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SHUTOOWN CHARACTERISTICS OF THE MOD-0 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 reqgulate 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-0 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-0
operational windspeed range, and had a no-load equilibrium tip speed ratio of
1.9. Thus, the 38 percent chord aiierons had much improved aerodynamic braking
capability when compared with the first aileron-control rotor having 20 percent
chord ailerons.

INTRODUCTION

As part of the DOt 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 1ift 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-0
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
aillerons and fabricated for testing on the Mod-0. These 38 percent chord
ailteron-control tips were also installed and tested on the Mod-0. 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-0 test facility and explain the two types
of shutdown tests conducted on the Mod-0 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 m/s, the analytical overspeed predictions will then be extended to
cover the windspeed range of 13 to 18 m/s (where 18 m/s = Mod-0 cutout wind-
speed). Next, experimental equilibrium rpm test resulits 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-0 100 kW wind turbine located at
Plumbrook Station, Sandusky, Ohio. Figure 1 shows the the configuration of the
Mod-0 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 planform 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. Fiqure 3

shows the twist angle distribution and sign convention for the aileron-control
tip.



Figure 4 1s a planform 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 atleron away from the wind (i.e., -
towards the low pressure surface of the blade). During shutdown tests the
allerons 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 atleron-control rotors were (1) rotor overspeed following loss of load,
and (2) no-load equilibrium rotor speed. The relationship between these two
tests is 11lustrated in figure 5, which is a rotor speed time history for a
hypothetical loss-of-1oad 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 overspeed or 1imit 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
paralleis the abscissa. Should the windspeed change, the rotor speed would
also change to a new equilibrium rotor speed.

LOSS-0F-LOAD OVERSPEED TEST
Test Procedure

The Mod-0 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 atleron-control system.

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



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 m/s, where rated power is
achieved.

Windspeed and rotor speed were recorded at 1 sec intervals during each of
the overspeed 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-0 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 1ift
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 1ift and drag data for each aileron deflection studied. This meant that
airfoll 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 1ift 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 = 1.5x100) 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:

(1) 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 aileron-control tip was
complex. It had a varying twist, combined with changes in thickness to chord
ratio. In addition, the airfoil cross section changed from a NACA 23024 to a
NACA 64 series airfoil inboard of the aileron section. As such, 1t was thought
that proper treatment of these geometry changes would require a significant
amount of additional time to complete. Since the fuli-scale test data repre-
sented an integrated average of these effects, it was decided to use these
three-dimensional data which eliminated the need to make corrections for the
variations in geometry.

For the wooden inboard portion of the rotor, WSU 23024 test results
(Re = 0.6x106) were used with post-stall data synthesized according to the
procedure set forth in reference 3. The post stall 1ift and drag data were
synthesized to yield a constant torque after stall, but no aspect ratio correc-
tion was employed. This was done to account for the apparent tendency of the
inboard blade sections to produce positive torque for angles of attack beyond
the two-dimensional stall angle. Both the synthesized and unsynthesized 23024
data are shown for comparison purposes in figures 6(c) and (d).

Discussion of Results

For each of the overspeed shutdowns, the analytical and experimental time
histories were compared. Figures 7(a) and (b) show typical rotor speed time
histories for a 1- and 2-aileron shutdown, respectively. These curves 11lus-
trate that the analytical predictions agreed quite well with the experimental
results.

Figure 8 is a plot of peak rotor speed versus windspeed for 2-aileron
shutdowns at various deflection rates. The operational rotor speed, prior to
loss-of-1oad, was nominally 20 rpm for these shutdowns. The symbols (circle,
square, and triangie) 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 windspeed which occurred during the first 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.
These curves pass through the bulk of the data, thus indicating good agreement
between the experimental and analytical peak rotor speeds. The differences
between the experimental data and the analytical predictions can be, in part,
attributed to the fact that the predictions are based on constant wind condi-
tions where as during the actual shutdown, neither the windspeed nor wind
direction remained constant.

To quantify this variation in experimental peak rotor speeds, the "percent
discrepancy" between experimental and analytical peak rotor speeds was calcu-
lated for each shutdown. The expression shown below was used to calculate this
parameter:

_ Peak rpm (Exp) - Peak rpm (Pred)

Percent =
discrepancy Peak rpm (Pred)

x 100

These discrepancy values were used to construct a histogram, from which
an "error band" was then determined. This error band was intended to identify
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the accuracy of the predictions by accounting for unsteady experimental
conditions.

Figure 9 is a histogram of the discrepancy between predicted and experi-
mental 2-alileron peak rotor speeds. The plot appears to have a normal distri-
bution with most of the discrepancies between +4 and -4 percent. Based on
this, 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 overspeed ranging from 14 to 23 percent. Thus,
should a loss-of-load occur at the cutout windspeed, the 38 percent chord
aileron-control rotor should 1imit the peak rotor overspeed to 23 percent
above the nominal rotor speed of 20 rpm (assuming 2-ailerons deflecting at
25 deg/sec).

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

Figure 10 is a plot of peak rotor speed versus windspeed for 1-aileron
shutdowns at various deflection rates. The operational rotor speed, prior to
loss-of-1oad, was nominally 20 rpm for these shutdowns. The symbols (circle,
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 windspeed which occurred in the first 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 experimental data shown in figure 10 exhibited more deviation 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 1-aileron
shutdowns.

Figure 11 is a histogram of the discrepancy between predicted and experi-
mental 1-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-aileron 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 1imit 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 ranging in value from 23.8 to
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26.8 rpm., For an initial rotor speed of 20.5 rpm, this would correspond to a
peak overspeed ranging from 16 to 31 percent. Thus, should a loss-of-1load
occur at the cutout windspeed, the 38 percent chord aileron-control rotor
should 1imit the peak overspeed to 31 percent above the nominal rotor speed of
20 rpm (assuming 1-aileron deflecting 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-aileron
shutdown. Consider, for example, the predicted 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 overspeed should be 1imited to 23 percent for a 2-aileron shutdown,
and 31 percent for a 1-aileron shutdown.

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

This figure 1l1lustrates the reduction in peak rotor speed with increased
deflection rate. For deflection rates greater than 25 deg/sec and windspeeds
above 5 m/s, the curves tend to asymptotically approach a peak rotor speed
which is independent of deflection rate and primarily a function of windspeed.
However, for a windspeed of 5 m/s, changes in deflection rate have a negligible
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 windspeed, too.

Another parameter evaluated from the 1- and 2-aileron overspeed tests was
the rotor deceleration just after the peak rpm. 1In this region, the aileron(s)
will have already reached the maximum shutdown deflection of -90°. Referring
back to fiqure 5, the deceleration appears to be relatively constant up until
10 sec after the peak rpm. This is indicated by the rpm curve resembling a
straight 1ine 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 time histories for the 10 sec time interval just after peak rpm. These
"slopes" (decelerations) were plotted versus the windspeed (at loss-of-load)
in figure 13. The data indicate that during this portion of the shutdown, the
deceleration was independent of the windspeed and approximately constant at
0.6 rpm/sec for the 1-aileron shutdowns, and 1.2 rpm/sec for the 2-aileron
shutdowns.

EQUILIBRIUM ROTOR SPEED TEST
Test Procedure

With the rotor brake applied, the Mod-0 was aligned with the wind. Next
both ajleron 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.



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 Vy:
rpm gq = fo(Vy) (1)
Step 2 Definition of tip speed ratio:
Apg = (rpmgq * 0.1047 * R)/Vy (2)
Step 3 Let R = 19.5 m, then Equation (2) becomes:
AEQ = 2.041 * (rmeQ/vw) (3)

Step 4 Replace rpmeq with fo(Vy):

AEQ = 2.041(Fo(Vy)/Vy) (4)
where

Vu windspeed, m/s

rpmeg equitibrium rotor speed, rpm

fo(Vy,) 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(Vy) 1s a function of
windspeed, the expression for equilibrium tip speed ratio can be expressed
solely as a function of windspeed, rgQ = Fr(Vy).

Predicted Data Analysis

The Emergency Shutdown Model was used to predict the equilibrium rotor
speed for windspeeds of 5, 10, 15, and 20 m/s, and for deflection angles of
-45°, -60°, -75° and -90°. With this matrix of windspeed and aileron deflec-
tions, no-load equiiibrium 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).



Though the Emergency Shutdown Model was developed to predict peak rotor
speed following a loss of generator load, it had the capability to predict
no-1oad equilibrium rotor speed, too. This capability was utilized by simply
allowing the computer program to simulate a loss-of-load shutdown and continue
calculating rotor speed as a function of time, until the rotor speed no longer
changed. This rotor speed represented the predicted equilibrium rpm for a
given windspeed and aileron deflection angle.

Discussion of Results

Results of the no-load equilibrium rotor speed tests, with both ailerons
deployed (are shown in) figures 14(a) to (d). No-load equilibrium rotor speed
is plotted versus windspeed. The experimental data (circles) represent 2.5 min
averages, where the wind turbine was within +10° of direct alignment with the
wind, and the generator was electrically disconnected from the utility grid.
The solid Tine fitted through the experimental data was determined by using a
second-order least squares regression. The dashed 1ine represents a 1inear
first order curve fit of the equilibrium rpm predicted by the Emergency Shut-
down Model. The equations for both the measured and predicted curve fits are
shown below the plot. The only difference between figures 14(a) to (d) is the
aileron deflection angle. The deflection angles for figures 14(a) to (d) are
-45°, -60°, -75°, and -90°, respectively.

Figures 14(a) to (d) show that the slopes of the measured and predicted
curves decreased with larger negative aileron defliection angles. This decrease
was expected, because experimental 1i1ft and drag coefficients for the
38 percent chord aileron suggested a greater "aerodynamic braking capability"
at -90° deflection, than at -45° deflection. Also, the measured data exhibited
a slight curvature, which required a second order (parabolic) curve to fit the
experimental data more accurately.

The overall quality of the experimental data was very good considering the
variability in wind speed, wind direction, dynamic effects due to teetering,
and wind shear, etc. However, there were some data points with large devia-
tions from the experimental curve fit. These points occurred near 4 rpm for
various windspeeds less than 10 m/s, and suggest that the inertia of the rotor
may be affecting these results. This is a reasonable explanation because at
very low tip speed ratios and large negative aileron deflections, very little
positive rotor torque is being produced. In addition, 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 windspeed.

Additional no-load equilibrium rotor speed tests were attempted on the
Mod-0 with one aileron deflected at -45°, -60°, -75° or -90°, while the other
aileron was fixed at 0°. This simulated 1-aileron jamming in the "full-power"
position. 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 discontinued and no measured data will
be presented for the 1-aileron no-load equilibrium rpm case. However, the
Emergency Shutdown Model was used to predict the equilibrium rotor speed for
this condition. These results are shown in figure 15, where the equilibrium
rotor speed is plotted versus windspeed. There are four curves, one for each
deflection angle of the deployed aileron -45°, -60°, -75°, and -90°. These
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predictions indicate that larger negative aileron deflections will produce
smaller equilibrium rotor speeds. This agrees with the measured and predicted
results shown in figure 14, for the case where the ailerons of both blades were
deployed.

Table I 1ists equilibrium tip speed ratio equations for the -45°, -60°,
-75°, and -90° deflections of the 38 percent chord aileron-control rotor, and
shows the computation of rpmeq and AEQ 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 fiqgures 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-aileron shutdowns, while discrepancies of -8
to +4 percent were noted for the 1-aileron shutdowns.

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

Deflection, | Equilibrium tip

deg speed ratio,
Aeg

-45 3.4

-60 2.5

-15 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 ailerons provided rotor overspeed protection over
the entire Mod-0 operational windspeed range of 4 to 18 m/s.

3. Aileron-control appears to be a viable method for 1imiting rotor over-
speed following a loss of generator load.
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TABLE I. - EXPERIMENTAL NO-1.0AD EQUILIBRIUM TIP SPEED RATIO FOR THE
38 PERCENT CHORD AILERON-CONTROL ROTOR

Aileron Equilibrium tip speed Wind | Equilibrium, |{Equilibrium
deflection, ratio equations speed, rpm tip speed
deg mps ratio
10 17.13 3.50
-45 = 4.43 - 0.047 V - 4.63/V 15 25.11 3.42
20 31.93 3.26
10 12.40 2.53
-60 =3.27 - 0.029 V - 4.49/V 15 18.65 2.54
20 24.20 2.47
10 10.21 2.09
-15 = 2.90 - 0.027 V - 5.49/V 15 15.69 2.14
20 20.51 2.09
10 8.95 1.83
-90 =2.53 - 0.016 V- 5.1/V 15 14.15 1.93
20 18.95 1.94
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