
DOE/NASA/20320-61 
NASA TM-86918 

NASA-TM-86918 

/ 19jtJtJ~ 799tJ 

Stao..r~down Charac~erns'incs of '~he 
Mo(Q]-O WOUld Turbone WD'~h 
AulsH'orn COn1·~i"ols 

Dean R Miller and Robert D Corrigan 
National Aeronautics and Space Administration 
LewIs Research Center 

Work performed for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Wind Energy Technology Division 

Prepared for 
HOrizontal-AxIs Wind Turbine Technology Workshop 
cosponsored by the U S Department of Energy and the 
NASA LewIs Research Center 
Cleveland, OhiO, May 8-10, 1984 

LIBRARY COpy 
'.11 ') I 'C'C'r: 

) C.. I~ J:) 

LANGLEY RESEARCH CENTER 
LIBRARY, NASA 

HAMPTO~. VIRGI~IA 

I IUIIIII lIn IIII nlll nlll IIUI III1I 1III IU\ 
NF00112 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency 
of the United States Government Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
express or Implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that ItS use would not 
infringe privately owned rights Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or Imply ItS 
endorsement, recommendation, or favoring by the United States 
Government or any agency thereof The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof 

Printed In the United States of America 

Available from 
National Technical Information Service 
US Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

NTIS price codes1 

Printed copy A02 
Microfiche copy A01 

1Codes are used for pricing all publications The code IS determined by 
the number of pages In the publication Information pertaining to the 
pricing codes can be found In the current Issues of the following 
publications, which are generally available In most libraries Energy 
Research Abstracts (ERA). Government Reports Announcements and Index 
(GRA and I), SCientific and Technical Abstract Reports (STAR). and 
publication, NTIS-PR-360 available from NTIS at the above address 



Shutdown Characteristics of the 
Mod-O Wind Turbine with 
Aileron Controls 

Dean R Miller and Robert D. Corrigan 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

Work performed for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Wmd Energy Technology DIvision 
Washington, D.C. 20545 
Under Interagency Agreement DE-AI01-76ET20320 

Prepared for 

DOE/NASA/20320-61 
NASA TM-86918 

Horizontal-Axis Wind Turbine Technology Workshop 
cosponsored by the U S. Department of Energy and the 
NASA Lewis Research Center 
Cleveland, Ohio, May 8-10, 1984 



SHUTDOWN CHARACTERISTICS OF THE MOD-O WIND TURBINE WITH AILERON CONTROLS 

Dean R. Miller and Robert D. Corrigan 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

Horizontal-axis wind turbines utilize partial or full variable blade pitch 
to regulate rotor speed. The weight and costs of these systems indicated a 
need for alternate methods of rotor control. Aileron control is an alternative 
which has potential to meet this need. 

The NASA Lewis Research Center has been experimentally testing aileron 
control rotors on the Mod-O wind turbine to determine their power regulation 
and shutdown characteristics. 

This paper presents experimental and analytical shutdown test results for 
a 38 percent chord aileron-control rotor. These results indicated that the 
38 percent chord ailerons provided overspeed protection over the entire Mod-O 
operational windspeed range, and had a no-load equilibrium tip speed ratio of 
1.9. Thus, the 38 percent chord ailerons had much improved aerodynamic braking 
capability when compared with the first aileron-control rotor having 20 percent 
chord ailerons. 

INTRODUCTION 

As part of the DOc Wind Energy Program, the NASA Lewis Research Center 
(LeRC) has been involved in the research of large horizontal-axis wind turbines 
since 1973. The overall goal of the effort has been to develop the technology 
to build reliable, yet cost effective large HAWTS. Since the rotor constitutes 
a large portion of the overall wind turbine cost, various methods of rotor 
control were investigated based on their potential to reduce rotor weight and 
cost. 

Aileron control was a method of rotor control which appeared to have 
potential for reducing rotor costs. This method of rotor control involved 
placing a control surface on the trailing-edge of the rotor blade (in the same 
way control surfaces are placed on the trailing edges of aircraft wings). As 
with the airplane wing, the ailerons change the lift and drag characteristics 
of the basic airfoil as a function of their deflection angle, producing corre
sponding changes in rotor torque. It is these changes in rotor torque which 
enable the ailerons to regulate rotor speed or rotor power output. 

The primary advantages of aileron control over partial-span control are 
that a smaller pitch actuator system is required and the actuator system can 
be located so as not to interrupt the structure of the blade spar. The net 
result is a lighter weight, less complicated actuator system than that used for 
partial-span control. 

To investigate the applicability of aileron control to large horizontal
axis wind turbines a feasibility study was performed by Wichita State 



University (ref. 1). Based on this study, two outboard blade tip sections with 
20 percent chord ailerons were designed and fabricated for testing on the Mod-O 
100 kW wind turbine. These tips were installed on existing inboard blades to 
form an aileron-control rotor. Loss-of-load shutdown tests and no- load equili
brium rpm tests were conducted and the results indicated that the 20 percent 
chord ailerons did not provide enough aerodynamic braking capability. 

Therefore, two blade tip sections were designed with 38 percent chord 
ailerons and fabricated for testing on the Mod-O. These 38 percent chord 
aileron-control tips were also installed and tested on the Mod-D. Test results 
with this rotor showed much improved aerodynamic braking characteristics, when 
compared to the 20 percent chord aileron-control rotor. 

This paper will describe the Mod-O test facility and explain the two types 
of shutdown tests conducted on the Mod-O with the 38 percent chord ailerons: 
(1) overspeed, (2) no-load equilibrium rotor speed. Then, experimental over
speed test results will be compared with analytical predictions for windspeeds 
up to 12 m/s. Since no experimental overspeed data were available for winds 
above 13 mis, the analytical overspeed predictions will then be extended to 
cover the windspeed range of 13 to 18 m/s (where 18 m/s : Mod-O cutout wind
speed). Next, experimental equilibrium rpm test results will be presented and 
compared with analytical predictions, followed by a summary of both the over
speed and equilibrium rpm test results. 

TEST CONFIGURATION 

Shutdown tests were conducted on the Mod-O 100 kW wind turbine located at 
Plumbrook Station, Sandusky, Ohio. Figure 1 shows the the configuration of the 
Mod-O which operated downwind of the tower with a teetered hub. The nacelle 
was located atop a tubular tower with the rotor axis 38 m above the ground. 

The p1anform of the rotor used in these tests is shown in figure 2. The 
inboard portion of each rotor blade consisted of two pieces - a metal spool 
piece and an 11.2 m wood blade. The metal spool piece served as an adapter 
between the steel teetered-hub and the wooden blade. The wooden blade was 
untwisted, fixed at a pitch angle of 0°, and used a NACA 23024 airfoil section 
over the entire length. 

The outboard section of each blade was 7.28 m long and contained an 
aileron section 6.09 m long. It was a riveted aluminum structure, fabricated 
using standard aircraft technology. The aileron was hinged at the 62 percent 
chord line and extended over the outer 32 percent of the blade span (neglecting 
the tip cap). The portion of the tip between spanwise station (STA) 12.22 and 
13.09 was considered to be a transition section between the inboard wooden 
blade with its NACA 23024 airfoil section and the beginning of the aileron with 
its NACA 64624 airfoil. This transition section not only provided for a change 
in airfoil section, but also for a change in twist angle (linearly varying from 
0° twist at STA 12.22 to 3° at STA 13.09). The thickness of the tip section 
decreases linearly from 24 percent at STA 13.11 to 15 percent at STA 19.20. 
Also, the twist angle varies from 3° at STA 13.11 to 1° at STA 19.20. Figure 3 
shows the twist angle distribution and sign convention for the aileron-control 
tip. 
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Figure 4 is a p1anform arrangement of the blade tip section with a cross
sectional view of the 38 percent chord plain aileron. Also, indicated is the 
sign convention for the aileron deflection. A negative deflection corresponds 
to rotating the trailing edge of the aileron away from the wind (i.e., -
towards the low pressure surface of the blade). During shutdown tests the 
ailerons were deflected in the negative direction to produce a braking effect. 

TEST DESCRIPTION 

The aerodynamic braking tests conducted on the 20 percent and 38 percent 
chord aileron-control rotors were (1) rotor overs peed following loss of load, 
and (2) no-load equilibrium rotor speed. The relationship between these two 
tests is illustrated in figure 5, which is a rotor speed time history for a 
hypothetical 10ss-of-10ad shutdown. 

The shutdown has been divided into a rotor overspeed test and a no-load 
equilibrium rpm test. The rotor overspeed test defines the time period imme
diately following a loss of generator load. It is during this time period 
after the load is removed and before the ailerons are completely deflected that 
the rotor may experience large accelerations, thus producing an overspeed and 
possible damage to the drive train and generator. Therefore, it is important 
for the aileron-control system to either prevent an overs peed or limit the peak 
rpm to a safe value. 

The no-load equilibrium test is characterized by the rotor reaching a 
stable or equilibrium rpm which is a function of the windspeed. This can be 
seen in figure 5 as the portion of the rotor speed time history where the curve 
parallels the abscissa. Should the windspeed change, the rotor speed would 
also change to a new equilibrium rotor speed. 

LOSS-OF-LOAD OVERSPEED TEST 

Test Procedure 

The Mod-O was aligned with the wind and producing power before the gener
ator load was disconnected. Both ailerons were fixed at a deflection angle of 
0°; thus the output power varied as a function of windspeed. When the wind
speed appeared to be relatively constant, the generator load was dropped, and 
one or both ailerons were moved toward the shutdown position of -90°. Though 
it was intended for the loss of load and aileron deflection to occur simulta
neously, the ailerons actually began to move toward shutdown 1 sec after the 
loss of load occurred. This was attributed to mechanical and electrical delays 
in the aileron-control system. 

Loss-of-load shutdowns were performed with the ailerons of both blades 
deflecting (2-aileron shutdown), or with the aileron of only one blade deflect
ing with the other aileron fixed at 0° deflection (l-aileron shutdown). For 
both the 1- and 2-aileron shutdowns, fixed deflections rates of 15, 20, and 
25 deg/sec were used. 
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Experimental Data Analysis 

Experimental loss of load tests were conducted with both ailerons ini
tially at 0° deflection. This represented a "worse case" situation, because 
in the power regulation mode, the ailerons would probably have a negative 
initial deflection angle at windspeeds above 8 mIs, where rated power is 
achieved. 

Windspeed and rotor speed were recorded at 1 sec intervals during each of 
the overs peed shutdowns using an HP-85 computer. Experimental rotor speed time 
histories were then constructed by plotting rotor speed versus the elapsed 
time. These experimental time histories were then compared with analytical 
time histories on the basis of peak overspeed and general shape of the decel
eration curve. 

Predicted Data Analysis 

The Mod-O Emergency Shutdown Model (ref. 2) was used to predict the rotor 
speed time history following loss of generator load. Probably the most criti
cal part of the analytical prediction involved the selection of airfoil lift 
and drag coefficients which were used in the Shutdown Model to calculate rotor 
torque. The appropriate airfoil characteristics had to be selected for the 
inboard wood blade with its untwisted NACA 23024 airfoil, as well as for the 
aileron-control tip with its twisted NACA 64 series airfoil. 

Since the aerodynamic characteristics of the aileron-control tip varied 
with the aileron deflection angle, it was necessary to have a separate table 
of lift and drag data for each aileron deflection studied. This meant that 
airfoil data were required for _45°, _60°, -75°, and -90° aileron deflection 
angles. Some two-dimensional data were available from the Ohio State Univer
sity wind tunnel, but only up to 35° angle of attack. Because the range of 
angle of attack values on the tip was expected to exceed 35°, it then was 
necessary to estimate lift and drag data out to 90° angle of attack based on 
Wichita State University 20 percent chord aileron data. The preliminary 
equilibrium rotor speed predictions based on these data showed poor agreement 
with preliminary experimental results. 

It was then decided to utilize three-dimensional data (midspan Reynolds 
number = 1.5xl06) from the full-scale tests of an identical 38 percent chord 
aileron blade tip which was tested in NASA Langley's 30 ft by 60 ft Wind Tunnel 
(figs. 6(a) and (b}). These full-scale test data were selected for several 
reasons: 

(l) The three-dimensional full-scale test data when compared with existing 
two-dimensional data showed similar trends. The agreement between the avail
able two-dimensional data and corresponding three-dimensional data was very 
close for an aileron deflection of -90°. 

(2) These three-dimensional data were available at aileron deflection 
angles of -40°, -60°, -75°, and -90° from 0° to 90° angle of attack; hence the 
post-stall characteristics were clearly defined beyond 35° angle of attack. 

(3) Three-dimensional flow effects near the tip were inherent in the 
three-dimensional full scale tests, therefore, no tip loss would be required 
in the Shutdown Model. 
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(4) The actual geometry of the 38 percent chord a1leron-control t1p was 
complex. It had a vary1ng tw1st, comb1ned w1th changes 1n th1ckness to chord 
rat10. In add1t10n, the a1rf01l cross sect10n changed from a NACA 23024 to a 
NACA 64 ser1es a1rf01l 1nboard of the a1leron sect10n. As such, 1t was thought 
that proper treatment of these geometry changes would requ1re a s1gn1f1cant 
amount of add1t10nal t1me to complete. S1nce the full-scale test data repre
sented an 1ntegrated average of these effects, 1t was dec1ded to use these 
three-d1mens10nal data wh1ch e11m1nated the need to make correct10ns for the 
var1at10ns 1n geometry. 

For the wooden 1nboard port10n of the rotor, WSU 23024 test results 
(Re = 0.6xl06) were used w1th post-stall data synthes1zed accord1ng to the 
procedure set forth 1n reference 3. The post stall 11ft and drag data were 
synthesized to y1eld a constant torque after stall, but no aspect rat10 correc
t10n was employed. Th1s was done to account for the apparent tendency of the 
1nboard blade sect10ns to produce pos1t1ve torque for angles of attack beyond 
the two-d1mens10nal stall angle. Both the synthes1zed and unsynthes1zed 23024 
data are shown for compar1son purposes 1n f1gures 6(c) and (d). 

D1scussion of Results 

For each of the overspeed shutdowns, the analytical and experimental t1me 
histor1es were compared. F1gures 7(a) and (b) show typ1cal rotor speed t1me 
histories for a 1- and 2-aileron shutdown, respectively. These curves 1llus
trate that the analyt1cal predict10ns agreed qu1te well w1th the experimental 
results. 

F1gure 8 is a plot of peak rotor speed versus w1ndspeed for 2-aileron 
shutdowns at various deflection rates. The operational rotor speed, pr10r to 
loss-of-load, was nom1nally 20 rpm for these shutdowns. The symbols (c1rcle, 
square, and tr1angle) represent experimental peak rotor speeds for deflect10n 
rates of 15, 20, and 25 deg/sec, respectively. These peak rotor speeds were 
plotted aga1nst the average w1ndspeed wh1ch occurred dur1ng the f1rst 6 sec of 
the exper1mental shutdown. 

The curves (dashed, solid, and dot-dashed) represent the pred1cted peak 
rotor speeds for deflect10n rates of 15, 20, and 25 deg/sec, respect1vely. 
These curves pass through the bulk of the data, thus 1nd1cat1ng good agreement 
between the exper1mental and analyt1cal peak rotor speeds. The d1fferences 
between the exper1mental data and the analyt1cal pred1ct10ns can be, 1n part, 
attr1buted to the fact that the pred1ct10ns are based on constant w1nd cond1-
t10ns where as dur1ng the actual shutdown, ne1ther the w1ndspeed nor w1nd 
direct10n rema1ned constant. 

To quant1fy th1s var1at10n 1n exper1mental peak rotor speeds, the "percent 
d1screpancy" between exper1mental and analyt1cal peak rotor speeds was calcu
lated for each shutdown. The express10n shown below was used to calculate th1s 
parameter: 

Percent 
d1screpancy 

= Peak rpm (Exp) - Peak rpm (Pred) x 100 
Peak rpm (Pred) 

These discrepancy values were used to construct a h1stogram, from wh1ch 
an "error band" was then determ1ned. Th1s error band was intended to identify 
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the accuracy of the pred1ct10ns by account1ng for unsteady exper1mental 
cond1t10ns. 

Figure 9 is a histogram of the d1screpancy between predicted and experi
mental 2-a11eron peak rotor speeds. The plot appears to have a normal d1stri
bution with most of the discrepancies between +4 and -4 percent. Based on 
th1s, it seemed reasonable to place an error band of ±4 percent on 2-aileron 
peak rotor speed predictions. For example, if the predicted peak rotor speed 
were 25 rpm, then the experimental rotor speed would range from 24 to 26 rpm. 

With the discrepancy between analytical and predicted results established, 
the next step was to extend the predictions to higher windspeeds as shown in 
figure 8. Deploying both ailerons at a rate of 25 deg/sec in a windspeed of 
18 m/s resulted in a predicted peak rotor speed of 24.3 rpm. If the ±4 percent 
error band were to be considered, the peak rotor speed could be expected to 
range from 23.3 to 25.2 rpm. For an initial rotor speed of 20.5 rpm, this 
would correspond to a peak overs peed ranging from 14 to 23 percent. Thus, 
should a loss-of-load occur at the cutout windspeed, the 38 percent chord 
a11eron-control rotor should 11m1t the peak rotor overspeed to 23 percent 
above the nominal rotor speed of 20 rpm (assum1ng 2-ailerons deflecting at 
25 deg/sec). 

The analyt1cal results in figure 8 also suggest that 1ncreasing the 
deflection rate should decrease the peak rotor speed. For example, 1ncreasing 
the deflect10n rate from 15 to 25 deg/sec should lower the peak rotor speed by 
2 rpm 1n an 18 m/s wind. Thus, the aileron deflection rate has a sign1ficant 
effect on the peak rotor overspeed. 

Figure 10 is a plot of peak rotor speed versus windspeed for l-aileron 
shutdowns at various deflect10n rates. The operat1onal rotor speed, prior to 
loss-of-load, was nominally 20 rpm for these shutdowns. The symbols (c1rcle, 
square, and triangle) represent experimental peak rotor speeds for deflection 
rates of 15, 20, and 25 deg/sec, respectively. These peak rotor speeds were 
plotted against the average w1ndspeed which occurred in the f1rst 6 sec of the 
experimental shutdown. 

The curves (dashed, solid, and dot-dashed) represent the predicted peak 
rotor speeds for deflection rates of 15, 20, and 25 deg/sec, respectively. 

The exper1mental data shown 1n figure 10 exhib1ted more dev1ation from the 
predicted curves, than did the 2-aileron shutdown data in figure 8. This may 
be partially due to the larger teeter motions which occur during the l-a11eron 
shutdowns. 

Figure 11 is a histogram of the discrepancy between predicted and experi
mental l-aileron peak rotor speeds. Here the distribution is skewed, such that 
the analytical model over predicts peak rotor speeds with the discrepancies 
between -8 and +4 percent. As with the 2-a1leron shutdowns, this range of 
discrepancies (-8 to +4 percent) was treated as an error band to be used in 
conjunction with the predicted values. The lower limit of -8 percent suggests 
that the analytical model tended to overpredict the peak rotor speed. 

The predicted peak rotor speed for a deflection rate of 25 deg/sec and a 
windspeed of 18 m/s is 25.8 rpm. Considering the -8 to +4 percent error band, 
this would translate to a peak rotor speed rang1ng in value from 23.8 to 
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26.8 rpm. For an 1n1t1a1 rotor speed of 20.5 rpm, this would correspond to a 
peak overs peed ranging from 16 to 31 percent. Thus, should a 10ss-of-10ad 
occur at the cutout windspeed, the 38 percent chord aileron-control rotor 
should limit the peak overs peed to 31 percent above the nominal rotor speed of 
20 rpm (assuming l-a11eron def1ect1ng at 25 deg/sec). 

This figure again indicates that the larger deflection rates should pro
duce a smaller peak overspeed. It also shows that for similar conditions the 
peak rotor speed for a 1-aileron shutdown will be higher, than for a 2-a11eron 
shutdown. Cons1der, for example, the pred1cted peak overspeed for a loss of 
load shutdown with a deflection rate of 25 deg/sec and a windspeed of 18 m/s. 
The peak overs peed should be limited to 23 percent for a 2-a11eron shutdown, 
and 31 percent for a l-aileron shutdown. 

F1gure 12 summarizes the effect of deflection rate on the predicted peak 
rotor speed for 1- and 2-ai1eron shutdowns. The solid curves represent 
2-a11eron predictions, wh11e the dashed curves represent l-ai1eron predictions. 
These predictions are shown for windspeeds of 5, 10, and 18 m/s. 

This f1gure 111ustrates the reduct10n 1n peak rotor speed with 1ncreased 
def1ect10n rate. For deflection rates greater than 25 deg/sec and w1ndspeeds 
above 5 mis, the curves tend to asymptotically approach a peak rotor speed 
wh1ch is independent of deflect10n rate and primarily a function of windspeed. 
However, for a w1ndspeed of 5 mis, changes in deflect10n rate have a neg11gible 
effect on the peak rotor speed. Thus, the peak rotor speed appears to be a 
function of not only the deflection rate, but of the w1ndspeed, too. 

Another parameter evaluated from the 1- and 2-a11eron overs peed tests was 
the rotor dece1erat1on just after the peak rpm. In this region, the aileron(s) 
will have already reached the max1mum shutdown deflection of _90°. Referring 
back to f1gure 5, the decelerat10n appears to be re1at1vely constant up unt1l 
10 sec after the peak rpm. This is 1ndicated by the rpm curve resemb11ng a 
straight line and thus having a constant rate of change of rpm. Assuming that 
the deceleration was constant over this time interval, the slope of the rpm 
curve was then determined from each of the experimental 1- and 2-aileron shut
down t1me histories for the 10 sec t1me interval just after peak rpm. These 
"slopes" (decelerat1ons) were plotted versus the windspeed (at loss-of-load) 
in figure 13. The data 1nd1cate that during this port10n of the shutdown, the 
deceleration was 1ndependent of the w1ndspeed and approx1mate1y constant at 
0.6 rpm/sec for the 1-ai1eron shutdowns, and 1.2 rpm/sec for the 2-a11eron 
shutdowns. 

EQUILIBRIUM ROTOR SPEED TEST 

Test Procedure 

W1th the rotor brake app11ed, the Mod-O was a11gned w1th the wind. Next 
both a11eron control surfaces were fixed at one of the following deflection 
angles: -45°, _60°, _75°, or _90°. The rotor brake was then released and a 
hydraulic motor was used to accelerate the wind turbine to 8 rpm. At this 
point the motoring was stopped and the rotor was allowed to "freewheel" as a 
function of windspeed. 
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Experimental Data Analysis 

Rotor speed, aileron deflection angle, and windspeed were recorded on 
digital tape once per revolution and grouped together to construct 2.5 min 
averages. Average values of rotor speed were plotted versus average values of 
windspeed, and these data were fitted with a second order curve fit. These 
curve fit expressions were subsequently used to derive expressions for equili
brium tip speed ratio as a function of only windspeed. This procedure is 
illustrated below: 

step 1 Curve fit the data to get a relationship between rpm and Vw: 

rpm EQ = fo(Vw) 

step 2 Definition of tip speed ratio: 

AEQ = (rpmEQ * 0.1047 * R)/Vw 

step 3 Let R 19.5 m, then Equation (2) becomes: 

AEQ = 2.041 * (rpmEQ/Vw) 

step 4 Replace rpmEQ with fo(Vw): 

AEQ = 2.041(fo(Vw)/Vw) 

where 

Vw windspeed, m/s 

rpmEQ equilibrium rotor speed, rpm 

fo(Vw) curve fit equation of equilibrium rotor speed and windspeed 

AEQ equilibrium tip speed ratio 

R blade radius 

(0.1047) conversion factor from rpm to rads/sec 

Since the equilibrium rpm curve fit equation fo(Vw) is a function of 
windspeed, the expression for equilibrium tip speed ratio can be expressed 
solely as a function of windspeed, AEQ = fl(Vw). 

Predicted Data Analysis 

(1 ) 

(2 ) 

(3 ) 

(4 ) 

The Emergency Shutdown Model was used to predict the equilibrium rotor 
speed for windspeeds of 5, 10, 15, and 20 mis, and for deflection angles of 
-45°, _60°, _75° and -90°. With this matrix of windspeed and aileron deflec
tions, no-load equilibrium rpm was predicted for the ailerons of both blades 
deflected (2 aileron case), and for the aileron of only one blade deflected 
with the other aileron fixed at 0° deflection (1 aileron case). 
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Though the Emergency Shutdown Model was developed to pred1ct peak rotor 
speed follow1ng a loss of generator load, 1t had the capab111ty to pred1ct 
no-load equ111br1um rotor speed, too. Th1s capab111ty was ut111zed by s1mply 
allow1ng the computer program to s1mulate a loss-of-load shutdown and cont1nue 
calculat1ng rotor speed as a funct10n of t1me, until the rotor speed no longer 
changed. Th1s rotor speed represented the pred1cted equ111br1um rpm for a 
g1ven w1ndspeed and a1leron deflect10n angle. 

Oiscuss10n of Results 

Results of the no-load eQuilibr1um rotor speed tests, w1th both a1lerons 
deployed (are shown 1n) f1gures 14(a) to (d). No-load equ1l1br1um rotor speed 
1s plotted versus w1ndspeed. The exper1mental data (c1rcles) represent 2.5 m1n 
averages, where the w1nd turb1ne was w1th1n ±10° of d1rect a11gnment with the 
wind, and the generator was electrically d1sconnected from the ut111ty grid. 
The so11d l1ne fitted through the exper1mental data was determ1ned by us1ng a 
second-order least squares regress10n. The dashed 11ne represents a 11near 
f1rst order curve fit of the equ111br1um rpm predicted by the Emergency Shut
down Model. The equat10ns for both the measured and pred1cted curve f1ts are 
shown below the plot. The only difference between figures l4(a) to (d) 1s the 
aileron deflect10n angle. The deflection angles for f1gures l4(a) to (d) are 
_45°, _60°, _75°, and _90°, respect1vely. 

F1gures 14(a) to (d) show that the slopes of the measured and predicted 
curves decreased with larger negat1ve a1leron deflection angles. Th1s decrease 
was expected, because exper1mental 11ft and drag coeff1c1ents for the 
38 percent chord a11eron suggested a greater "aerodynam1c brak1ng capab1l1ty" 
at -90° deflect10n, than at _45° deflect10n. Also, the measured data exh1bited 
a slight curvature, wh1ch requ1red a second order (parabolic) curve to f1t the 
experimental data more accurately. 

The overall qua11ty of the experimental data was very good cons1der1ng the 
variab1lity 1n w1nd speed, wind d1rection, dynam1c effects due to teetering, 
and wind shear, etc. However, there were some data points with large dev1a
tions from the exper1mental curve fit. These p01nts occurred near 4 rpm for 
var10us w1ndspeeds less than 10 mis, and suggest that the inertia of the rotor 
may be affect1ng these results. This is a reasonable explanat10n because at 
very low t1p speed rat10s and large negat1ve a11eron deflections, very 11ttle 
pos1tive rotor torque is being produced. In addit10n, the drive train fric
tional losses constitute a large percentage of that rotor torque. Hence, the 
net torque available to accelerate the rotor may be very small, thus making the 
rotor appear insensitive to small changes in w1ndspeed. 

Additional no-load equ1l1brium rotor speed tests were attempted on the 
Mod-O w1th one a11eron deflected at -45°, -60°, _75° or _90°, while the other 
aileron was fhed at 0°. This simulated l-aileron jamming 1n the "full-powerll 
pos1t1on. Unfortunately the data recorded from these tests were extremely 
poor, and there was excessive teeter motion which damaged the rubber-teeter 
stops. As a result, these tests were d1scont1nued and no measured data will 
be presented for the l-aileron no-load equ1librium rpm case. However, the 
Emergency Shutdown Model was used to predict the equ1libr1um rotor speed for 
th1s cond1tion. These results are shown in f1gure 15, where the equilibrium 
rotor speed 1s plotted versus windspeed. lhere are four curves, one for each 
deflection angle of the deployed aileron -45°, -60°, _75°, and _90°. These 
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pred1ct1ons 1nd1cate that larger negat1ve aileron deflect10ns will produce 
smaller equilibrium rotor speeds. Th1s agrees with the measured and predicted 
results shown in figure 14, for the case where the ailerons of both blades were 
deployed. 

Table I lists equilibrium tip speed ratio equat10ns for the _45°, _60°, 
_75°, and -90° deflections of the 38 percent chord aileron-control rotor, and 
shows the computation of rpmEQ and lEQ for windspeeds of 10, 15, and 
20 m/s. 

Equilibrium tip speed ratios for the case where only 1 aileron was 
deployed, and for the case where both ailerons were deployed are compared in 
figure 16. The curves presented in figure 16 were extracted from figures 14 
and 15 for each of the four aileron deflection angles. As expected, the 
equilibrium tip speed ratios with 1-aileron deployed are higher than the 
equilibrium tip speed ratios for both ailerons deployed. 

SUMMARY OF RESULTS 

1. Predicted peak rotor speeds showed close agreement with experimental 
peak rotor speeds for 1- and 2-aileron shutdowns. Discrepancies of -4 to 
+4 percent were noted for the 2-a11eron shutdowns, while discrepancies of -8 
to +4 percent were noted for the l-aileron shutdowns. 

2. The overspeed protection capability of the 38 percent chord ailerons 
was evaluated for 1- and 2-aileron shutdowns at the cutout w1ndspeed of 18 m/s 
and a deflection rate of 25 deg/sec. The peak overspeed should be limited to 
31 percent with 1 aileron deployed, and 23 percent with 2 ailerons deployed. 

3. The rotor slowdown rate, just after peak rpm, was determined from 
experimental rotor speed time histories of 1- and 2-aileron shutdowns. A com
parison of these decelerations indicated that the 2-aileron shutdowns had a 
deceleration of 1.2 rpm/sec, which was twice that of the l-aileron shutdowns 
(0.6 rpm/sec.) 

4. The no-load equilibrium tip speed ratios for the 38 percent chord 
aileron-control rotor are shown below for various aileron deflections (both 
ailerons deployed): 

Deflection, Equilibrium tip 
deg speed ratio, 

leg 

-45 3.4 
-60 2.5 
-75 2.1 
-90 1.9 

CONCLUSIONS 

1. The agreement between analytical and predicted rotor speed time his
tories for 1- and 2-aileron shutdowns was very good. 
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2. The 38 percent chord a11erons prov1ded rotor overspeed protect10n over 
the ent1re Mod-O operat10nal windspeed range of 4 to 18 m/s. 

3. A11eron-control appears to be a v1able method for 11m1t1ng rotor over
speed follow1ng a loss of generator load. 
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1ABLE I. - EXPERIMENTAL NO-LOAD EQUILIBRIUM TIP SPEED RATIO FOR THE 
38 PERCENT CHORD AILERON-CONTROL ROTOR 

Alleron Equ111brium t1p speed Wind Equil1brium, Equi1ibr1um 
def1ect1on, rat10 equations speed, rpm tip speed 

deg mps rat10 

10 17 .13 3.50 
-45 X = 4.43 - 0.047 V - 4.63/V 15 25.11 3.42 

20 31.93 3.26 

10 12.40 2.53 
-60 X = 3.27 - 0.029 V - 4.49/V 15 18.65 2.54 

20 24.20 2.47 

10 10.21 2.09 
-75 X = 2.90 - 0.027 V - 5.49/V 15 15.69 2.14 

20 20.51 2.09 

10 8.9!> 1.83 
-90 X = 2.53 - 0.016 V - 5.41/V 15 14.15 1.93 

20 18.95 1.94 
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