {it' j 
1.02-1:] 
C .')";;;4 
0.13 0 74 
0.8413 
0.71306 

0.0130 
0.0130 
Od1l70 
0.0220 
0.0270 
0.0430 
0.0580 
0.0820 

QC 
-0.0923 
-0.0-112 
-O.OOBI 
0.0150 
0.0322 
{).0-157 
0.0560 
0.0647 
0.0725 
0.0792 
0.0817 
O.OBIO 
0.0785 
0.0744 
0.0689 
0.0628 
0.0566 
0.0510 
0.0458 
O. O·8J 5 
0.037:3 
0.0336 
0.0305 
0.0278 
0.0255 
0.0236 
0.0218 
0.0203 
0.0190 
0.0178 
0.0167 

DC 
-0.0580 
-O.OHlB 

0,(:0071 
0.0260 
O. O·~OB 
0.0534 
O.!'642 
0.(1730 
0.0802 
0.01>17 

TCW 
-0.i586 
0.0323 
Ov4577 
0.6828 
0.7987 
0.B483 
OeB57-4 
0.8389 
0.7990 
0.7381 
0.6716 
0.6094 
0.5523 
0.4993 
0.4514 
0.4081 
0.3684 
0.3:334 
0.3025 
0.2759 
0.2517 
0.2305 
0.2121 
0.1959 
O. iBIS 
0.16B7 
0.1572 
0.1471 
0.1379-
0.1296 
0.1220 

TCW 
0.2169 
0.'5823 
0.771:'3 
0.8613 
0.8936 
0./:!'113 
0.866:0-
O.B23G 
0.7f77 
0.70G6 

J 
0.200 
0.250 
0.300 
0.850 
0.400 
0,450 
0.500 
0.5'50 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.000 
1.050 
1. 100 
1.150 
1.200 
1.250 
1.300 
1.:)50 
1.400 
1.450 
1.500 
1.550 
1.600 
1.650 
1. 7 00 

cl 
0.201' 
0.250 
('-30f, 
0.350 
O. 4~)t:' 
0.450 
0.500 
0.53(' 
0.600 
O. f;S') 

CP 
-0.00455 
-0.00318 
-0.00090 
0.00226 
0.00636 
0.01142 
0.01727 
0.02415 
0.03220 
0.0'1128 
0.04940 
0.05622 
0.06200 
0.06628 
0.0681B 
0.06991 
0.06985 
0.OG931 
0.06834 
0.06769 
0.06632 
0.06484 
0.06:360 
0.06257 
0.06178 
0.06112 
0.06061 
0.06021 
1).05992 
0.05973 
0.05963 

CP 
-0.00286 
-f·. 00145 
1'.00078 
(" ()o) 332 
(1.00·'306 
0.01333 
fJ.OI,)79 
G.02.-22 
0.03563 
0.0-141-' 

CT 
0.03566 
0.04591 
0.056(8 
0.06795 
0.07946 
0.09121 
0.103J5 
0.11505 
0.12644 
0.13714 
0.14591 
0.15337 
0.15971 
0.16501 
0.16961 
0.17851 
0.17644 
0.179!6 
0.18172 
0.1!l-157 
0.18695 
O. HI962 
0.19294 
0.19667 
0.20067 
0.20506 
0.209B-I 
1).21496 
0.22040 
0.22615 
0.2.,'21-') 

CT 

ETA FM 
0.6386 -1.1797 
O.276B -2,·4701 
0.0531-11.9308 
0.0950 6.2546 
0.20('2 2.808-' 
o . 2782 I • 9250 
". :3349 1.5302 
0.3816 1.2894 
0.4245 1.1139 
0.4631 0.9816 
0.4837 
0.4888 
O. '11352 
0.4726 
0.4509 
0.4241 
0.3959 
0.3684 
O. :3419 
0.3189 
0.2956 
0,27:35 
0.2535 
0.2357 
0.2199 
0.2056 
0.1925 
O.ISO( 
O. 11'<1<> 
0.160! 
O. 15' I 

ETA 

0.9002 
0.B523 
0.8214 
0.8069 
0.809B 
0.8249 
0.8466 
O. B730 
0.9045 
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